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Abstract

A technique originally devised by Adler and Negri (1988) for estimating the convective and strat-
iform precipitation areas and amounts of mesoscale convective cloud systems from infrared satellite
imagery has been applied to a large cloud cluster observed over the South China Sea during the
Winter Monsoon Experiment (WMONEX). The technique was modified to obtain agreement with a

previous analysis of ground-based radar data obtained in a limited part of the cluster. The modifi- .

cations included altering the method for identifying convective cells in the satellite data, accounting
for the extremely cold cloud tops characteristic of the WMONEX region and modifying the threshold
infrared temperature for the boundary of the stratiform rain area.

After obtaining agreement with the radar analysis over a limited portion of the cluster’s area and
lifetime, the satellite technique was applied to the entire cluster over its full lifetime. The locations
of the convective and stratiform rain areas found in this extended analysis were comsistent with
WMONEX research ship and aircraft data of the cluster. The evolution of total convective and
stratiform precipitation indicated by the satellite analysis over the cluster’s lifetime was qualitatively
consistent with previous radar analyses of other equatorial cloud clusters, except that this cluster
appears to have developed a particularly strong stratiform component during its mature stage.

The successful application of the Adler and Negri technique to the WMONEX cloud cluster provides
encouragement for the use of this method; to develop satellite-based climatologies of the convective-
stratiform internal structure of cloud clusters over large regions of the tropics where radar data are
not typically available. It also appears that this technique will be a useful complement to future
spaceborne precipitation-measuring radar systems.
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1. Introduction-

Much of the precipitation in both. midlatitudes
and the tropics falls from mesoscale convective sys-
tems, which are recognizable by their cloud shields
seen in infrared (IR) satellite pictures. In the trop-
ics, these mesoscale cloud systems have often been
referred to as “cloud clusters” (e.g., Houze and
Betts, 1981). While in midlatitudes, the most in-
tense of such cloud shields, which satisfy criteria re-
garding their size, shape, duration, and coldness,
have been called “mesoscale convective complexes
(MCCs)” (Maddox, 1980). Generally, the cloud
shield is a few hundred kilometers in horizontal di-
mension, and the underlying precipitation area is on
the order of 100 km or more in at least one horizon-
tal dimension. Although these mesoscale systems
begin as complexes of convective storms, they de-
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velop large regions of stratiform precipitation dur-
ing their lifetimes. 25-50 % of the total rain reach-
ing the ground from such systems is typically strat-
iform (Houze and Hobbs, 1982; Leary, 1984). It
is useful to distinguish the convective and strati-
form components of these cloud systems; since the
physics and dynamics of the air motions and pre-
cipitation growth in the convective and stratiform
regions are fundamentally different. As discussed
by Houze (1989), the mesoscale organization of a
mesoscale system is indicated by the patterns of con-
vective and stratiform rain, and the microphysical
processes as well as the vertical distributions of ver-
tical air motion and diabatic heating are quite dif-
ferent in the convective and stratiform regions. The
stratiform region has also been shown to be the lo-
cation of the development of a mesoscale vortex at
mid-levels (e.g., Houze, 1977; Gamache and Houze,
1982, 1985; Leary and Rappaport, 1987), and that
this vortex development process, which begins in the
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stratiform region, may lead to the long lifetimes of
MCCs (Zhang and Fritsch, 1988).

Although it appears for these reasons to be im-
portant to distinguish the convective and stratiform
regions of mesoscale convective systems, it is usu-
ally difficult to do so because this distinction is
most readily made where high-quality radar data
are available. If the distinction between convective
and stratiform regions of mesoscale convective sys-
tems could be made in satellite observations, then
the convective and stratiform components of cloud
systems over regions not covered by surface-based
radar could be observed. It would then be possible
to investigate the convective-stratiform structure of
mesoscale cloud systems over the widespread areas,
particularly remote tropical oceans and land masses.
Eventually, some form of satellite-borne radar will
probably be used to investigate mesoscale cloud sys-
tems globally. For example, a low-inclination, low-
orbit satellite carrying precipitation radar, passive
microwave and IR instrumentation has been sug-
gested for the Tropical Rainfall Measuring Mission
(TRMM; see Simpson et al., 1988). This type of
satellite is probably the best spaceborne rainfall-
measuring system that can be expected in the fore-
seeable future. However, even it is limited. In par-
ticular, it will not provide wide coverage at any given
time, but rather will probably sample rainfall over
small areas at fairly long intervals of time to achieve
a climatology. Conventional geosynchronous satel-
lites with IR and visible-wavelength radiometers will
continue as the primary means of obtaining con-
tinuous daily coverage over wide areas, with the
TRMM-type of satellite providing important cali-
bration points. Therefore, it is important to develop
ways that IR observations can be used to comple-
ment the TRMM-type of satellite measurements. In
this paper, we examine the use of geosynschronous
IR satellite observations to determine the convec-
tive and stratiform components of a tropical cloud
cluster.

Recently, Adler and Negri (1988) have proposed
a technique that uses geosynchronous IR data to
distinguish between the convective and stratiform
components of mesoscale convective cloud systems
that have extensive cirriform tops. They tested their
algorithm, referred to as the Convective-Stratiform
Technique (CST), on data from the Geosynchronous
Operational Environmental Satellite (GOES) IR
(10.5-12.6 um) channel obtained during four days
of the second Florida Area Cumulus Experiment
(FACE). They inferred rainfall areal coverage and
amount and resolved it into convective and strati-
form components in general agreement with radar-
and raingauge-observed rainfall. The technique
showed the greatest skill in the determination of the
convective and stratiform precipitation for scales on
the order of 10* km? (i.e., approximately 1° latitude
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x 1° longitude) or more, although in some cases, the
horizontal distribution of the convective and strat-
iform components of precipitation also conformed
closely with the radar-observed horizontal precipi-
tation structure on smaller (i.e., convective) scales.
The purpose of our study is to adapt the Adler-
Negri CST to the analysis of the horizontal precip-
itation structure of cloud clusters over an equato-
rial ocean area. The successful performance of this
exercise has both an immediate benefit and long-
term implications. The immediate benefit is that
we are able to use the modified CST to extend pre-
vious analysis of a cloud cluster observed in the Win-
ter Monsoon Experiment (WMONEX). This cloud
cluster has been described by Houze et al. (1981b),
Johnson and Priegnitz (1981), Warner (1982), John-
son and Kriete (1982), Johnson (1982), Johnson and
Young (1983), and Churchill and Houze (1984a,b).
The cluster was observed off the northern coast
of Borneo by coastal radar during its early stages.
Then it moved out to sea, where it was further ob-
served by a research ship and by two research air-
craft. Churchill and Houze (1984a, hereafter CH)
used the coastal radar data to distinguish the devel-
opment of convective and stratiform precipitation
in the cluster. However, their analysis was limited
to the early period, before the system moved out of
range of the coastal radar. By applying an appropri-
ately modified version of the Adler-Negri CST to IR
imagery from geosynchronous-satellite observations,
we are able to extend this precipitation analysis to
the entire history of the cloud cluster. The ship and
aircraft data available during the later period of the
cluster’s lifetime, moreover, allowed the locations of
convective and stratiform precipitation identified by
the CST-extended analysis to be checked by in situ
observations. ‘
The longer-term benefit of this work is that an
extended version of the Adler-Negri CST affords
an opportunity to determine the climatology of
the convective-stratiform structure of tropical cloud
clusters. Previous tropical cloud cluster climatolo-
gies based on satellite data (Martin and Schreiner,
1981; Williams and Houze, 1987) have determined
sizes, shapes, brightness, lifetimes, tracks, mergers,
splits, diurnal variability and other features of clus-
ters in a statistical manner. However, a climatology
of the convective-stratiform substructure of cloud
clusters has not yet been accomplished. The present
study can be regarded as an attempt to calibrate the
CST for wider application in a climatological study.
The WMONEX data set used here is one of the few
available ground-truth data sets for which ground-
based radar, ship-based surface and rawinsonde ob-
servations, and research aircraft data can all be com-
pared directly with the results of the CST. We there-
fore take full advantage of these special observations
to test and make adjustments, where necessary, to
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the CST. A direct transferal of the original CST to
equatorial regions, as will be shown, is not possible
because of the higher, colder cloud tops character-
izing the equatorial zone, especially the region of
WMONEX.

After describing the data sources in Sec.2, the
modifications to the Adler-Negri CST necessary to
obtain consistency between the CST results and the
WMONEX ground-truth data will be indicated in
Sec.3. In Sec.4, the modified CST will then be
. applied to a limited portion of the cloud cluster,
namely the portion studied by CH. Close agreement
between the convective and stratiform rain areas,
and amounts estimated by the CST and found from
radar data by CH for this limited portion of the
cluster, is obtained. This agreement is considered
as justification for applying the modified CST to
the entire area and lifetime of the cluster in Sec. 5,
thus using the satellite data to extend the earlier
WMONEX studies to the portions of the cluster oc-
curring outside the special observing network. New
conclusions drawn concerning the extension of pre-
vious results to the whole cluster and implications of
this successful application of the CST for its future
application in climatological studies are discussed in
Sec. 6.

2. Data

a. WMONEX observations

The data used in this study were obtained dur-
ing WMONEX on 9-10 December 1978. Details of
the observational facilities and a map of the data
network are given by CH. Briefly summarized, the
data network consisted of the following items: a
weather radar operated by the Massachusetts In-
stitute of Technology (MIT) during MONEX was
located at Bintulu on the north coast of Borneo;
three Soviet research ships in the South China Sea
arranged in a triangle north of Borneo, just north-
west of the area of radar observations, provided sur-
face weather observations and rawinsonde data; a
WP-3D (“P3”) research aircraft of the U.S. Na-
tional Oceanic and Atmospheric Administration and
the Electra research aircraft of the U.S. National
Center for Atmospheric Research flew missions over
the southern South China Sea at altitudes of 7.8
and 6.3 km, respectively; and visible and IR satel-
lite imagery were provided by observations from the
Japanese Geosynchronous Meteorological Satellite
(GMS-1).

b. Cloud Cluster B and the strategy of the study

In this paper, we rely on the analysis of the Bin-
tulu radar data presented by CH. In particular, we
focus on the large mesoscale cloud system referred
to as “Cluster B” by CH. According to their anal-
ysis, cluster B formed just prior to 1730 GMT 9
December 1978 and dissipated shortly after 1130
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GMT 10 December. CH used the digitized reflec-
tivity data from the WR-73 C-band weather radar
located at Bintulu (see Fig. 1) to determine precip-
itation rates at 3 km altitude using the Z.—R rela-
tionship of Hudlow et al. (1979).! Employing an
objective criterion that identified convective cores
as those echoes whose rainfall rates are at least
twice the average of the surrounding rain rates, CH
then partitioned radar-derived precipitation areas
and amounts, from 1200 GMT on 9 December to
0330 GMT on 10 December, into convective and
stratiform components.

