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[1] In this study, ten years (1998-2007) of the Tropical Rainfall Measuring Mission
(TRMM)-derivative radar precipitation feature (PF) product are analyzed in order to
determine the differences between tropical cyclone-related precipitation characteristics
compared with those of the tropical Pacific warm pool (10 to 30°N and 130 to 150°E)

in general. The PF data, from the University of Utah’s archive, are based on the TRMM
precipitation radar’s 2A25 product, where one PF consists of a single or group of
contiguous pixels with near surface rainfall greater than zero. Using the PF database,

the height and area of tropical background PFs versus those within 500 km of tropical
cyclones (TCs) are compared. It is found that TC-related PFs are markedly more frequent
from 5 to 10 km altitude than are background tropical PFs. The enhanced midlevel
TC-related populations not only exist in stratiform precipitation around the melting level
at 5.5 km, but also from 6 to 9 km in stratiform regions, in convective precipitation,

and when culling the smallest features from the data set. This increase in congestus-like
echoes in TC environments aligns well with observations regarding mesoscale convective
systems (MCSs), in which the enhanced ice present in MCS (and TC) environments creates
a stabilized melting layer through cooling immediately below 0°C. This stable layer
appears to enhance the detrainment of convective PFs in our TC data set at and for a few

kilometers above the melting level.

Citation: Thatcher, L., Y. N. Takayabu, C. Yokoyama, and Z. Pu (2012), Characteristics of tropical cyclone precipitation
features over the western Pacific warm pool, J. Geophys. Res., 117, D16208, doi:10.1029/2011JD017351.

1. Introduction

[2] Due to a lack of systematic atmospheric observations
over the tropical oceans, many phenomena related to tropical
cyclones (TCs) have never been sufficiently explained. The
processes related to such storms’ intensity changes, in par-
ticular, have proved quite vexing [Wang and Wu, 2004;
Halverson et al., 2007]. For example, forecasts of TC inten-
sity change have only been improving roughly 1.1% per year
since 1990 [Rogers et al., 2006]. Among the various uncer-
tainties related to TC intensity change, there are still important
gaps in our understanding of TC clouds and precipitation
characteristics. This is despite the important fact that TC rapid
intensity changes often occur in conjunction with the rapid
reorganization of the cyclones’ cloud and precipitation
structures. These structures are essential not only to our
understanding of TC relevant processes, but also because of
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their impact on the numerical simulations of these storms
[Houze, 2010].

[3] While the amount of work that has been done related to
tropical precipitation distributions is substantial, the literature
regarding the differences between TC and tropical precipi-
tation is still somewhat limited. Even into the 1960s, basic
views of the tropical distribution of clouds were still rare. The
overall early lack of data was finally addressed in the 1970s
by the Marshall Island and Global Atmospheric Research
Program Atlantic Tropical Experiments (GATE), which
focused on determining the general characteristics of tropical
convection. Many studies used GATE sounding data and
found much evidence of widespread shallow trade cumulus,
which have been defined as being below 4 km [Johnson
et al., 1999], and deep cumulonimbus clouds, or a bimodal-
ity in large scale tropical convection [Yanai et al., 1973;
Schubert, 1976; Randall and Huffman, 1980]. While Yanai
et al. [1976] found some unexplained midlevel detrainment
in the Marshall Island experiments, using GATE data, Houze
and Cheng [1977] found an abundance of midlevel clouds.
In fact, using data from the 5.3 cm radar on the Oceanographer,
they found that 60% of radar-echo tops fell between 4 km and
9 km height, which contradicted previous general notions that
tropical clouds were largely comprised of shallow cumulus
and tall cumulonimbus clouds.

[4] Studies related to the Tropical Ocean Global Atmo-
sphere Coupled Ocean Atmosphere Response Experiment
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(TOGA-COARE) in 1992-1993 further refined the tropical
cloud modality question using ship-based radar and sounding
data. Rickenbach and Rutledge [1998], using data from
MIT’s C-band Doppler radar aboard the R/V Vickers, found
that most convective rainfall for all event types was associated
with deep (14-15 km) convection, with a secondary maxi-
mum of features at 810 km height. Johnson et al. [1999] later
expanded upon these findings and, using the same TOGA-
COARE C-band data, found that “cumulus congestus clouds
are the most abundant of all precipitating clouds in COARE.”
Specifically, they determined that congestus, with tops
between 4.5 and 9.5 km (which is how this paper will define
them), represents 57% of the precipitating convective clouds
and 28% of the total rainfall in COARE [Johnson et al.,
1999]. Similarly, the contribution to rainfall was 30% for
echo tops between 4 and 9 km in GATE [Cheng and Houze,
1979]. With the help of a couple well-designed field experi-
ments and a careful analysis of the data, over two decades the
overall view of tropical clouds went from being based around
a simple bimodality between cumulus and cumulonimbus,
to one that considers congestus as providing a significant
fraction of the total distribution.

