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Abstract

The cloud vertical structure at two remote tropical oceanic convective locations is characterized us-
ing both ship-based (35 GHz) and space-based (94 GHz) cloud radar data. The field experiment data de-
picted the full diurnal cycle and detail of the vertical structures, while the CloudSat sampling was more
extensive, but did not coincide with the field experiments. One location is the monsoonal Bay of Bengal,
sampled as part of the Joint Air-Sea Monsoon Interaction Experiment (JASMINE), and the other location
is the eastern Pacific intertropical convergence zone, sampled during the Eastern Pacific Investigation of
Climate (EPIC) experiment. Both ship- and space-based radar datasets find more high cloudiness (9-14
km altitude with an 11-12 km maximum) over the Bay of Bengal than over the eastern tropical Pacific,
postulated to reflect the advection of cirrus by upper-level easterly winds. Low-level cloudiness, with some
extending into what may be cumulus congestus, is more characteristic of the eastern tropical Pacific than
the Bay of Bengal. CloudSat cloud fractions over the eastern Pacific were only ~ one-third those over the
Bay of Bengal, in contrast to comparable cloud fractions within the field experiment datasets. A thin melt-
ing-level cloud population was also more apparent in the JASMINE data than in the EPIC field experiment
data, but the larger CloudSat dataset showed the opposite. These differences discourage regional gener-
alities based on a few weeks of point sampling. Pre-monsoon-onset conditions included a slight afternoon
low cloud amount maximum combined with typically one warm rain event per night. High thin cirrus
was common (cloud fraction of ~35% with cloud optical depths of 2 or less and ice water paths typically
<40 g m™®). After monsoon onset, the ship-based cloud radar documented examples of coherent relation-
ships among cloud structure, precipitation, and the larger-scale wind field. CloudSat did not detect much
precipitating low cloud during its pre-monsoon time period, but did sample the upper-level clouds at ap-
proximately the maximum and minimum of their diurnal range. An intriguing finding is that CloudSat per-
ceived a greater daytime occurrence of the highest clouds with reflectivitives < 10 dBZ at both locations,
a finding replicated with a year’s data covering the full, ocean-only, tropical belt. We speculate the daytime
high cloud may reflect remains of outflow from previous convection. The comparison also highlights dif-
ferences in the Rayleigh versus Mie responses of the two radars.
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1. Introduction

The beauty of cloud radar is its ability to view an
uninterrupted cloud vertical structure. This capa-
bility became available globally with the advent of
the space-based CloudSat cloud radar in June of
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2006 (Mace et al. 2007; Stephens et al. 2002). One
particular value of such data is for the tradition-
ally undersampled tropical oceanic convective re-
gions (e.g., Haynes and Stephens 2007). Here, the
relatively uniform oceanic lower boundary allows
arbitrarily sampled data to be interpreted as repre-
sentative of a broader area. For two such remote
locations, one monsoonal and the other within the
intertropical convergence zone, field experiments
that included a ship-based cloud radar have also
been conducted. Although the field experiments
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were not simultaneous with CloudSat, the ship-
based and space-based cloud radar datasets pro-
vide a unique opportunity to assess the strengths
and weaknesses of each depiction of cloud vertical
structure, while increasing our understanding of
the clouds and their field experiment locations
themselves.

One of the locations is the Bay of Bengal (BoB),
home to the planet’s arguably most dramatic mon-
soonal circulation shift. The Joint Air-Sea Monsoon
Interaction Experiment (JASMINE; Webster et al.
2002), held in May, 1999, included several intensive
observing periods at 11°N, 89°E. The monsoon
onset was well-sampled, allowing for an unusually
detailed investigation of this important transition.
The other location is the eastern Pacific (EP) in-
tertropical convergence zone, host to the Eastern
Pacific Investigation of Climate (EPIC; Raymond
et al. 2004) field experiment in September, 2001.
The same cloud radar used during JASMINE was
sited at 10°N, 95°W as part of EPIC.

Both the Bay of Bengal and eastern tropical Pa-
cific regions experience remote influences from
the nearest landmasses that are unique to the field
experiment locations (e.g., Xie et al. 2005, 2006),
implying that the CloudSat data selected for com-
parison should come from a centered limited-area
region. CloudSat data were therefore gathered
from 10° boxes centered on the location of each
field experiment, shown in Fig. 1. Cloudy pixels
overlying land within the boxes were excluded
from the analysis. Within such an area the Cloud-
Sat radar collects almost 800 1.5 km-scale samples
daily, while one day of surface-based cloud radar
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data yields 288 5-minute averages. In other words,
CloudSat collects in one week what a surface-based
cloud radar collects in approximately three weeks,
assuming a space-time equivalence through a
“frozen turbulence” advective wind speed of 5m s™
and disregarding diurnal variability. The CloudSat
time periods were further extended to elucidate
the most robust and representative cloud vertical
structure possible for each region.

Some of the ship-based cloud radar data have
already been analyzed and published (Mapes et al.
2006; Raymond et al. 2004; Stephens and Wood
2007; Webster et al. 2002; Zuidema et al. 2006),
guiding a priori questions posed to the more gener-
al and representative CloudSat data. For example,
during EPIC, free-troposphere dry air layers were
found to impact the cloud vertical structure in
complex ways (Zuidema et al. 2006). Is the impact
of dry air intrusions into the eastern Pacific ITCZ
also suggested by the vertical cloud structure as
depicted by CloudSat? Similarly, was the enhanced
cirrus (> 12 km) and melting-level (5 km) cloudi-
ness documented in the JASMINE data relative to
the EPIC data a general enough feature to also be
evident in the CloudSat data?