Figure 1 shows the general area for the present
study. Also shown are the area of coverage for the
MIT radar at Bintulu (Houze et al., 1981a, b; CH;
Geotis and Houze, 1985), the region of the cluster
B radar analysis of CH (dotted line), and the lim-
ited region over which the CST and radar results are
compared in Sec. 4 (dashed line). It was necessary to
restrict the area for the CST-radar comparison be-
cause the cluster gradually moved out of the range
in which quantitative radar observations were ob-
tained. In addition, the radar coverage was severely
restricted at low levels in certain sectors because of
beam blockage problems (Geotis and Houze, 1985).
The boundaries of the area of comparison indicated
by the dashed line in Fig. 1 were arrived at by exam-
ining the 3 km level radar-echo patterns for cluster B
from CH and the 24-day WMONEX low-level radar
rainfall analysis from Geotis and Houze (1985). The
area was confined to those regions for which there
appeared to be good radar coverage for cluster B.
Data over land, where the radar data were particu-
larly inadequate, were not included, and except for a
small portion on the boundary of the southwest sec-
tor, radar data from the southwest region where the
blockage was worst, were not used in the CST-radar
comparison.

After the limited-area comparison of the radar
and CST analyses is presented to indicate the per-
formance of the CST in Sec. 4, the CST is applied
in Sec. 5 to a larger area containing the entire clus-
ter (shaded region in Fig. 1). Observations from the
research ship Ak. Korolov (see Fig. 1 for location)
and from the two research aircraft obtained gener-
ally northwest of the area of radar observations al-
lowed some in situ verification of the locations of
convective and stratiform areas.

¢. Characteristics of the satellite data

The satellite data set used in this study is a subset
of the WMONEX satellite data set obtained from
the University of Wisconsin and used by CH and

1Z,=230R1-2% where Z. is the effective radar reflectiv-
ity factor in mm®/m3, and R is rainfall rate in kgm=2 h~1!.
This relationship was used by CH in their radar study of
cloud cluster B. Houze et al. (1981a) showed that the radar
measurements are accurate to 1-2 dBZ in comparison with
airborne radar.
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Fig. 1. Cloud cluster B analysis domains and
composite of the cirrus cloud shield associ-
ated with cluster B. The shaded region is
the union of the cirrus shields (defined as
the areas where the satellite IR tempera-
ture is <245°K) seen in individual images
during the time period 1733 GMT through
1133 GMT, 9-10 December 1978. Hori-
zontal coverage of MIT land-based radar
located at Bintulu is shown by the solid
line. Radar data from most of the south-
western sector were not used due to beam
blockage. The location of the Soviet ship
Ak. Korolov is indicated by an X. The
region examined by CH in their analysis
of the MIT radar data is outlined by the
dotted line. The area over which the CST
results for cluster B are compared with the
radar results in Secs.3 and 4 is indicated
by the dashed line.

Williams and Houze (1987). We have used only the
data for 9 and 10 December and for the restricted
spatial domain encompassing cluster B (see Fig. 1).
Digitized data from the GMS-1 IR channel on 9 De-
cember 1978 (1733, 2033, 2203, 2233, 2303, and 2333
GMT) and 10 December 1978 (0233, 0533, 0833,
1003, 1033, 1103, and 1133 GMT) are used. The
north-south resolution of the GMS-1 IR data in the
vicinity of cluster B is about 5km. The east-west
resolution, however, is about 3 km as a result of over-
sampling in that direction.

Accurate navigation of the GMS-1 data is a
recognized problem (Martin and Howland, 1986;
Williams and Houze, 1987). In an attempt to mini-
mize location errors in the satellite data, especially
for use in the radar-CST comparisons in Sec. 4, we
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have refined the navigation as much as possible.
This was accomplished by comparing features in IR
imagery and CST results with features in the CH
analyses of data from the Bintulu and P3 radars,
and by comparing locations of geographical features
with visible satellite imagery coastal outlines. The
final navigation errors of the satellite data are prob-
ably <15km for the image times when radar data
was available (1733 through 0233 GMT 9-10 Decem-
ber for Bintulu data, and 1003 GMT 10 December
for P3 radar data) and as high as 30 km for other
data times.

3. The modified Convective-Stratiform Tech-
nique

a. Flowchart

In analyzing the GMS-1 IR data, we follow the ba-
sic CST algorithm of Adler and Negri (1988), hence-
forth referred to as AN. Figure 2 shows a flowchart
of the general technique. In this study, we follow this
flowchart incorporating the modifications to their
procedure listed in the far-right column of Fig. 2.

b. Location of convective cores in the infrared im-

agery

The first step in the CST (see Fig. 2) is to locate
convective cores. To accomplish this, each satel-
lite image is analyzed independently. The satellite
IR brightness temperature (7}) field is searched for
relative minima (Ty,in), each consisting of either a
single-pixel minimum, or the centroid of a multi-
pixel minimum. Next, a “slope parameter” (S) is
calculated for each T,;, to measure the strength of
the minimum. For our application, the slope pa-
rameter used by AN had to be corrected for the
differences in data-bin size between the GOES [8.0
km (north-south) by 3.1km (east-west)] and GMS-
1 [5.2km (north-south) by 2.1km (east-west)] IR
data. We have revised the slope parameter further
to remove the directional bias contained in their def-
inition. The slope parameter used for this study is
given by:

A T2+ Tiva; +2(Ticry +Titrg) — 6755

4 4Apw

Tij1+Tiga — 2T ’ (1)
Ans

S =

+

where i,j refers to the position of the pixel for which
S is being calculated; Agw and A yg are the GMS-1
east-west and north-south resolutions, respectively;
and A is the average GOES distance (from AN) to
the six surrounding pixels. Twice as many pixels
are used for the calculation in the east-west (¢) as in
the north-south (j) direction to be consistent with
the difference in resolution. Further details related
to the development of this expression are given in
Appendix A.
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Fig. 2. Flowchart of CST. Also shown in the right two columns are brief descriptions of differences between
original CST as applied to FACE data (Adler and Negri, 1988) and modified CST (described in Sec.
3) as applied to cloud cluster B data in current study.

The (Thnin’S) pairs are then compared to an em-
pirical “discrimination line” to distinguish which
T,.in’s are associated with convective cores. Ac-
cording to AN, a minimum is said to indicate the
location of a convective core if

S > 0.568(Trmin — 217). (2)

This condition was obtained via a subjective anal-
ysis of digital radar echoes and GOES visible and
IR-channel imagery data to separate points desig-
nated as convective cores from those identified with
thin cirrus. Their discrimination line is based on
the assumption that a large S combined with at
least a moderately low T.,;, generally indicates ac-
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tive convection. The required magnitude for S de-
creases however, for the colder cloud tops, which are
generally associated with intense, mature cells with
spreading anvils which experience some flattening at
near-tropopause height.?

The discrimination line of AN was modified for
the present application because the coldest cloud-
top temperatures in the WMONEX region were typ-
ically 15 to 20°K lower than for the FACE data ex-
amined by AN. The coldest cloud tops noted by AN
were near 200°K, whereas for cluster B, tops were as
cold as 180°K. The discrimination line of AN [Eq.
(2)] allows all T, <217 K, regardless of the value
for S, to be selected as convective cores. Thus, in
cloud shields colder than 217°K (common in the
WMONEX data), many spurious convective cores
are selected from even minor perturbations in the T}
field. To assist in the construction of a revised dis-
crimination line for use in the current application,
plots of (Tynin'S) pairs for cluster B were checked
against convective cell locations in the CH radar
analysis. We sought a discrimination line that was
similar to that of AN in portions of the temperature
range that they considered, but that rejected spu-
rious centers in the application to the WMONEX
data. We found that this result could be accom-
plished by an exponential form, rather than the lin-
ear form used by AN. The new relationship is given
by

S > ezp|0.0826(T i — 207)]. 3)

The utility of this relationship is illustrated by the
following examples.

The status assigned to each of the relative min-
ima in the T} field for cluster B at 2203 GMT on 9
December and 0533 GMT on 10 December, respec-
tively, by the linear equation (2) and the exponential
relation (3), is shown in Fig. 3. The first time (Fig.
3a), according to the analysis of CH, was during the
period in which some of the most intense convec-
tion occurred. The second time (Fig. 3b), according
to the radar analysis in CH and visible satellite im-
agery, was during the period when the precipitation
in cluster B was mostly stratiform. Figures 4a and

2]t is recognized that an area of excessively low infrared
cloud-top temperature may not be directly located over the
convection at lower levels (e.g., Houze, 1977; Heymsfield and
Fulton, 1988; Zipser, 1988). However, the CST does not pur-
port to give the exact location of the convection, but rather
the approximate intensity and area covered by convection. It
is assumed that a bright area in the infrared pattern that sat-
isfies the criteria described in this section is typically at least
indirectly related to the presence of strong convection and has
an intensity that is somewhat correlated with the area cov-
ered by convection. Also, it may be that the CST would have
difficulty characterizing rapidly moving squall lines, such as
those with which Houze (1977) and Zipser (1988) were con-
cerned, which are characterized by highly sloping convection
and intense trailing-stratiform cloud and precipitation.
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Fig. 3. Location and status of every relative
minimum (Tin) in the satellite IR tem-
perature (T}) field for cloud cluster B
at (a) 2203 GMT on 9 December and
(b) 0533 GMT on 10 December 1978.
Crosses indicate Tiin’s which are rejected
as convective cores by both the linear and
exponential discrimination lines [Egs. (2)
and (3), respectively]; open circles show
points which are passed by (2) but re-
jected by (3); and squares show points
which are passed by (2) and (3). The
region shown in (a) is the same as the
region enclosed by the dotted line in Fig.
1. The region shown in (b) is shifted from
the dotted-line region shown in Fig.1 to
include more of the cluster at 0533 GMT.

b are plots of Ty, vs. S for 2203 GMT and 0533
GMT, respectively, with the scale for S being loga-
rithmic and showing both the linear (2) and expo-
nential (3) discrimination curves. It can be seen that
the convective cores selected for 2203 GMT (Figs. 3a
and 4a) are barely affected by the implementation
of the new discrimination line (3). However, a large
number of the T,,;, values that pass as convective
cores for 0533 GMT (Figs. 3b and 4b) using (2) re-
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Fig. 4. Tmin vs. S for (a) 2203 GMT and (b)
0533 GMT. The scale for S is logarith-
mic. Solid curved line is linear discrimina-
tion line (2) from Adler and Negri (1988).
Dashed straight line is exponential dis-
crimination line (3) derived for cluster B
application. Status of each T is indi-
cated by cross, open circle or square as
in Fig.3. Tmin’s for (a) and (b) are for
the same regions shown in Figs. 3a and b,
respectively.

sult from minor variations in the overall cold tem-
perature of the cloud shield and probably not from
the presence of actual convective cores. Many of
these Tyin’s for 0533 GMT fall in the triangular-like
region between the lines for (2) and (3) on Fig. 4b,
indicating that they are correctly rejected as con-
vective cores by the exponential discrimination line
(3), although they would have passed as convective
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cores using the AN linear discrimination line (2).