[5] Cumulus congestus often form because of the increased
detrainment taking place around the stable, 0°C melting
layer. This was documented by Johnson et al. [1996, 1999],
who used TOGA-COARE data to study temperature and
moisture perturbations near the 0°C level over the west Pacific
warm pool. Surprisingly, for what was known at the time,
they determined that one-half of their analyzed soundings
displayed recognizable stable layers within ~100 hPa of the
0°C layer. They went on to state that stable layers near the
0°C level were nearly as common as trade wind stable layers
over the warm pool. Johnson et al. [1999] further explained
that the sub-melting-level cooling occurred primarily near
MCSs and other precipitating systems, which suggests they
are primarily a result of melting within stratiform rain
regions. However, the presence of this effect in TCs has not
been detailed.

[6] Considering the difficultly inherent in producing
accurate TC intensity forecasts and the current uncertainties
involved in the relevant parameterizations, it is essential to
properly understand TC cloud populations and their interac-
tions with the TC thermodynamic environment.

[7] A number of field campaigns (such as IFEX and
Camex-3 and 4) have collected dropsondes in TC environ-
ments [Franklin et al., 2003; Rogers et al., 2006], however,
there are only a limited number of TCs per field campaign.
Meanwhile, sondes are often dropped below the freezing
level. Because of these and other considerations, most of the
sonde-based studies of TC thermodynamic profiles have been
case studies. Very few studies of such profiles include statis-
tics from a large number of cyclones. Furthermore, there have
also been few attempts to analyze, using a large number of
TCs, the unique features of TC-related precipitating clouds as
compared to those in the general tropics. While such studies
were not possible in the past, over the last decade a large
number of TCs have been observed by the Tropical Rainfall
Measuring Mission (TRMM), such that this type of analysis is
now possible.

[8] The purpose of the current paper is to examine if, and
how, TC-related precipitation feature characteristics differ
from general tropical precipitation features. This is done using
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10 years of TRMM precipitation radar data over the west
Pacific warm pool region. Using the University of Utah’s
precipitation feature (PF) database and Joint Typhoon Warn-
ing Center (JTWC) best track data, the resultant TC PF data
is compared to that of the tropical Pacific in terms of its fre-
quency and rainfall contribution by both PF height and area.

[9] Section 2 of this paper briefly describes TRMM’s
precipitation radar (PR) and the resultant precipitation fea-
ture database housed at the University of Utah. The methods
used to facilitate the comparison between tropical versus
TC-related features are here explained. Section 3 includes a
discussion of the results. Section 4 summarizes this study
and addresses the implications for future research.

2. Data and Methods

[10] The data used in this study are from TRMM’s precip-
itation radar (PR). This PR was the first radar in space and was
designed to provide a vertical distribution of rainfall over the
tropics. It operates at 13.8 GHz and has a horizontal and
vertical resolution of 4.3 km and 250 m, respectively
[Kummerow et al., 1998]. TRMM’s PR suffers from signifi-
cant attenuation and thus, to produce estimates of rainfall, it is
necessary to correct for this before radar echo power is con-
verted into rainfall rates [Iguchi et al., 2000]. The TRMM
product which performs this correction is the 2A25. Accord-
ing to Iguchi et al. [2000], the 2A25 product “estimates the
true effective reflectivity factor Z, at 13.8 GHz at each radar
resolution cell from the measured vertical profiles of reflec-
tivity factor Z,,,” after which the rainfall rate is calculated from
the estimated Z,. Further, the rainfall estimates are made from
the Z, profiles by using the power law R = aZ2, where a and b
are both “functions of the rain type and the heights of the 0°C
isotherm and storm top” [Iguchi et al., 2000]. In general, the
13.8 GHz radar is sensitive to rain stronger than 0.7 mm hr™"’
(at 16—18 dBZ [Kozu et al., 2001]), but is not sensitive to
drizzle or small cloud ice [see Smith et al., 1997]. Because of
this, echo top often does not equal cloud top; the distance
between these two heights depends on the type of cloud
involved. If the convection is weak then the distance can be
large, but if the convection is very strong then the echo-
versus-cloud top distance can be negligible. Many convective
systems have large (i.e., visible to the PR) ice particles aloft,
but, indeed, for those echoes that are not associated with
strong updrafts and large ice particles, the echo top
height could be underestimating the actual height by a few
kilometers [Liu et al., 2007].