¢. Estimation of area covered by convective precipi-

tation

The next step in the CST (see Fig.2) is to as-
sign areal coverage of convective precipitation [A;
(km?)] to each of the cores selected through the
screening process described in Sec. 3b. The index i
refers to the i-th core. To assign the area, we follow
AN in assuming that In(A;) is directly proportional
to cell-top height, which is indicated by cloud-top
temperature.

The linear relationship of In{A.;) to the cloud-
top temperature of the i-th convective core can be
written

In(Ag) = aTs; + b, (4)

where a and b are constants, and where, as in AN,
Trin is replaced by the variable T.;, which is the
cloud-top temperature of the i-th convective core
corrected for the difference in resolution between the
satellite data and the one-dimensional cloud model
of Adler and Mack (1984). This model is used in
some of the following considerations, and the cor-
rection, which was obtained by AN for use with the
GOES resolution and is adjusted here for the GMS-1
resolution, is given by

0.113T s — 22.6,
o Tnin > 200 K
Tinin — Tc( K) = men . (5)

0,
Tmin <200 K

A further explanation about the adjustment given
in (5) is presented in Appendix B.

Adler and Mack (1984) used a one-dimensional
cumulus model to make several calculations for
the environment of Florida convection and com-
pared these model results with radar observations
of Florida convection. From these comparisons, AN
concluded that, if the area of the model updraft, A,,
was expressed as

n(A,) = a'T, + ¥, (6)

where a’ and b’ are constants, then the slope in (4),
derived by a log-linear fit of the Florida radar con-
vective area observations, was approximately equal
to the slope in (6), derived from a log-linear fit of
the model results. Thus, for their study, AN let

a=a'. (7)

Runs were carried out for the purpose of this
study with the same one-dimensional model, but
with a WMONEX sounding for 1800 GMT on 9 De-
cember 1978 in the vicinity of cluster B (taken at
Ak. Korolov; see Fig. 1 for location). These calcula-
tions yielded a slope very similar to that obtained
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by AN. For WMONEX, the value of @’ is -0.0492, as
compared to their value of -0.0465 for Florida. For
consistency with their work, we decided to use their
value of a’ and assume that a=a’, as in (7).

It remains to determine the intercept b in (4)
for the cluster B application. As a first guess, one
can use the value of b=15.27 determined by AN for
Florida convection. This AN convective area rela-
tionship is shown in Fig. 5a. With this value of b,
together with their value of a, we have used (4) to as-
sign A.; to each core, centering the areal assignment
on the location of the T},;, associated with the core.
Then, for each of the satellite data times from 1733
GMT to 0533 GMT on 9-10 December, we have ob-
tained the CST-derived estimate of the total area
covered by convective rainfall, Ay, by summing up
all the A.;’s for that time, with overlapping areas
counted only once. From CH, we have an estimate
of Ar based on radar data in cluster B for the same
times. The A7 values computed using (4) are com-
pared to the CH values in Table 1. The CST values
are slightly higher for most of the image times, but
this is to be expected. Because of radar attenuation
and beam-blockage problems, the CST-derived ar-
eas, if “correct”, should be equal to or greater than
the radar-derived areas. It is difficult to quantify
what these differences should be from these data,
but certainly the agreement here appears to be ad-
equate enough to adopt (4) with AN’s values of a
and b as an acceptable way of estimating the area of
rain associated with a convective core identified by
the CST.

d. Rain rate in the convective area

To obtain an estimate of the average rain rate,
Rei(kgm~2h~1) in the area A,; associated with the
i-th core, we continue to follow AN by using the
model of Adler and Mack (1984) to calculate the
time rate of fallout of condensed water mass V,;(kg
h~1!) as a function of T,;. This quantity is related
to R.; and A.; according to

Vri

R =5

(8)

R.; can then be calculated from V,; given by the
model run for a cell of cloud-top temperature T¢;
in the WMONEX environment and from A_;, where
A,; is given by (4). Our procedure in calculating RE.;
is first to obtain a log-linear fit to the results from
several model runs (described in Sec. 3c) for V,.;(T;)
in the WMONEX environment, representing V;; as

In(Vy) = ¢ Te; + d. 9)

Each of the runs used the same sounding data and
differed only in the model updraft radius. The dif-
ferent updraft radii and log-linear fit are plotted in
Fig.5b. The fit (shown in Fig. 5b) to the results
from the WMONEX runs yields values of -0.0622
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Fig. 5. Relationships for (a) areal coverage,
A., (b) time rate of fallout of condensed
water mass, V,, and (c) mean rain rate, R.,
as functions of corrected cloud-top temper-
ature, T., for convective cores as used in
the CST cluster B application. Model up-
draft radii (in km) which resulted in V;(T)
values shown in (b) are given by the plot-
ted integers.
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Table 1. Total area, A7, and mean rain rate for convective precipitation for cluster B as determined by CH
radar analysis and by CST applied to GMS-1 data. Radar results are taken from Fig. 19¢c in CH. CST
results for this chart were tabulated only for region indicated by dashed line on Fig. 1. The mean rain
rate is defined here as the average at all data points which have been determined by the radar technique
or CST to be convective. The CST here employs (4) with AN parameters to determine convective area,
and (10) to determine convective rate. Satellite data are not available for 0330 GMT and radar data
are not available past 0330 GMT. The CST results shown in parentheses for 0330 are derived by linear
interpolation between the 0233 GMT and 0533 GMT results.

Time(GMT) | Total Convective Area (10°x km?) | Mean Conv. Prec. Rate (kgm~2h~")
9-10 December Radar (CH) CST Radar (CH) CST
1733 24 1.8 5.4 5.0
2033 5.9 6.6 4.8 6.2
2203 5.6 6.9 5.2 5.8
2233 5.2 7.6 6.0 5.5
2303 6.8 7.7 5.0 5.6
2333 6.3 7.1 4.1 5.4
0233 1.9 1.7 3.2 4.7
0330 1.2 (15) 5.8 (4.5)
0533 — 1.0 — 4.0

and 33.85 for ¢ and d, respectively, with a correla-
tion of -0.986. Based on (4), (8), and (9), R, in
units of kgem~2h~! (i.e., mmh™1), can be given as

In(Re;) = e Tei + f, (10)
where

e=c—a= —0.0157, S {11)
and

f=d—b=476, (12)

where b has been adjusted to conform with units
of m?. This relationship for R.; is shown in Fig.
5¢c. Using (10), the value for R,; is assigned to the
pixels comprising the convective precipitation area,
as determined by (4), centered on each core. Rates
for pixels located in overlapping convective areas are
averaged.

The values of convective rain rate shown in Fig.
5c range from 3-7Tkgm~2h~1. These rates are in
very good agreement with the values of 3-8 kg m~2
h~! shown by Leary (1984) for convective cells 10-
17 km in echo height in GATE cloud clusters (Leary
84, Figs. 10 and 11). Leary’s values were smoothed
over time and space in such a way as to be “suitable
for comparison with and incorporation into satellite-
derived estimates of rainfall because satellite data
have a comparably coarse spatial and temporal reso-
lution.” The oceanic cloud clusters in GATE, more-
over, had many apparent similarities to those ob-
served in WMONEX, and therefore comparison to
Leary’s appears to be a reasonable test of the rates
in Fig. 5c.

The mean convective precipitation rate R, is
shown in Table 1 several times for cluster B, where

R, is defined as the value of R.; averaged over all
satellite pixels assigned a convective rain rate. The
table compares R, with the average rain rates from
the radar rainfall estimates of CH for the same data
times. The CST values for R, are generally slightly
higher than the average rain rate determined from
the radar data. Area-weighted means of the average
rain rates from Table 1 show that the CST rates are
about 12 % higher overall. One of the possible rea-
sons for the CST rates being higher than the radar
rates is that the radar reflectivity data used in this
comparison are from the 3km level. It has been
shown by Szoke et al. (1986) and Szoke and Zipser
(1986), in their study of tropical convective cells in
GATE, that it is typical to have an increase in the
reflectivity from 3 km to the surface for convective
cores. However, this effect is difficult to quantify,
so for the purpose of this study, we accept the 12%
overall difference, which is as good an agreement as
could be expected.

e. Area covered by stratiform precipitation

After the assignment of areas and rates to the
selected convective cells, the next step is to iden-
tify the stratiform precipitation areas (see Fig.2).
To accomplish this, the CST chooses a stratiform
threshold temperature, T, and designates all pixels
in the image for which T,<T, as stratiform, with
the exception of those pixels previously designated
as convective. The procedure to derive T; follows.

First, the mode of the temperatures (Ty04e) in
an 80 km by 80 km box, centered on each convective
center for which §<4.0, is determined. This cutoff
value of S was selected empirically by AN to exclude
the young, growing convective cells which normally
have larger slopes than the mature systems with ex-
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Fig. 6. Example of modal grid used for T cal-
culations. Crosses (A, B, C, and D) in-
dicate four convective centers for which
§<4.0. The box enclosing each center
shows the area (80km by 80km) over
which the Ti,04e for that core is measured.
The other symbols show the locations of
all pixels in each box for which Ty=Tmode-
The circles, triangles and squares represent
pixels for which T, equals 205°K (Tmode
for center A), 195°K (Tode for centers B
and C) and 201°K (Tnode for center D), re-
spectively. In the east-west direction, the
data are shown only for every other pixel.
The shaded region is the intersection of the
boxes for centers B and C.

tensive cirriform anvils. Pixels with T;>253 K are
not included in the T,,.q4. calculations in order to
eliminate effects of the earth’s surface. The modal
temperature is intended to be an approximation to
the IR temperature associated with the “flat”, near-
tropopause portion of the mesoscale anvils associ-
ated with the convective cores and has been shown
by Adler et al. (1985) to be well correlated with the
near-tropopause neutral-point temperature.