[11] Based on the enormous amount of data the PR made
available, precipitation features (PFs) were created as a
simple way to summarize precipitation events in a coherent
manner [Nesbitt et al., 2000; Cecil et al., 2005]. The radar
precipitation features (which we subsequently call PFs) used
in this study are from the University of Utah archive, which
are defined such that one feature consists of a set of con-
tiguous PR 2A25 Version 6 pixels, with near-surface rain-
fall rate greater than zero [Liu et al., 2008]. Through this
method, the original information of pixel-level measure-
ments is compressed into the characteristics of features and
better summarizes the information of an observed event [Liu
et al., 2008]. PF height is simply the height of its highest
pixel; this method was chosen because this height generally
is a proxy of the maximum intensity of the convection in the
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Figure 1. View of both near-surface 2A25 rainfall rate (mm hr~ ') and accompanying precipitation features
near Typhoon Kajiki (2007) from TRMM orbit number 56574 at 1702 UTC 20 October 2007.

system. Precipitation features are created even for a single
2A25 pixel and these are assigned an area of 17.92 km?
before, and 20.35 km® after, the TRMM altitude boost
which occurred in August 2001. While, indeed, some of
these single pixel PFs may arise due to radar returns from
questionable artifacts, in aggregate they do contain a sig-
nificant amount of information. In this study, of the PFs
found in the specified warm pool region (see next paragraph),
46.0% were composed of only one pixel. Of the TC-related
PFs, 50.5% were composed of only one pixel. This is not
only a characteristic of TRMM’s PR either, as Johnson et al.
[1999], in their survey of results from TOGA-COARE, noted
that 95% (80%) of their convective features were less than
25 (15) km in length.

[12] A specific portion of the western Pacific warm pool
region (i.e., 130—150°E longitude and 10-30°N latitude) was
chosen as the focus of the study because of the frequency
with which TCs form over this vast expanse of water. The
years 1998-2007 were chosen, as this period encompasses a
full decade and provides a significant amount of TC-related
PF data. In this study, TC tracks are obtained from the best
track data as archived by the JTWC. All TC best track data
in JTWC’s collection during the ten year period are used
without regard to storm intensity. In terms of the compar-
isons between TC precipitation features and tropical pre-
cipitation features, we generally focus on discussing and
organizing the PFs in terms of height and area, following
Yokoyama and Takayabu [2012].

[13] First, combing the PF database for features of all sizes
that fall within the area and timeframe of interest, a data set
consisting of 1,853,813 west Pacific precipitation features is
created. In order to enable the comparison between west
Pacific tropical PFs in general and those associated with TC
activity, another data set is constructed, similarly to what was
done by Jiang et al. [2011]. This process is such that only PFs
occurring within 500 km of the TC center are considered,
as defined by the JTWC best track for all geographically
relevant storms from 1998 to 2007. The database includes
nascent as well as decaying tropical storms, thus providing
not only precipitation features in TCs themselves, but also
in environments conducive to, and associated with, their
presence. We must also emphasize here that, considering the
much higher amount of area included when encompassing
large radii, PFs here categorized as being TC-related will
typically be part of either the inner or outer rainbands or
further from the center. Only the occasional TC PF will
represent an eyewall.

[14] The 6-hourly JTWC best-track data is linearly inter-
polated and made hourly to enable a higher temporal reso-
lution when deciding which PFs are deemed as TC-related.
With these constraints our TC PF data set includes 81,105
PFs, which had been situated in the vicinity of 216 different
TCs. As only 9 TCs worldwide during this 10 year period
had been completely missed by TRMM, the data provides
a comprehensive view of west Pacific TC precipitation
features. To provide an example, Figure 1 shows the
distribution of PFs around Typhoon Kajiki (2007) and the
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Figure 2. Comparison of frequency distribution
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(in percentage terms) of (a) tropical PFs and

(b) TC-related PFs in terms of their area (km?) and echo top height (km). The period is 1998-2007 and the

spatial coverage is 130—150°E and 10-30°N.

accompanying 2A25 near-surface (1-1.5 km) hourly rainfall
rate. The domain of this figure is large enough to provide a
view of how PFs scatter around TCs and background tropical
environments. The binning of PFs by area in this figure
provides a useful way to visualize how rainfall associated
with TCs can largely be summarized into just a few precipi-
tation features. By contrast, the areas further from the TC
demonstrate how the majority of background PFs are com-
posed of just a few pixels. Some of the PFs composed of just
one pixel are not always accompanied by a noticeable rainfall
amount (Figure 1).

[15] In order to determine the confidence level at which
we can say that these TC PF features differ from those in the
west Pacific general tropical environment, the two-sample
Kolmogorov-Smirnov (KS2) test is used. This test assumes
as its null hypothesis that the two data sets are from the same
distribution and accordingly determines the probability of
these two data sets randomly occurring. This probability is
expressed as the p-value. The KS2 test is appropriate here
considering the fact that it is a nonparametric method and
our data has a decidedly non-Gaussian distribution. Given
the null hypothesis that the TC PF height and general trop-
ical height data would fall within the same distribution,
according to the KS2 test the p-value is zero. In other words,
the probability of these two data sets both occurring, while
they are both from the same distribution, is zero. The
corresponding test for PF area yielded a p-value of zero as
well. In terms of both height and area, it is thus safe to
proceed with the knowledge that the differences between
west Pacific TC PFs and tropical PFs are statistically sig-
nificant. The actual practical importance of this will be dis-
cussed in the next section.

3. Results and Discussion

[16] The two separate PF data sets, obtained from the
aforementioned procedures, can now be discussed in terms
of the differences in their area and height distribution char-
acteristics. Recall that these PFs are composed of at least one
pixel of near-surface rainfall and are categorized by echo top

height. Figure 2 shows the frequency distribution, in per-
centage terms, of the two sets of PFs by height and area. It
appears that both TC and tropical PFs (subsequently referred
to as either features, echoes, or PFs) are predominately small
and short in terms of frequency. Specifically, it is apparent
that TC environments exhibit a larger population of PFs
reaching 5.5 km height, and out to an area of 315 km?,
compared with the west Pacific. There is also a significant
decrease in echoes whose tops are from 1 to 4 km height and
out to around 125 km? in area in TC-related PFs. These
patterns are found to persist throughout the 10 year period.
This is also seen in Figure 3, wherein the simple frequency
distribution by PF height and size is shown for each year
from 1999 to 2003. Despite the complications of the TRMM
boost in August 2001, there is a consistent and marked
increase in 5.5 km high PFs in TCs as compared to the
general west Pacific. This difference is thus deemed not only
statistically significant, but also practically significant, as it
is readily seen when a comparison is made for only a modest
amount of TCs.

[17] While there is a local maxima in echo frequency in
both data sets around 5.5 km (where PFs from 5 to 10 km
here will be defined as being cumulus congestus-like), the
TC-related PFs are even more concentrated there. This
supports Johnson et al.’s idea that MCSs and similar storms
tend to exacerbate the accompanying melting level stable
layer. Essentially, the heightened amount of snow and ice in
MCS-like environments will, through melting and cooling
below 0°C, induce a well-developed stable layer [Zuidema,
1998; Johnson et al., 1999] that can persist for days, such
that these stable layers can be remnants of preexisting con-
vection [Johnson et al., 1996]. In order to demonstrate the
mechanism behind this stable layer, Figure 4 reproduces
Figure 14 from Johnson et al. [1996]. The figure composited
TOGA-COARE soundings having lapse rates less than
5°C km™"' “over a 20-mb-deep layer within 50 mb of the
0°C level” into four bins depending on the level of relative
humidity from 400-700 hPa; these four groupings of
soundings represent 60% of all 1745 IOP soundings ana-
lyzed. For each bin the relevant data were displayed on a
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Figure 3. Yearly frequency distribution in terms of PF area (km?) and echo top height (km) for the
(a—c) west Pacific tropical and (f—) TC environments. These years are selected to show the robustness of the
pattern despite the impact of the TRMM boost in 2001.

skew-T log P diagram. The figure demonstrates that, in
TOGA-COARE environments with stable layers, the sound-
ings with more moisture from 400 to 700 hPa were also cooler
slightly below the 600 hPa melting level. Thus this figure not
only shows the typical thermodynamic profiles associated
with 0°C stable layers, but also helps illustrate the fact that
when stable layers form they often appear to be explained by
the melting of hydrometeors, which could easily cause the
associated cooling and moistening.

[18] Modeling studies [Ferrier and Houze, 1989; Taylor
and Baker, 1991] have demonstrated that cloud detrainment
occurs preferentially into these layers of higher static stability,
corresponding to the number of echoes found at and above the
melting layer.