Figure 6 gives a hypothetical example of a group
of four convective cores used in calculating Ts. The
symbols in the 80 km by 80 km box around each core
show the positions of all of the pixels in that par-
ticular box for which Tp=T0d4e. AN set T, equal to
the weighted mean of all of the modal temperatures
for that image:

Z WiTmode(i)

Tywo )

Tmode =

where Tmode(,-) is the mode temperature for the i-th

Vol. 68, No. 1

convective cell and W; the number of pixels in the
box surrounding that cell for which Tp=Tmode,,)-

We have made two refinements to the method
used by AN to determine 7. First, we have modified
the method for calculating Ty,ode in order to remove
a bias that their method has towards the Tp,,q4. for
a cluster of cores. This bias problem is illustrated
in the group of cells shown in Fig. 6. Note that if
(13) is used to calculate Tpnoqde, then all of the pixels
within the shaded region (the intersection between
the boxes for cores B and C) are counted twice. It
is not unusual, especially in intense convective areas
with very cold cloud tops, for there to be a great
deal of overlap for regions having the same Tip,o4e-
Of course, overlaps have no impact if each of the
overlapping regions have a different Tpy0q4. as in the
case shown in Fig. 6 where the A or D boxes overlap
with either the B or C boxes. The bias problem is
alleviated in this study by not counting any pixel
more than once in the T;,.q4 computation. This is
accomplished by creating a “modal grid” for each
image consisting of all pixels for which T} equals the
Trmode Of any of the boxes within where a pixel is
located. In the example given in Fig. 6, the union of
all of the pixels shown in the figure would constitute
the modal grid. The modified T)p04e is equal to the
mean of the modal grid given by

1 n
Trnode = ; sz(J)a (14)
j=1

where n is the number of pixels in the modal grid,
and Ty, is the IR temperature of the j-th pixel
on that grid. For the example given in Fig.6,
Trmode=198°K using (13) and 199°K using (14).

The second change we have made in the assign-
ment of T, is to use

Ts(oK) = Tmode + Z, (15)

where z=7°K, rather than T;=T,,04.. This mod-
ification appears to be necessitated by the crite-
ria AN used to determine the extent of the strati-
form precipitation region from the radar data versus
the method used by CH. In their analysis of Miami
radar data for their Florida study, AN excluded all
echoes <25 dBZ (i.e., <lkgm~2h~!), whereas CH

-included all echoes >1 dBZ. The need for the addi-

tion of 7°K to T)no4e 18 illustrated by the following
figures. Figure 7 shows the convective and strati-
form rain structure for cluster B from the CH radar
analysis for 2221 GMT on 9 December. Figures 8a,
9a, and 10a show CST-derived convective and strat-
iform rainfall patterns for the three satellite times,
2203, 2233 and 2303 GMT, respectively, nearest the
time of the CH radar analysis, for Ty=1,,04.. Note
that, for reasons discussed in Sec. 2, only the region
within the dashed line has been used in the compar-
isons of the CST results and the CH radar analysis
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Fig. 7. Radar-echo patterns at 3km in clus-
ter B at 2221 GMT on 9 December 1978.
Light-and dark-shaded regions indicate
stratiform and convective precipitation, re-
spectively. The dBZ values of objectively
identified convective cores are indicated by
crosses (21-30 dBZ), squares (31-40 dBZ)
and triangles (>40 dBZ). Adapted from
Churchill and Houze (1984a). The outer
map boundary and dashed line correspond
to the dotted and dashed lines in Fig. 1, re-
spectively.

results. The regions closest to the radar, but within
the dashed line, were given the greatest consider-
ation in the comparisons referred to here. It can
be seen from comparing Figs. 8a, 9a and 10a with
Fig. 7, that the use of Ty=T,04. underestimated the
areal extent of the stratiform regions as pictured in
the CH radar analysis. By letting T,=T,.0de+,
with z=T°K (see Figs.8b, 9b and 10b), the CST
produced larger stratiform regions that are in bet-
ter agreement with the radar analyses of CH. The
choice of 7°K for z in (15) was made by a qualita-
tive comparison of the stratiform regions based on
Ty=T0de+, where z ranged from 0 to 9°K for the
eight satellite times from 1733 to 0533 GMT on 9-
10 December, with the radar-derived patterns from
CH.3 The value for z that resulted in the best match,
on the average, between the CST- and radar-derived
stratiform precipitation patterns for all eight image
times was 7°K.

The choice of z=7°K is also supported by Fig. 11.
This figure compares the CST-derived stratiform
precipitation areas as determined by T,=Ty,0de+2,
for z=0, 3, 5, 7, and 9°K, where T4 is calcu-
lated using (14), with the CH radar-derived strati-
form precipitation areas for 1733 to 0330 GMT* on

3Radar-echo patterns for intermediate times not included
in CH were also used in the comparisons.
4The last time included in the CH analysis is 0330 GMT

on 10 December. Comparisons between the CST and CH .
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Fig. 8. CST-derived rainfall regions using
GMS-1 IR data for cluster B at 2203
GMT on 9 December 1978. Light-and
dark-shaded regions indicate stratiform
and convective precipitation, respectively.
The stratiform regions are shown for
Ts=Tymode+z, where z=(a) 0°K and (b)
7°K. The convective regions were as-
signed according to (4) using parameters
from AN. The region over which the CST
results are tabulated in Secs.3 and 4 is
outlined by the dashed line (as in Fig. 1).
The shapes of the convective areas are the
result of the algorithm used to assign the
area around each convective core.

9-10 December, which is the period the radar-
detected rainfall from cluster B was observed (CH).
For the case £=0, i.e., Ty=T,04e, the CST-derived
stratiform region is too small for most image times
by at least 50 percent. Although the closest overall
satellite-radar match in Fig. 11 is for £=5°K, the
qualitative comparisons discussed above revealed
that x=7°K showed closer agreement in the south-

results at that time are based on linear interpolation between
the 0233 and 0533 GMT satellite observation times.
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ern portions of the radar coverage, where the qual-
ity of the radar data was most reliable because of
their closer proximity to the radar site. This quali-
tative agreement in the southern part of the region
was especially evident after 2233 GMT, which coin-
cides with the period during which the z=5°K and
z=T7°K plots (Fig.11) have the greatest disagree-
ment. As explained earlier, it would be expected
that the CST-derived areas, if “correct”, should al-
most always be equal to or greater than the radar-
derived areas, but never less. The z=7°K line shows
a larger difference from the radar line as the clus-
ter extended to the northwest and moved further
from the location of the radar. For our application,
we conclude that the stratiform regions can be ad-
equately determined through the use of the above
procedure, i.e., (14) and (15), where z=7°K.

f. Assignment of stratiform rain rate

The next step in applying the CST (see Fig.
2) is to assign rain rates to the stratiform regions
bounded by T,. The method used by AN was to
assign a nominal rain rate of 2kgm™=2h™! (i.e., 2
mm h™!) to the pixels classified by the technique as
stratiform. In a very thorough and careful analysis

“5°N
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Fig. 10. Same as Fig. 8, except for 2303 GMT.

of rain rates in GATE cloud clusters, Leary (1984)
also found 2kgm~2h~! to be the typical rain rate
in the stratiform regions. The mean stratiform rain
rate, R,, determined by the CH radar analysis for
cluster B, is shown in Fig. 12, along with the strati-
form threshold temperature (Ts) determined by (14)
and (15), and the average convective cell tempera-
ture, T,. These data show that the R, increased
steadily from 1 to 3.5 kgm™2 h™~! between 1733 and
about 0330 GMT, after which the rain area was out
of radar range. However, during this time period,
the overall (area-weighted) mean of R, is almost ex-
actly 2kgm~2h~!. The trend of R, after the clus-
ter’s rain area was out of radar range is not known.
However, the rate would be expected to decrease,
as the anvil cloud became thinner and less produc-
tive and as sub-cloud-base evaporation became more
prominent with the probable rising of the cloud base
during the dissipation period. Since T and T, were
increasing strongly at 0330 when the radar informa-
tion ended, general weakening of the convection and
thinning of the cirrostratus is indicated, suggesting
that dissipation and hence lower R, would ensue af-
ter this time. In view of these observations, as well
as the results of Leary (1984), it seems reasonable to
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Fig. 11. Area covered by stratiform precipi-
tation as determined by CST application
(dashed and/or dotted lines) and CH radar
analysis (darker solid line) for cluster B.
CH results are interpolated from Fig. 19¢
in CH to match GMS-1 image times. CST
results are plotted for Ts=T,,04c+2, where
z=0, 3, 5, 7, and 9°K. CST results only in-
clude data located within region indicated
by dashed line in Fig. 1.

adopt the average rate of 2kgm~2 h~! assumed by
AN for our calculations throughout the cluster’s life
cycle. We have also carried out calculations using
1 and 3kgm~2h~!, which are probably reasonable
lower and upper limits for the stratiform rate.

4. Results of application of the modified CST
to the portion of cloud cluster B covered
by ground-based radar

The results for the application of the modified
CST, described in Sec.3 and outlined in Fig. 2, to
the region enclosed by the dashed line in Fig. 1, are
presented in Figs. 13 through 15. These figures com-
pare the CST- and radar-derived precipitation ar-
eas, area-integrated rain rates, and time-integrated
results in the limited region for which reliable radar
data were available for cluster B. The subdivision of
the radar data into convective and stratiform com-
ponents follows CH.

Figure 13a shows the convective, stratiform, and
total (sum of convective and stratiform) precipita-
tion areas for the radar and satellite analyses. Fig-
ure 13b shows the percent contribution to the total
precipitation area from the convective and strati-
form components. The CST curves in Fig. 13a dis-
play a general agreement with the CH radar results.
As discussed in Secs. 3¢ and e, the CST-derived ar-
eas are somewhat larger than the radar values for
most of the later data times possibly due to at-
tenuation and beam-blockage problems that affect
the radar but not the satellite data. The satellite
analysis shows the total precipitation area growing
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Fig. 12. Average of corrected cloud-top tem-
peratures (7;) for convective cores selected
by CST (within dashed region in Fig. 1),
and CST-determined values of stratiform
threshold temperature (T,) as determined
by (14) and (15), for twelve hours dur-
ing the life cycle of cluster B. The solid
curves show smoothed functions of time
(given here nominally by 4th-order poly-
nomial fits) for T, and T.. Also included
are radar-determined values (from CH) for
the average stratiform rain rate (R,), given
on a logarithmic scale.

from 3.2x103 km? at 1733 GMT, to a maximum of
27x10% km? at 2333 GMT, and decreasing again as
the convection dissipated and the cluster moved out
of the analysis region.