[19] In addition to the slightly enhanced TC PF population
extending to around 5.5 km (Figure 2), there is the afore-
mentioned decrease in PFs between 1 and 4 km and out to an
area of 10%! km?, which indicates that TC environments are
not only conducive to the generation of congestus-like
echoes, but also associated with a marked decrease in shallow
echoes. Considering the boundary layer and low-level
mesoscale organization associated with TCs, this TC PF
decrease below 5.5 km is not a surprise. Comparing the two
aforementioned distributions to a PF oceanic background
distribution from 10°S to 10°N and 155 to 175°E (not
shown), it appears that the heightened low-level moisture
around the equator, by decreasing low-level stability, inhibits
low-level detrainment and the formation of 2—4 km (which
we will call shallow) PF populations, similar to what happens
within TC environments (Figure 2). Thus, the reduced
amount of shallow PFs near TCs appears not only due to
storm and feature organization, but also to differences in
moisture between the semi-dry subtropical (10-30°N) envi-
ronment and moist TCs. While this is expected, the quanti-
fication of this effect over such a large sample and with this
level of detail is rarely seen in studies of tropical convection.

[20] In order to view these discrepancies in echo top height
with a different, and more intuitive perspective, Figure 5
shows PF heights in a histogram for both west Pacific tropi-
cal and TC environments. To control for significantly differ-
ent PF size distributions between the general tropics and TC
environments, only those PFs composed of at least two pixels
and with an area smaller than 1000 km? have been considered.
This yields 40,182 TC and 1,000,704 background tropical
features. Readily apparent is the increase in TC PFs, com-
pared to the background tropics, around 5.5 km and the rela-
tive decrease around 2.5 km. Especially notable is the
sharpness of this peak at 5.5 km. It thus appears that in TC
environments the most common type of echo is that which
occurs at and just above the melting level.

[21] Although the relative contributions from the increase
in the amount of high echoes and the decrease in low echoes is
difficult to determine from Figure 5, this is remedied by
examining a cumulative distribution function (CDF) of the
same data, which is shown in Figure 6. Perhaps most promi-
nent is the aforementioned decrease in TC-related PFs, com-
pared to the west Pacific tropics, from 2 to 5 km. This is
followed by a sharp increase in TC-related features above
5 km which exists until roughly 10 km. While Figure 5 would
make it seem that the TC-related 0°C stable layer causes the
TC-only PFs to mostly appear around 5—-6 km, this is not the
case. One should note the fact that the cumulative probability
of TC precipitation features at 5.8 km (Figure 6) is still
notably lower than that of the tropics in general, but by
10 km the cumulative distributions are again roughly equal,
indicating a much larger relative amount of TC features
(as compared to the tropics) present from 6 to 10 km. Above
10 km TC and tropical PF heights have similar cumulative
distributions.

[22] To determine whether these TC-only midlevel features
are appearing in mostly stratiform or convective environ-
ments, we narrow the TC and tropical data sets into stratiform
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Figure 4. Composite profiles of TOGA-COARE soundings having lapse rates less than 5°C km™'
“over a 20-mb-deep layer within 50 mb of the 0°C level” on skew-T log P diagrams for four relative
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deviation thresholds. RH ++ represents the bin with the most moisture. See Johnson et al. [1996] for details.

6 of 12

D16208



D16208 THATCHER ET AL.: WEST PACIFIC TC CHARACTERISTICS D16208
a) o b)
3.5 ‘ 1000
3 L <
800 - 1
25 1
ol | 600
Tk | 400+ 1
1 L 4
200 - 1
0.5 . 1
0 h‘— L L 0 [T o L I
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Height (km) Height (km)

Figure 5. Histograms of PF heights over the 10 year period for (a) tropical PFs and (b) TC-related PFs.
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and convective components, by selecting only those PFs that
are either zero or 100 percent in terms of the PF stratiform
rain ratio. TRMM’s 2A23 algorithm for determining whether
rain is stratiform or convective was developed by Awaka
et al. [1997], and is based around the vertical structure and
horizontal variability of the echo [see Steiner et al., 1995;

Schumacher and Houze, 2003b]. To further view the impact
of PF size on these distributions, the data sets were also sorted
in terms of PFs having a minimum of one or two pixels.
Convective (stratiform) TC PFs of two or more pixels amount
to 11,522 (14,367) features, whereas the background tropical
convective (stratiform) count is 365,301 (294,093). This not
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Figure 6. Cumulative distribution function (CDF) of PF heights for the west Pacific tropical atmosphere
(red) and west Pacific TC environments (black). To control for differences between tropical and TC envir-
onments, only PFs with at least two pixels and areas smaller than 1000 km? are considered.
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only demonstrates the depth of the data sets, but also the fact
that, compared to the tropics, TC environments are decidedly
more stratiform than convective, as indicated by Yokoyama
and Takayabu [2008]. We must note that of the 40,182 TC
PFs of at least two pixels and less than 1000 km? in area,
28.7% are deemed convective and 35.8% are deemed strati-
form, which leaves an even greater category of PFs as being a
mix between the two. Considering this and the difficulties
present in making the stratiform/convective classification,
this breakdown is only useful to explore the general behavior
of PFs at either end of the precipitation type spectrum. The
details of this split thus admittedly paint only a partial picture
of what is actually happening in TC and tropical midlevel
environments.