Figure 13b shows excellent agreement in the per-
centage contributions of the areas covered by convec-
tive and stratiform rainfall to the total area from the
radar and satellite analyses. The radar and satellite
values are within five percent of each other for all
data times. Both methods show the fractional area
covered by the stratiform precipitation increasing
from a minimum of ~45% at 1733 GMT on 9 De-
cember to a maximum of ~90 % at 0233-0330 GMT
on 10 December. Thus, even if the CST is slightly
overestimating or underestimating the absolute ar-
eas covered by precipitation, the relative sizes of the
convective and stratiform areas conform well with
radar results.

Figure 14a shows the convective, stratiform and
total area-integrated rain rates for the radar and
satellite analyses. Figure 14b shows the percent
contribution to the total area-integrated rain rates
from the convective and stratiform components. As
with the results for the area given in Fig. 13a, the
CST curves in Fig. 14a display a general agreement
with the CH radar results. The main difference be-
tween the CST curves and curves for the CH radar
results for the total and stratiform area-integrated
rain rates is due to the choice of a constant value
(2kgm~2h™1) for the stratiform rate used by the
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Fig. 13. (a) Convective (short-dash lines),
stratiform (long-dash lines) and total
{sum of convective and stratiform: solid
lines) precipitation areas as determined
by application of modified CST (darker
lines) and CH radar analysis (lighter
lines) to cluster B. CH results are inter-
polated from Fig.19c in CH to match
GMS-1 image times. Only data located
within the region indicated by the dashed
line in Fig. 1 are used in the CST results.
(b) Percent contributions to total rainfall
area by convective (short-dash lines) and
stratiform (long-dash lines) precipitation
regions for CST (darker lines) and radar
(lighter lines) results.

CST (discussed in Sec. 3f). With the curves for area
shown in Figs. 13a and b being in fairly good agree-
ment between the CST and radar results, it is antic-
ipated that the CST-derived stratiform (and there-
fore the total) area-integrated rain rates would be
too high or too low when the radar-observed values
for R, are less than (before 2333 GMT) or greater
than (after 2333 GMT) 2kgm~2h~!, respectively.
However, these differences average out over the time
period discussed in this section, since the average
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Fig. 14. (a) and (b) are as in Figs. 13a and
b, respectively, except for area-integrated
rain rates.

radar-observed value for Rj is very close to 2 kg m~2

h—t.

The CST again appears to perform better in the
determination of the relative contributions than the
absolute amounts from the convective and strati-
form components. Figure 14b shows fairly good
agreement in the percentage contributions of the
convective and stratiform area-integrated rain rates
from the radar and satellite analyses, with the main
shortcoming again being the difference between the
stratiform rates discussed above. The CST results

. show the stratiform contribution increasing from a

minimum of 24 % at 1733 GMT on 9 December to
a maximum of 78 % at 0233 GMT on 10 December.

Figure 15a and b show the areal coverage and
area-integrated rain rates, from Figs. 13a and 14a,
respectively, integrated over ten hours of the cluster
B lifetime, 1733 GMT through 0333 GMT on 9-10
December. These time-integrated values for the con-
vective and stratiform contributions show the same
tendencies as mentioned above in the discussion
about Figs. 13 and 14. The absolute amounts for the
CST-derived data given in Fig. 15 are higher than
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Fig. 15. Stacked column graphs for time-
integrated radar- and CST-derived (a) -
areal coverage of rainfall (from Fig. 13a)
and (b) area-integrated rain rates (from
Fig. 14a). Data are from 1733 GMT
through 0333 GMT, 9-10 December. Con-
vective and stratiform contributions to
time-integrated amounts are represented
by hatched and shaded regions, respec-
tively. Percentage contributions of the two
components to the total amounts are also
shown.

the radar-derived data by about 20 %. However, the
relative amounts of convective and stratiform con-
tributions in both Figs. 15a and b are within a few
percent for the radar and CST results.

5. Application of modified CST to all of clus-
ter B

a. Extension of the limited-area analysis

The general agreement between the satellite CST
results and the radar analysis of CH over the lim-
ited region considered in Sec. 4 lends confidence to
the further application of the CST to cloud cluster
B over the complete period of its life history, be-
yond the area and time period of the WMONEX
radar data analyzed by CH.® To assure that the

5The overall history of cluster B can be reviewed in the
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modified CST faithfully represents the convective-
stratiform structure of cluster B, the quantitative
comparisons in Sec. 4 deals only with the portion of
the cloud shield that intersected the area covered by
the WMONEX radar at Bintulu and with the time
period limited to that covered by the CH analysis of
the radar data. To present a complete history of the
convective and stratiform components of the cluster,
the present section extends the modified CST devel-
oped in Sec. 3 for the limited area to the entire areal
extent of cluster B and over its full lifetime.

This analysis begins at 1733 GMT on 9 December,
the same time as the start of the partial analysis,
but extends through 1133 GMT on 10 December.
These are the first and last satellite image times, re-
spectively, in which cluster B can be identified (CH).
The spatial domain for each individual satellite time
used in this application of the CST consists of the
box enclosing all cloud elements associated with the
cluster at that particular time (as indicated in Fig.
6 of CH). Figure 1 shows the composite of the cirrus
cloud shield (shaded region) associated with cluster
B during its lifetime, an area of over 220x 103 km?.
We have defined the cirrus shield area for each image
as the sum of the areas of all pixels in the satellite
IR imagery within the box described above for which
T is less than or equal to some cloud-top threshold
temperature. We have chosen 245°K for the thresh-
old temperature, which is rounded off from the value
of 244.5°K used by CH to define the cluster B cirrus
shield. CH chose their value as a result of subjective
examination of the GMS-1 visible and IR imagery.
Also shown in Fig. 1 is the spatial coverage for the
partial analysis presented in the previous sections.
The size of the fixed, limited analysis area is 37x103
km?, or only about 16 % of the cumulative region
covered by the cloud shield.

The larger spatial domain used for the com-
plete analysis suggests that the calculations for the
threshold temperature, 75, would be affected by
the inclusion of a larger number of convective cores
around which the T,,,4. values are computed (see
Sec. 3e). Figure 16 compares T, values for the par-
tial and complete cluster B analyses. All of the val-
ues for T, from the two analyses are within 1°K
except for 1733 and 2033 GMT. The difference at
1733 GMT results from the inclusion of a separate
(at that time) portion of cluster B to the northeast
of the limited analysis area. At that time, T, for
the complete analysis is a weighted average of the
T, values for the two clusters. Although this means
that the resulting T, is not representative for each
cluster separately, the errors should tend to cancel
when calculating the total stratiform rain area for
that particular image. By 2033 GMT, the two clus-

sequence of satellite images of the cloud shield shown in Fig.
6 of CH.
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Fig. 16. T, for partial (dotted line) and com-
plete (solid line) cluster B CST analyses.

ters had merged. However, the northeast section,
still outside of the domain of the partial analysis,
retained characteristics that were different enough
to alter T, for the complete cluster.

b. Verification of the location of satellite-inferred
convective and stratiform precipitation areas with
ship and aircraft observations
Although cluster B moved out of range of the

coastal radar during its later stages, it moved over

the location of one of the research ships and was
sampled by the two research aircraft. The data ob-
tained by the ship and aircraft allow the satellite-
inferred locations of the convective and stratiform
regions to be verified at the locations of these obser-
vations. Consistency with these additional “ground-
truth” data lends further confidence to the applica-

tion of the CST to the entire cloud cluster B.

The Soviet ship Ak. Korolov (location shown in
Fig. 1) was in the general proximity of cluster B
during most of the cluster’s lifetime. As the P3
and Electra research aircraft flew in the vicinity
of cluster B, they deployed Omega dropwindson-
des (ODWs: Julian 1982) at selected points along
the flight track to determine vertical profiles of tem-
perature, humidity and horizontal wind. On board
the P3, quantitative radar reflectivity data were ob-
tained with a lower fuselage C-band weather radar,
as described in CH. In addition, scientists aboard
the two aircraft recorded various visual observations
and impressions. Visual and photographic observa-
tions of clouds from aboard the aircraft have been
described and analyzed by Warner (1982).

As in the comparisons of the CST results with
the ground-based radar data, uncertainties in the
precise location of the satellite data can affect the
comparisons with the ship and aircraft data. In ad-
dition, as will be discussed below, the satellite times
frequently do not coincide with the ship or aircraft
observation times. These shortcomings are impor-
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tant to keep in mind in consideration of the high de-
gree of variability of the cluster’s precipitation struc-
ture in space and time.

The current weather reports by the ship Ak. Ko-
rolov during the passage of cluster B are shown in
Fig. 17. Also shown are results from the complete
CST analysis of cluster B and the cirrus cloud shield
boundaries for the region immediately surrounding
the ship. The CST results are shown for 2033 GMT
on 9 December through 1033 GMT on 10 Decem-
ber; the time period during which precipitation as-
sociated with cluster B (according to CST results or
ship observations) was located near the ship. Ship
reports are given on the hour, while CST results
(at satellite observation times) are approximately on
the hour or half hour. The closest ship observation
time(s) are used in the comparisons with the CST
results discussed here.

The ship observations agree very well with the
CST-derived precipitation patterns. The ship’s first
observations of the convective cells associated with
the cluster took place at 2000 and 2100 GMT, when
they reported lightning in the distance. At 2033
GMT, about halfway between these two ship ob-
servation times, the CST analysis shows the clos-
est convective cells at about 35-50km from the
ship. Then, from 2200 GMT on the 9th through
0100 GMT on the 10th, the ship recorded obser-
vations of rainfall reaching the surface, but not at
the ship’s location. During this time period, the
CST analysis shows convective and stratiform pre-
cipitation near, but not at the ship’s location. The
ship only recorded precipitation (from moderate and
light showers) from 0200 through sometime between
0500 and 0600 GMT. During this time period they
measured approximately 6 mm of rainfall. The CST
results for 0233 and 0533 GMT both show precipi-
tation over the ship’s location. The ship was near
the border of stratiform and convective regions de-
lineated by the CST. The reported amount at the
ship is consistent with this result. At the next two
satellite observation times, 0833 and 1003 GMT, the
CST results show stratiform precipitation from clus-
ter B from about 15-30 km from the ship, mainly to
the northwest. Additional precipitation is shown to
the east, but at a distance of at least 50 km from
the ship. These results agree with the ship observa-
tions from 0700 GMT through 1000 GMT, when the
ship again reported observing precipitation reaching
the ground, but not at the ship’s location. Finally,
the 1033 GMT CST analysis shows no precipitation
within 70 km of the ship, while the dissipating rem-
nants of cluster B moved off towards the northwest.
The 1100 GMT (and subsequent) ship reports re-
flected this with reports of “dissolving clouds.”

Rawinsonde data from the Ak. Korolov (not
shown here) were discussed thoroughly in CH. The
sounding at 0000 GMT, two hours before the pre-



February 1990

S.B. Goldenberg, R.A. Houze, Jr. and D.D. Churchill 53

110E  111E  112E 110E 111E  112E 110E 111E  112E 110E  111E 112E 110E___111E 112E

5N : ] . ~
3 ¢ @
E
3 4N
@
o
[+)]

3N

2033 GMT

5N -
% Z
.\’/\\/4\4’/";\ ‘%@

N D

N

10 December
D
z

o

0533 GMT

0233 GMT

Time (GMT)

9 - 10 December 1978 2 23 00

20 21

NN
0833 GMT

1003 GMT 1033 GMT

o1l 02 03 04 05 06 07 08 09 10 M

S

Ak. Korolov (WW)

YISO U2 2 2 A O T O Gy G

Fig. 17. Time series of CST-derived rainfall regions from the complete cluster B analysis for the 2° latitude
by 2° longitude box centered on the location (indicated by X) of the Soviet ship Ak. Korolov. Light-
and dark-shaded regions indicate stratiform and convective precipitation, respectively. The perimeters
of the cirrus shield (as defined by 245°K threshold) are indicated by scalloped lines. Also shown are
the current weather observations (WW) from the ship.

cipitation associated with the cluster moved over
the ship, was very similar to the mean WMONEX
sounding (shown in CH). Later Ak. Korolov sound-
ings shown in CH, for 0800 and 0900 GMT, depict
the presence of the stratiform cloud deck, evidence of
a mesoscale unsaturated downdraft below the cloud,
and a low-level subsidence inversion. These later
soundings are consistent with being taken from un-
derneath the stratiform cloud shield but outside the
area of rain reaching the surface (Zipser, 1977). At
the time of these two later soundings, the ship was
under the fringe of the cluster’s cirrus shield, outside
of the CST-indicated rain area (see Fig. 17).

The flight track of the Electra along with the CST
results for the closest satellite time (0833 GMT on
the 10th) are shown in Fig. 18a. The previous satel-
lite data time was three hours earlier at 0533 GMT.
Thus, the earlier parts of the flight path that inter-
sected cluster B differ from the closest satellite time
by as much as 45 min. Because of these time dif-
ferences and possible satellite-data location errors,
comparisons can only be made with the CST results
for the general region in the vicinity of the aircraft
path.

Observers on board the Electra frequently re-
ported towering cumulus and noted regions of fully

developed convective cells, which the aircraft occa-

sionally penetrated. These observations are consis-
tent with the analysis of Warner (1982), who also
noted “individual cumulonimbi” beneath the “thick
cirrus” anvil of the cloud cluster (see Warner 82,

Fig. 16a). As discussed by Warner (1982) and by
Johnson and Houze (1987, their Sec. 2.3), it was typ-
ical in WMONEX for convective clouds of increas-
ing height to be seen over the ocean as the aircraft
approached and entered the region of a cloud clus-
ter (e.g., Fig. 11 of CH). Probably only a select few
of these convective towers produced large amounts
of rain and penetrated the cirrus shield so that they
would be detected by the CST. This helps to explain
why more sightings of cumuliform shapes appeared
in the observers’ logs than were evident in the CST
patterns.

Much of the Electra’s flight in the vicinity of clus-
ter B at an altitude of ~6.4 km was near the base
of an altostratus cloud deck, forming as a result of
the convection. Warner (1982) noted that the base
of this stratiform cloud shield was sloped. At 0744
GMT, observers reported towering cumulus build-
ing and forming the altostratus layer as the aircraft
entered the region that comprises the precipitation
region in the 0833 GMT CST analysis (see Fig. 18a).
It is possible that the aircraft observed no precipita-
tion at this time because the cluster was just form-
ing in that region. This inference is supported by
the CST analysis for 0533 GMT (not shown), which
shows the area of precipitation associated with clus-
ter B at that earlier time still lying to the south of
the 0744 GMT aircraft position.

The next aircraft observation (0745 GMT) of a
dry-air region with suppressed convection to the left
of track (but still with convection to the right of
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Fig. 18. Portions of the (a) Electra and (b) P3
flight tracks in the vicinity of cloud cluster
B on 10 December 1978. Dashed and dot-
ted sections of flight tracks indicate where
the aircraft were in cloud and in precipi-
tation, respectively. Also shown are CST-
derived rainfall regions from the complete
cluster B analysis for (a) 0833 GMT and
(b) 1003 GMT for the regions surrounding
the flight paths. Light-and dark-shaded
regions indicate stratiform and convective
precipitation, respectively.

track) roughly coincides with the locations in the
CST analystis for 0833 GMT of the CST-derived hole
in the precipitation, to the left and right of track,
and the convective cells to the right of track. At
0755 GMT, the aircraft entered the altostratus cloud
deck and remained in it until ~0815 GMT. No con-
vection was encountered in the cloud. From about
the time that the Electra came out of the altostratus
cloud deck, until ~0823 GMT, light and heavy strat-
iform precipitation were noted, except for the brief
period when they were in cloud again (see Fig. 18a).
It is reasonable to conclude from these observations,
that most of the track from 0755 until 0823 GMT
probably passed through a region of stratiform pre-
cipitation, as indicated by the CST analysis. It can-
not be determined from the aircraft scientists’ obser-
vations whether there was precipitation taking place
during the time when the aircraft was in cloud. The
sounding from the ODW at 0807 GMT, the time
the Electra was in cloud, and the ODW sounding at
0823 GMT, when the Electra was at the edge of the
observed stratiform precipitation region, are shown
in Figs. 19a and 19b, respectively. Both soundings
show circumstantial evidence of a mesoscale down-
draft of the type indicated by the ship observations
and discussed by CH. That is, they both have, to
some degree, the “onion shape” discussed by Zipser
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Fig. 19. Electra ODW soundings for (a) 0807
GMT 10 December 1978, released at
4.80°N, 109.66°E, and (b) 0823 GMT, re-
leased at 4.30°N, 108.44°E. Solid curves
show temperature and dew point.

(1977); they contain layers characteristic of subsi-
dence and drying located between a saturated region
found at the melting level and a moist mixed layer
near the surface. Thus these soundings, as well as
the ship soundings discussed in CH, are consistent
with a location within a stratiform precipitation re-
gion. However, it is not possible to determine from
these soundings how much of the precipitation evap-
orated before reaching the sea surface.
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Figure 18b shows a portion of the 10 December
flight track of the P3, which flew at an altitude close
to 7.8km. The data overlaid on the P3 flight track
are CST resuits for 1003 GMT. The feature located
to the left of track near the 0940 GMT aircraft po-
sition was actually not a portion of cluster B. This
feature does not appear in the reflectivity data from
the P3 lower fuselage radar prior to the gap in the
radar data that occurred from 0940-0949 GMT. It
is not clear whether this feature was a cell identified
spuriously by the CST or whether it was too small
or weak to be identified by radar. Another possi-
ble explanation for the absence of the feature in the

radar data can be the time difference between the

aircraft and satellite data (over 20 min at the point
in the flight track just prior to the data gap), com-
bined with possible location errors in the satellite
data. Although the feature was present in the CST
analysis for the previous satellite time, 0833 GMT;
it was even weaker, and the CST-determined con-
vective cells were located at least 70 km from the
aircraft. This small feature is the only irreconcil-
able difference that we have found between the CST
and- aircraft or ship data. According to the CST
results, the convective cores in that region are very
weak, and, even if they were real, might not have
been measured by the aircraft radar due to the large
vertical beam width. (Problems associated with the
large vertical beam width were described by Houze
et al., 1981a.)

After the gap in the radar data, as mentioned
in CH, the radar did detect very light echoes im-
mediately surrounding the aircraft from 0950-0956
GMT, at the time of its flight-over the ship Ak. Ko-
rolov. But, as shown by the ship observations (see
Fig. 17), none of this precipitation was observed to
reach the ground at the ship’s location, in agreement
with the CST results, which indicate no precipita-
tion over the flight track at this time. The next
skip in radar data occurred from 0956-1014 GMT, so
no observations were made to verify specifically the
very small CST-derived region of stratiform precipi-
tation shown near the P3 position just prior to 1014
GMT. According to the CST analysis, this was the
only precipitation area from cluster B actually inter-
cepted by the P3 aircraft. By the next CST time,
1033 GMT, this small patch had almost totally dissi-
pated. The existence of this small patch is indicative
that the stratiform cloud shield in the vicinity of the
flight track was just marginally nonprecipitating—
that here and there the intensity of the cloud shield
exceeded the threshold. This interpretation is con-
sistent with the patch of very weak radar echo en-
countered by the aircraft at 0950-0956 GMT.

Thus, the airborne cloud sightings, ODWs and
radar observations, and the shipborne surface and
upper-air observations are generally consistent with
the CST-derived locations of the areas of convective
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and stratiform precipitation associated with cluster
B. These verifications lend confidence to the deriva-
tion of total convective and stratiform rain areas and
amounts from the application of the CST to the en-
tire cluster, as discussed in the next subsection.

c. Convective and stratiform rain areas and
amounts for the entire cluster determined by the
modified CST
The areal coverage of convective, stratiform and
total precipitation, and total precipitation derived
from the CST applied to the complete cluster are
shown in Fig.20a. The peaks and rapid dissipa-
tion of the stratiform and total precipitation in the
complete analysis lagged the convective precipita-
tion peak and dissipation by about three hours. Ac-
cording to the complete CST results, the convec-
tive precipitation area grew gradually to its max-
imum extent of 16x10%km? at 0233 GMT on the
10th, gradually decreased for several hours, then
decreased more rapidly. The stratiform precipita-
tion area reached its maximum extent, of 68x103
km? three hours later at 0533 GMT, stayed fairly
constant for several hours, then rapidly decreased.
The total precipitation area, which was dominated
by the stratiform area, attained its peak value of
85x103 km? at 0533 GMT in the complete analysis.
Also shown in Fig.20a, for comparison, is the
CST-derived total precipitation region from the par-
tial analysis (from Fig. 13a). The precipitation area
for the partial analysis reached its peak of 27x103
km? at 2333 GMT on the 9th, six hours earlier than
the peak in the results for the complete analysis. Ac-
cording to the results for the complete analysis, the
area of rainfall {mainly stratiform) was actually still
growing at that time. The partial analysis shows a
decrease in total precipitation area after 2333 GMT
because the cluster moved out of the radar analy-
sis domain. In addition, because of the inclusion
of the section of the cluster (discussed in Sec. 5a)
to the northeast of the Bintulu radar, the areas for
the complete analysis are larger than for the partial
analysis even at the beginning of the analysis time.
Percentage contributions of the areas covered by
convective and stratiform rainfall to the total rain-
fall area are shown in Fig. 20b for both the partial
and complete analyses. For the complete analysis,
the contributions from the convective and stratiform
components begin close to 50 % (as in the partial
analysis results). The stratiform contribution grows
to ~95 % by 0833 GMT on 10 December, and finally
fluctuates around 90 % at the end of the life cycle.
The cluster’s precipitation structure during its final
stage might be expected to approach 100 % strati-
form. However, the CST, by construction, is unable
to detect a precipitation region as 100 % stratiform,
since the algorithm is “anchored” to the convective
cores. Moreover, the use of the discrimination line
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ol L L L L ing the later stages of the cluster’s lifetime. Thus,
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Fig. 20. (a) Convective (heavy short-dash
line), stratiform (heavy long-dash line),
and total (sum of convective and strati-
form: heavy solid line) precipitation ar-
eas as determined by application of mod-
ified CST to complete satellite history of
cluster B. The solid thin line is the to-
tal areal coverage of precipitation for the
CST application over a portion of clus-
ter B (from Fig. 13a). (b) Percent contri-
butions to total rainfall area by the con-
vective (short-dash lines) and stratiform
(long-dash lines) precipitation regions for
the CST-derived values from the com-
plete (darker lines) and partial (lighter
lines) cluster B applications.