[23] These data are plotted in Figure 7 with PFs of all sizes
(Figure 7a) and PFs of two or more pixels (Figure 7b). This
figure generally shows that, despite the differences in detail,
both convective and stratiform types of features are more
prevalent from 5.5 to 10 km in TC environments as compared
to the west Pacific in general. This is seen in the fact that the
black lines catch up to the red lines, in terms of cumulative
distribution, somewhere between 5.5 and 10 km. Notice that
for stratiform rain this holds for both Figures 7a and 7b,
and thus shows that the pattern is generally the same when
culling the smallest PFs from the data set. This stratiform
result demonstrates that stable-layer induced convective
detrainment only explains part of the mechanism behind the
differences between TC and tropical PFs. For both types of
precipitation, we also notice that, despite the number of par-
cels reaching around 5.5 km (and thus being recorded at that
height), many of the TC-only PFs reach 6—9 km. The fact that
so many convective echoes appear affected by the melting
level may shed light on the duration of these stable layers, as
the stability is created in largely stratiform regions [Johnson
et al., 1996].

[24] While some may question the ability of both stratiform
and convective environments to produce temperature profiles
conducive to these congestus-like PFs, there are many plau-
sible scenarios describing how such thermal structures might
exist. For example, Leary and Houze [1979] noted that
stratiform cloud systems often have their bases around 0°C,
partially due to cooling by melting, which causes downward
acceleration below that level (Figure 4). Johnson et al. [1996]
explained that this is not a rare phenomenon, as isothermal
layers are “known to exist just below the melting level in
stratiform rain regions.” Warner et al. [1980] also noted that
the 0°C stable layer caused “considerable stratiform debris”
near the 5 km level. Thus, while dry adiabatic layers in
convective and stratiform environments may often occur,
the stable layers described here are a well-documented
phenomenon in both types of rainfall. Separately from these
arguments, one should also expect enhanced stratiform PF
populations in the midlevels of TCs, as compared to the tro-
pics, because of the higher amount of mesoscale organization
present in TC environments.

[25] The act of removing the smallest pixels from the data
sets notably affects convective PF distributions. In the
data set which included the smallest PFs (Figure 7a), roughly
90 (80) percent of convective tropical (TC) PFs are below
4 km. This difference appears entirely gone by 10 km. By
contrast, when removing the smallest PFs, the differences in
cumulative convective (TC versus tropical) counts by 4 km is
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much smaller (Figure 7b). The convergence of two-pixel
or more PFs in this convective distribution that is complete
by 10 km is subsequently much smaller as well, which means
a large amount of the congestus differences between TC and
tropical convective PFs occurs in small features. Interest-
ingly, the congestus differences between convective tropical
and TC PFs greater than a pixel in size appear mainly to occur
from 7 to 9 km in height (Figure 7b). To be clear, we are
looking at slope differences in the figure, and the cumulative
TC versus tropical “catch up” in two-plus pixel convective
PFs occurs at that height.

[26] We interpret this to mean that the enhanced 0°C
stable layer in TC environments first detrains the smallest
parcels around 5.5 km, after which the effect is not present
(for all sizes) from 5.8 to 6.3 km. Only above this height, from
roughly 7 to 9 km, are the larger convective TC features
detrained (Figure 7b). Note that from 7 to 9 km there is also a
significant amount of one-pixel TC convective parcels
detraining (Figure 7a). This may mean that the 0°C stable
layer in TC environments is not strong enough to detrain, near
5-6 km, all of the smallest features nor hardly any of the
features composed of two or more pixels. Since most of the
differences between TC and tropical congestus occur at PF
sizes of around 100 km? (Figure 3), here we are describing
isolated convective elements represented by just a few pixels
instead of those sustaining large, dynamic clouds. Considering
this and the fact that we have no information on draft size,
we assume the updraft-to-PF size ratio for these echoes to be
relatively constant, in order to enable a discussion of the
likely mechanism behind the varying PF sizes. The fact that
the bigger parcels appear to finish detraining higher up
generally confirms the fidelity of the data and aligns with
Johnson et al.’s [1999] theory. However, we have no expla-
nation for the Iull present in part a) in terms of TC cumulative
convective “catch-up” from 5.8 to 6.3 km (notice the change in
concavity in the solid black line), but note that the phenome-
non is very small in percentage terms.