[Eq. (3)] notwithstanding, some roughness in a de-
caying cirrus shield can be selected inaccurately as
convective cores. However, in the case of cluster B,
the CST was able to attribute almost all of the rain
area to stratiform during the cluster’s final stage,
and these problems thus appear to be minor.
Despite large differences between the sizes of the
domains covered by the complete and partial anal-
yses and between the sizes of the total precipita-
tion areas shown in Fig. 20a, the percentage contri-

the stratiform rates given by the long-dashed curve
during the later stages of the cluster’s lifetime (after
0400-0500 GMT) are probably overestimated some-
what.®

The timing of the increases, peaks, and rapid de-
creases shown in Figs. 21a and b generally follow the
results for areal coverage shown in Fig.20a. The
main difference is that the convective component
of the area-integrated rain rates is almost constant
from 2233 GMT on the 9th through 0233 GMT on
the 10th (the time of the peak area-integrated rain-
rate value). This result arises because the peak in
the average convective rain rate occurred as early as
2033 GMT (see Table 1). Therefore, the growth in
areal extent of the CST-determined convective rain-
fall was balanced, from 2233 GMT until 0233 GMT,
by the decrease in average convective rain rate (in-

“versely related to the average cloud-top tempera-

ture associated with the convective cores; see Fig.
12). The peak convective amount at 0233 GMT was
8x109kgh~!. The peaks in the stratiform and to-
tal amounts, 14 and 20x10'° kgh~?!, respectively,
both occurred three hours later at 0533 GMT.
Percentage contributions to the total area-

81t is also possible that the higher values of stratiform
threshold temperature in the late stages of the cluster (Fig.
16), which were not calibrated by the limited area comparison
(Fig. 14), could have led to an overestimate of stratiform rain
area in these later stages. However, there is no apparent
physical reason why this should be so.
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Fig. 21. (a) Total (sum of convective and stratiform) area-integrated rain rates as determined by ap-
plication of modified CST to the complete satellite history of cluster B (thick solid lipe) and for
CST application over a portion of cluster B (from Fig. 14a: thin solid line). (b) Convective (heavy
short-dash line) and stratiform (heavy long-dash line) area-integrated rain rates for CST application
to complete satellite history of cluster B. Lower-and upper-error bars show area-integrated rates for
CST-determined stratiform component with stratiform rate set equal to 1 and 3kgm~2h™!, respec-
tively. (c) Convective (short-dash line) and stratiform (long-dash line) percent contributions to total
area-integrated rain rates. Error bars indicate percent contributions for convective and stratiform

area-integrated rates when the stratiform rate is set to 1 and 3kgm™2h™'.

Error-bar limits for

the convective and stratiform components are given by arrowheads and horizontal lines, respectively.
(d) Percent contributions to total area-integrated rain rates by the convective (short-dash lines) and
stratiform (long-dash lines) precipitation regions for the CST-derived values from the complete (darker
lines) and partial (lighter lines) cluster B applications.

integrated rain amounts from the convective and
stratiform components of the cluster, for both the
partial and complete analyses are shown in Figs.
21c and d. The stratiform rate for the curves is as-
sumed to be 2kgm~2 h~1, as in Fig. 21b. Error bars
again indicate variation as R, is varied from 1 to 3kg
m~2h~1. At 1733 GMT, according to the complete
analysis results, the stratiform rainfall (for R,=2kg
m~2h~!) accounts for only 30 % of the precipita-
tion for the cluster. Six hours later, at 2333 GMT,
the convective and stratiform components were con-
tributing roughly equal amounts to the overall in-
stantaneous rainfall amount. The stratiform frac-
tional amount continued to increase until nine hours
later, when, at 0833 GMT on the 10th, it accounted

for ~90 % of the total. During the time interval cov-
ered by the partial analysis, the percentage values
are in fairly close agreement. Figure 21d compares
the results for the partial (Sec. 4) and complete clus-
ter B analyses. The mean difference and mean ab-
solute difference between the stratiform results are
only about one and six percent, respectively, with
the greatest absolute difference of 22 % occurring at
0233 GMT.

Figures 22a and b and Fig. 23a compare the CST-
determined cluster B precipitation areas with the
areal extent of the cirrus shield (as defined by the
245°K threshold in the IR brightness temperature
field) associated with the cluster. Figure 22a com-
pares the cirrus shield area with the total areal of
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Fig. 22. (a) Areal extents of cirrus shield (de-
fined by 245°K threshold temperature on
IR satellite imagery: heaviest solid line),
and CST-determined convective (short-
dash line), stratiform (long-dash line) and
total (sum of convective and stratiform:
solid line) precipitation for complete his-
tory of cluster B. The tops and bottoms of

0
1733

the error bars correspond to the size of the
cirrus shield area using cloud-top thresh-
old temperatures of 250°K and 240°K, re-
spectively. (b) Percent of cirrus shield
area covered by convective (short-dash
line), stratiform (long-dash line) and total
(solid line) precipitation regions. Error
bars on the total precipitation percent-
age curve correspond to error bars for the
cirrus shield area shown in (a).

precipitation, and with the areal extent of the con-
vective and stratiform components. Error bars are
included on the curve for the cirrus shield area due to
the uncertainty in accurately determining the appro-
priate cloud-top threshold temperature. The tops
and bottoms of the error bars correspond to the size
of the cirrus shield area using cloud-top threshold
temperatures of 250°K and 240°K, respectively. The
cirrus reached its maximum coverage of 196x10°
km? at 0533 GMT, the same time as the maximum
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Fig. 23. Stacked column graphs for time-
integratéd CST-derived (a) areal coverage
(from Fig.20a) and (b) area-integrated
rain rates (from Fig.21b). Time in-
tegrations (described in the text) are
for the 24 h period 1533 GMT through
1533 GMT, 9-10 December. Convec-
tive and stratiform contributions to time-
integrated amounts are represented by
hatched and by dark-shaded regions, re-
spectively. Percentage contributions of
the two components to the total areal
coverage (a) and the total volume rain-
fall (b) are also included. In addition,
(a) shows the time-integrated areal cov-
erage of the cirrus cloud shield (245°K
threshold). The upper and lower limits
on the error bar on the total cirrus shield
coverage correspond to the total cover-
ages obtained using thresholds of 250°K
and 240°K, respectively. Percentages in
parentheses in (a) are the contributions
of the precipitation components to the
time-integrated areal coverage of the cir-
rus shield.

areal extent of the stratiform and total precipita-
tion, and after a few hours diminished rapidly as
the cluster dissipated.

The percentage of the cloud shield occupied by
precipitation is shown in Fig. 22b. The error bars in
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Fig. 22b correspond to the percentages computed,
using the error bar limits from Fig. 22a. The total
rainfall area filled 35-52 % of the cloud shield area
with the exception of 1033 GMT on the 10th, when
the coverage was only 27 %. The convective precipi-
tation occupied a maximum of about 14-17 % of the
cloud area during the first six hours of the cluster’s
life cycle observed by satellite. This was eventually
reduced to only about 2-4 % of the cloud area. The
stratiform component initially filled only 18 % of the
cloud area, but eventually filled ~50 % of the cloud
area at 0833 GMT before decreasing.

It is evident from Figs. 22a and b that, with the
exception of 1733 GMT, the results are not ex-
tremely sensitive to the choice of cloud-top threshold
temperature until 0533 GMT. At the earlier times,
the cloud shield edges tended to be sharper, with
strong temperature gradients. Therefore, a rela-
tively wide band of threshold temperatures produces
similar results for area. However, as the cluster be-
gins to dissipate, the edges are less well-defined and
selection of an appropriate threshold temperature
becomes more difficult. Before 0533 GMT, the er-
ror bars in Fig. 22b, for the variation of percentage
of cirrus shield occupied by precipitation between
threshold temperatures of 240°K and 250°K, are
only 5-6 % (except for 11 % at 1733 GMT). At 0833
GMT, the uncertainty is 17 %. The error bars on the
percentages are especially large at later times (e.g.,
46 % at 1103 GMT); however, the absolute areas at
those times were much smaller. It could be argued
that a higher threshold temperature (i.e., 250°K)
would be more appropriate during the cluster’s dis-
sipation period.

Figure 23 shows the time-integrated totals for the
complete analysis over the entire life cycle of cluster
B, the 24 h period from 1533 GMT through 1533
GMT on 9-10 December. An additional satellite
image time, 1533 GMT on 9 December, has been
added for the period before the beginning of the
analysis just described (1733 GMT to 1133 GMT on
9-10 December) and an additional time, 1533 GMT
on 10 December, after the above analysis time pe-
riod, for the sake of the time integration. All values
are assumed zero at those temporal boundary times.
Values between these temporal boundaries and the
first and last data times were determined by linear
interpolation.

Figure 23a shows the time-integrated areal cover-
ages for the cirrus cloud shield and CST-determined
convective and stratiform precipitation. The time-
integrated amount of the total precipitation area for
cluster B is 930x10® km? h. The contributions of the
convective and stratiform components are 19 % and
81 %, respectively. The inclusion of the time period
after 0333 GMT in the complete analysis results,
when the cluster was mainly stratiform, is respon-
sible for the differences in the percentages between
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the partial and complete analysis results. The total
cirrus shield coverage was ~2000x10% km? h using
the 245°K cloud-top threshold temperature. The
upper and lower error bars give the coverages us-
ing the 250°K and 240°K thresholds, respectively.
In the case of the time-integrated values, the upper
and lower bounds differ by only about 12 % from
the value obtained using the 245°K threshold. Over
the lifetime of the cluster, the total CST-determined
precipitation area accounted for 46 % of the total
areal coverage of the cirrus shield, of which the con-
vective and stratiform precipitation areas accounted
for 9% and 37 %, respectively.