[27] In terms of the vertical distribution between cumulus
congestus and cumulonimbus clouds, a key role is played by
the glaciation of parcels which do not detrain near the melting
level. It has been hypothesized that vigorous updrafts which
carry substantial amounts of supercooled cloud and rainwater
well above the melting level achieve an extra boost of
buoyancy due to the subsequent release of latent heat of
fusion. These parcels often accelerate and achieve maximum
updraft speed above 10 km [Heymsfield et al., 2010] and
form part of the deep cumulonimbus clouds that detrain at or
near the tropopause. The presence of such cumulonimbus,
tropical stratiform precipitation [Schumacher and Houze,
2003a], and congestus just above the melting level is well
explained [Johnson et al., 1999]. Less explained, however, is
the presence of clouds with tops from 7 to 9 km (Figures 2
and 7a), which appear little affected by the stability at the
much lower melting level (E. Zipser, personal communica-
tion, 2011). These type of clouds are well represented in this
study by PFs with areas mostly less than 50 km? and from
7 to 9 km height (Figure 2). While the data here presented
cannot shed substantial light on the mechanisms behind the
presence of the small features extending to 7-9 km, it should
be noted that they are more prevalent in TC environments,
and that their size in this environment is more commonly
confined to less than 50 km? when compared with the general
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Figure 7. Cumulative distribution functions (CDF) of PF heights for (a) all PFs less than 1000 km? in area
and (b) PFs less than 1000 km? in area containing at least two pixels. Red solid (dashed) lines represent
convective (stratiform) west Pacific background PFs, whereas black solid (dashed) lines represent convective
(stratiform) TC-related PFs. Stratiform (convective) features are those whose PF rain type category equals 100

percent (0 percent).

west Pacific. We speculate that these PFs could be a product
of growing or decaying deep convection or may be due to a
problem in observation, when echoes at this height may
result from the TRMM PR partially capturing weak mari-
time cells which barely make it to the tropopause. An
additional explanation may be that the TCs in which these
7-9 km PFs form may have notable dry layers that inhibit
deep convection.

[28] After Johnson et al. [1999] explained the trimodal
distribution of tropical clouds, several studies examined the
possible role of moisture in limiting the depth of tropical
convection [Sherwood, 1999; Takemi et al., 2004; Takayabu
et al., 2006; Jensen and Del Genio, 2006; Takayabu et al.,
2010]. Since there is a significant distance of many
TC-only 7-9 km PFs from the melting level around 5.5 km, it
appears that in a number of TCs, a midlevel dry layer could
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Figure 8. Comparison of PF rainfall contribution distributions (in percentage terms) of (a) tropical PFs
and (b) TC-related PFs in terms of area (km?) and echo top height (km).

be inhibiting convection from reaching the tropopause. While
many of the studies that analyzed the importance of dry layers
in inhibiting convection found a noteworthy relationship,
a number of them [Sherwood, 1999; Takemi et al., 2004;
Jensen and Del Genio, 2006; Takayabu et al., 2006) still
acknowledged that the melting-induced 0°C stable layer
plays an important role in inhibiting cuamulonimbus formation.
Because of this, and the narrow concentration of TC-only
congestus around 0°C (Figure 5), Johnson et al.’s [1999]
explanation for the differences between tropical and TC-only
congestus can be applied to our study.

[29] To view PF differences in terms of their contribution
to rainfall, total rainfall distributions are calculated and
presented in Figure 8. It is apparent that while most of the
PFs in the West Pacific are small and short (Figures 2a and
2b), those that produce significant amounts of rainfall are tall
(i.e., above 10 km) and large (i.e., over 10,000 km?). This
result agrees with Houze and Cheng [1977]. In addition,
significant differences are found between the distributions of
heavy rain-bearing precipitation features in the Pacific
tropical environment and those in the TCs of the region.

[30] Recall that many of the TC-related congestus-like PFs,
which are ubiquitous at, and start around, 5 km, are markedly
more common than in the general tropics up to 9 km
(Figure 6). From Figure 8, it is evident that these TC-related
congestus-like PFs contribute very little rainfall to the total
amount present in TC environments. While tropical envir-
onments (Figure 8a) receive non-negligible amounts of rain
from small shallow and larger congestus echoes up to around
8 km, the vast majority of TC-related rainfall comes from
organization typified by deep stratus and cumulonimbus
echoes above 10 km (Figure 8b). This concentration of TC
rainfall into fewer echoes is expected, partially because of the
structural organization present in TCs and the fact that most
of these storms have tops near the tropopause. The extent to
which this occurs, and its quantification, is, however, notable.
A contributing factor could be that University of Utah PF
data is constructed such that if the highest contiguous pixel is
at, for example, 18 km height, the PF will be counted as
occurring at that height. Thus, more organized rainfall leads
to higher PFs. Despite these factors, many weak TCs are not

well organized and are composed of disparate cloud features,
some of which we expected to have a maximum height from
5 to 9 km, providing a non-negligible amount of rain; overall,
this midlevel contribution does not occur (Figure 8b).
Finally, examining these TC and tropical rainfall distribu-
tions by year (not shown), we find that these particular pat-
terns for shallow, midlevel, and upper-level PFs hold over
relatively small samples of data.

4. Concluding Remarks

[31] To investigate the differences between West Pacific
tropical PFs in general and tropical cyclone-related PFs,
10 years of TRMM precipitation radar data have been ana-
lyzed. It was found that, in TC environments, congestus-like
(5-10 km height) radar echoes occur significantly more fre-
quently than they do in the general west Pacific tropical
environment. The increase in TC-related congestus is most
notable around the 5-6 km height level, but exists up to
around 10 km and is persistent throughout the 10 year sample
(Figures 2, 3, 5, and 6). This difference is thought to be due to
enhanced levels of ice in TC environments, the enhanced
stabilized melting level, and the subsequent near-0°C-level
cloud-capping detrainment that occurs. Johnson et al. [1999]
suggested similar reasons for enhanced congestus popula-
tions in MCS environments, but did not examine this
melting-stabilization mechanism with a sample of data con-
taining many TC environments. We speculate that TC-only
PFs from 7 to 9 km are partially due to slower total detrain-
ment of larger parcels and are also occasionally affected by
midlevel dry layers which inhibit convection from reaching
the tropopause.

[32] While one would expect the melting-related 0°C stable
layer to affect TC-related echoes in stratiform regions around
0°C, these enhanced populations not only exist in stratiform
precipitation around 5.5 km, but also in convective precipi-
tation regions (displaying stable layer longevity) and when
culling the smallest features from the data set. The marked
increase of midlevel clouds in TC versus background
environments holds for yearly samples throughout the 1998—
2007 period. It should be noted that, because of the nature of
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the 500 km radial constraint, the large majority of the TC PFs
are from (and outside of) the inner and outer rainbands, while
only the occasional echo represents an eyewall.

[33] When studying PF patterns by rain type, it is found
that convective PF distributions change significantly after
stratifying for PF size. Essentially, the smallest convective
TC-only features appear to detrain mostly around 5.5 and 7—
9 km, whereas the larger TC-only convective PFs detrain
solely from 7 to 9 km. Therefore, the smallest features
detrain most quickly, whereas the PFs of at least two pixels
detrain at least one kilometer above the 0°C level. As
expected, stratiform echoes do not show the same height-area
changes in TC and background populations as convective
features, but rather have similar relative TC and background
distributions whether they possess one or more pixels.

[34] While it was expected that large and deep features in
TCs would account for a large part of the total rainfall,
despite the enhanced congestus populations it was found that
essentially all TC-related rainfall comes from PFs larger than
10,000 km? and with echo tops above 10 km.

[35] Although this had been studied previously, this paper
goes beyond prior studies by quantifying TC and tropical PF
frequency and rainfall differences, by height, over an
extensive sample.

[36] By proxy, this study provides a picture of midlevel
thermodynamic profiles in TC environments. It is found that
convective echoes are affected by a stratiform region-induced
stable layer, which enhances our understanding of the general
durability of such 0°C thermodynamic profiles. In addition,
the results show that in TC environments the most frequent
type of raining feature are those that appear at and just above
0°C. Considering the difficulty in parameterizing subscale
TC-related features in cumulus and microphysical schemes,
these types of insights should help us more accurately fore-
cast many TC-related processes. Due to a lack of compre-
hensive TC cloud observations, in this study it was necessary
to analyze precipitating features as measured by TRMM’s
precipitation radar. Such a large data set would be possible
with few, if any, other methods. Future studies will be con-
ducted to analyze echo distributions in other parts of the
globe, as the results would likely tell us much of region-
specific tropical interactions. Considering the important role
clouds play in our climate system and the subtle cloud-related
processes that accompany TC intensity change, the findings
from this paper provide an important quantitative view of the
distribution and characteristics of TC and tropical precipita-
tion features in the west Pacific.
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