Figure 23b gives the total volume rainfall for clus-
ter B. The total rainfall amount of 241x101% kg is
partitioned into 38 % convective and 62 % stratiform
rainfall. These percentages differ substantially from
the 54 % convective and 46 % stratiform given ear-
lier in this study for the partial analysis results (see
Fig. 15b). As stated earlier, the larger stratiform
percentage for the complete analysis results was a re-
sult of the inclusion of the latter, mainly stratiform
portion of the cluster’s history. Stratiform percent-
ages given by other studies of tropical cloud clus-
ters have ranged from 30-50 % (Houze, 1977; Cheng
and Houze, 1979; Gamache and Houze, 1983; Houze
and Rappaport, 1984; Leary, 1984; Wei and Houze,
1987; Chong and Hauser, 1989). The value of 62 %
obtained in this study is probably a few percent too
high because we assumed the 2kgm~2h~! strati-
form rain rate through the latter part of the clus-
ter’s lifetime. However, even if a correction were
made by lowering the assigned value of R, during the
late stages, a value of well over 50 % would still be
obtained. In addition, even if the CST-derived esti-
mates for the areal coverage of the stratiform precip-
itation were overestimated for the latter stage, the
effect on the total percentage contribution of strat-
iform precipitation would be minimal since the vast
majority of the precipitation fell prior to 0533 GMT.
Thus, it appears that this particular cloud cluster
had a larger and/or stronger stratiform precipita-
tion area than the other clusters reported in the lit-
erature. It has long been a subjective impression of
scientists involved in WMONEX that the diurnally
triggered cloud clusters off the coast of Borneo, of
which cluster B was a particularly strong example,
indeed had especially large and intense stratiform
rain areas.

6. Conclusions

By applying the Convective-Stratiform Technique
(CST) of Adler and Negri (1988, referred to here as
AN) to a limited region of the 9-10 December 1978
Winter Monsoon Cluster B, it was possible to de-
termine several modifications to the CST required
to obtain consistency with the convective and strat-
iform areas determined from WMONEX radar data
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by Churchill and Houze (1984a, referred to here
as CH). Two particularly important changes were
found to be necessary.

The first change concerns the “discrimination
line,” which determines whether a local minimum
of satellite-observed IR temperature is identified as
a convective cell. The colder the cloud top at the
minimum point, the less the cell top must differ in
temperature from the surroundings. In the origi-
nal CST of AN, the required difference decreased
linearly as the background temperature decreased.
Because of the colder cloud-top temperatures in the
WMONEX region, it was necessary to employ an
exponential decrease, which differs little from that
of AN for warmer backgrounds, but requires a much
larger difference than that required in AN between
cell-top temperature and the temperature of the sur-
rounding cloud shield as the cell-top temperature
decreases. s

The second significant change from the version
of the CST used by AN was in the assignment of
a threshold temperature to define the edge of the
stratiform precipitation area. For this threshold,
AN used an average of the modal temperatures of
the cloud-top regions surrounding the convective cel-
lular regions. We found it necessary to add 7°K
to the threshold temperature to improve agreement
with the stratiform precipitation region identified in
the radar analysis of CH. This empirical correction
was needed because of the difference in the proce-
dures used by AN and CH to determine the extent
of the stratiform rain from radar data. AN used a
higher reflectivity threshold than did CH; hence, a
lower temperature threshold was required to iden-
tify the location of the rain area in the satellite data
in their case.

Several other refinements were made to the tech-
nique of AN, as described in Sec. 3. However, these
refinements did not substantially change the tech-
nique. To reproduce well the results of the radar
analysis of CH, the basic CST is found with the two
major adjustments noted above, and applied to the
region of reliable quantitative radar data. The rain
rates in both the convective and stratiform regions
identified by the CST also agree remarkably well
with the rain rates found by Leary (1984) in GATE
cloud clusters.

The successful application of the adjusted CST
over the limited time and space domain of the radar
analysis of CH lent confidence to the application
of the technique to the entire cluster over its full
lifetime. Moreover, the locations of the convec-
tive and stratiform precipitation areas identified in
this full analysis of the cluster were consistent with
ship-based WMONEX surface and upper-air obser-
vations and WMONEX aircraft observations. The
precipitation history calculated for the cluster and
shown in Fig.21b is qualitatively similar to that
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determined by radar for other tropical cloud clus-
ters, i.e., dominantly convective during the first few
hours, reaching a peak of convective rainfall a lit-
tle before the midpoint of its lifetime, and becoming
dominantly stratiform while the convective compo-
nent slowly decreased throughout the latter half of
its lifetime. The only somewhat surprising behavior
of the rain estimated in this analysis was that the
stratiform amount became so large during the later
stages of the cluster. The total, time and areally
integrated rain was 62 % stratiform, which is higher
than the 30-50 % reported in other studies. As dis-
cussed in Sec.5c, and evident from the error bars
in Fig. 21b, the stratiform amount could have been
somewhat overestimated during this period. How-
ever, the total in any case would appear to have
been 50 % or more, indicating that this cluster was
particularly effective in producing stratiform precip-
itation.

The successful adaption of the Adler-Negri CST
to a WMONEX cloud cluster provides encourage-
ment for future, more extensive applications of this
method to equatorial cloud clusters. Satellite cli-
matologies of cloud clusters, such as Williams and
Houze (1987), can be extended to include estimates
of the sizes and intensities of their internal convec-
tive and stratiform areas. The mesoscale structures
of the precipitation in cloud systems can possibly
be studied over broad areas of the tropics, where
radar data are typically not available. The capabil-
ity to infer convective and stratiform internal struc-
ture of cloud clusters from IR data will also be a
valuable complement to future spaceborne precipi-
tation radars.
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Appendix

A. Revised slope parameter
Adler and Negri (1988) specified the slope param-
eter, S, as

1
S = g (Ti—2,j + Tie1,5 + Tiv1,5 + Tito,;

+ Tij-1+Tij1) — Tijs (A1)
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where T; ; refers to the T, for which S is being
calculated, and the 7 and j indices refer to the east-
west and north-south directions, respectively. This
specification for S must be modified for use with
the GMS-1 satellite data because the values for S
as defined in (Al) are dependent on the data reso-
lution. It is therefore necessary to account for dif-
ferences between the resolutions of the GOES data
(from the AN Florida study) and GMS-1 data (from
the cluster B study).

To modify S for the GMS-1 resolution, let S,
as described in (A1), be seen as a measure of the
“slope” (in units of °K km~!) between Tp;, and the
mean of the six surrounding pixels (two each to the
east and west, and one each to the north and south),
multiplied by the average distance to the six pixels.
Thus, (Al) can also be expressed as

[T-T,
S = A = 5J , A2
T2 (42)
where
- 1
T = S (Ti2j+Ticr5+Ti1,5

6
+  Tip2+Tij-1+ Tij11),

[
1]

é [2(Apw) +2(2Aew) + 2(Ans)]
_ % (30w + Ans) -

Agpw and Ang are the east-west and north-south
resolutions respectively, from AN, and A is defined
as the average distance to the six surrounding pix-
els. The bracketed quantity in (A2) is expressed in
units of slope. Any slope calculated for the GMS-
1 data would have to be multiplied by the factor
outside the brackets, A to be equivalent to the AN
slope parameter. Letting primed variables refer to
the GMS-1 data, the GMS-1 slope parameter, 5,
can be expressed as

’ Y JT, - Ti,j
where
— 1
A= (30w + Als)

~3

One additional modification to S’ was made for
this study. Note that in (A1) and (A3), more weight
is given to the east-west differences. In addition,
some information is lost by averaging the surround-
ing points before calculating the slopes. These two
minor problems can be resolved through averaging
the six different estimates for the slope, giving the
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same weight to the average of the four east-west es-
timates to the average of the two north-south es-
timates. This would provide a more isotropic mea-
surement of the strength of the relative minima. For
the GMS-1 data, the average of the four east-west
estimates of the slope is given by

T I PR T . =T, T, . -T.
SlOpeEW — i ( 1—2,7 z,;)AZV(V i+2,7 z,])
+ (Til-lyj - Ti',j) + (Ti,+1,j - Ti,,j) ,

Apw

(A4)

and the average of the two north-south estimates is
given by

T . . T T . .. -T.
SlopeNS = % [( i,j—1 %J)A—,;: 5,j+1 m)

(A5)

The revised slope parameter for the GMS-1 data is
then derived by replacing the bracketed quantity in
(A3) by the average of (A4) and (A5) and can be
expressed as

g | Tmza + Ty +2(Ta,; + T y) ~ 6T
16A 4y
T! . T . —92T'.
i,j—1 + z,}1+1 2,3 (A6)
47N ¢

B. Revised T,,;, adjustment

The adjustment applied in AN to a cloud-top tem-
perature relative minimum, T},,;,, associated with a
convective core, is given by

0.283Tin — 56.6,

Trin > 200K

Toin — Tc(oK) = ) (Bl)

0,
Trnin < 200 K

where T, is the corrected minimum temperature.
This nominal correction to Ty,;n, which is applied
to account for some of the smoothing that affects
satellite-derived cloud-top temperature values due
to limited spatial resolution, was deemed necessary
by AN to adjust for differences between cloud-top
minimum temperature values derived from results
with the Adler and Mack (1984) one-dimensional
cloud model, which has a horizontal grid resolu-
tion of 1km?, and cloud-top temperatures from the
GOES data, which has a resolution of ~25km?2.
The empirical linear adjustment given in (B1) to
the satellite-observed minimum temperature was ob-
tained from a comparison of GOES and TTROS-N
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AVHRR (Advanced Very High Resolution Radiome-
ter) IR data (Negri, 1982).

For this study, the linear adjustment to Trin is
reduced by a factor of 2.5, which is the approxi-
mate ratio of the GOES to GMS-1 pixel areas. As
in AN, there is no adjustment for Tr,i, >200°K. For
Tynin>200°K, the new adjustment is derived by di-
viding the right-hand side of (B1) by the factor 2.5.
The revised adjustment used for this study can then
be given by

0.113Tmin — 22.6,

Tnin > 200 K

Toin — Tc,(OK) = 0, ’ (B2)

Tmin <200 K

where T'c is the cloud-top temperature corrected
for the difference between the GMS-1 and one-
dimensional cloud model resolutions.
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