Other questions are motivated by the desire to
provide useful lessons for other tropical field ex-
periments wanting to incorporate CloudSat data.
What is the capability of CloudSat for regional
studies? Were the 0130 and 1330 LT CloudSat
observations at least consistent with the diurnal
cycles observed during the field experiments? The
Atmospheric Radiation Measurement (ARM) sites
at Nauru and Manus can also address the latter
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Mean sea surface temperatures for June-September 2006, with field experiment locations indi-

cated with asterisks, and boxes drawn corresponding to the CloudSat data sampling regions (cloudy
pixels over land were excluded). The sea surface temperatures are constructed from monthly-mean
Tropical Rainfall Measurement Mission Microwave Imager data.
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questions, but the BoB and EP sites are unique,
as they are characterized by different convective
behavior than the western tropical Pacific, and free
of local land effects. The CloudSat data allow an
assessment of the impressions developed from the
limited-in-time field experiment data, thereby deep-
ening our knowledge of the convective behavior at
these unusual locations.

2. Data and approach

The ship-based 35 GHz (8.66 mm wavelength;
K-band) cloud radar used during both JASMINE
and EPIC is nearly identical to those at Atmo-
spheric Radiation Measurement (ARM) sites. The
vertically-pointing radar has a sensitivity of -46
dBZ at 5 km without attenuation, reduced to -40
and -34 dBZ at 10 and 15 km altitude, respectively.
The beam half-width of 0.2° corresponds to a later-
al resolution of 20, 35, and 50 m at 5, 10, and 15 km
altitude, and the upper limit detection threshold is
approximately +20 dBZ because of receiver satura-
tion (Moran et al. 1998). The merged-mode prod-
uct used here has a one minute time resolution
and a 45 m vertical resolution. Examinations of the
ARM radar’s behavior within non-precipitating and
precipitating tropical conditions can also be found
in Comstock et al. (2002), Hollars et al. (2004), and
Stephens and Wood (2007).

The CloudSat radar operates at 94 GHz (3.2 mm
wavelength), with a minimum detectable signal of
approximately -30 dBZ and a dynamic range of ap-
proximately 70 dBZ (Stephens et al. 2002). This im-
plies an upper detection threshold of approximate-
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ly +40 dBZ. The cross-track and along-track spatial
resolutions are 1.4 and 2.5 km, respectively, and
the height resolution is 500 m, subsampled every
250 m. CloudSat’s twice-daily sampling occurred
at approximately 0130 LT (nighttime) and 1330 LT
(daytime). Attenuation effects from atmospheric
gases, liquid water, and rain are more pronounced
at CloudSat’s wavelength than the ship-based
radar’s wavelength. Gaseous attenuation can re-
duce the radar reflectivity by up to ~5 dBZ at low
levels in the Tropics. This is corrected for here
using the dBZ additive term included with the
CloudSat Revision 4 level 2B Cloud Geometrical
Profile data (Marchand et al. 2008). A moder-
ate rainrate (< ~1 mm hr™) and liquid water path
amount (~300 g m™?, can, combined, attenuate the
CloudSat radar signal by ~10 dBZ (Stephens et al.
2002). The Revision 4 dataset reports water-equiva-
lent Rayleigh-regime reflectivity values.

During JASMINE the monsoon onset was clear-
ly evident within a time series of relative humidity
from rawindsondes (Fig. 2a). A joint relative hu-
midity (RH) with height distribution for the convec-
tively suppressed May 8-15 time period shows that
the relative humidity dropped off sharply above 3
km altitude to a mean RH of approximately 25%
at 4 km, with relative humidities rarely exceeding
60% between 4 to 12 km (Fig. 2b). After monsoon
onset the relative humidity distribution became
consistently moist with altitude, with some low RH
values evident only at altitudes above 12 km (Fig.
20).

Inspired by the clean time division attainable

15
14 -
13
12
11
10

O—= N Wk U

Fig. 2. a) Time series of JASMINE rawindsonde relative humidity with respect to ice. Radiosondes were
of type Vaisala RS-80. The intensive observing periods at 11°N, 89°E are demarcated by dashed lines:

May 8-15 is the convectively-suppressed pre-mo

nsoon-onset time period and May 21-26 is the convec-

tively active post-monsoon-onset time period. b) Relative humidity with respect to ice distribution by

height for May 8-15, and ¢) for May 21-26.
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Fig. 3. Cloud radar reflectivities for a) May 11, b) May 22, ¢) May 24, and d) May 25, overlain with the
sounding relative humidities (black line, shown with respect to ice), rawindsonde winds (grey vectors)
and hourly wind divergences (10 s™) averaged over a 44 km radius region around the ship, derived
from 5-cm Doppler radar data (Mapes and Lin 2005, solid and dotted blue lines indicate divergence
and convergence respectively. A radar data dropout occurred on May 22, 17-18 UTC. The sound-
ings occurred at approximately 2, 5, 8, 11, 14, 17, 20, and 23 UTC and are shown centered upon their
launching time with vertical bars indicating 0/100% RH. Hourly wind divergences are ascribed to the
middle of each hour. Surface rainfall rates are shown below the cloud radar reflectivities. Attenuation
of the cloud radar can sometimes be seen when the surface rainfall rates are high, as well as termina-
tion of the radiosondes. A separate axis denoting the local time is shown below all the panels.
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within the JASMINE dataset, a pre- and post- mon-
soon onset division was also sought within the
2007 CloudSat data gathered over the Bay of Ben-
gal. The CloudSat data partitioning was based on
a time series of the total number of cloudy pixels
per 10-day time period. Two 60-day time periods
(Feb. 5-April 6 and April 26-June 25) separated
by 20 days were selected. They are perhaps more
appropriately defined as “pre-monsoon” and “mon-
soonal” since the 2007 monsoon date of onset at
the JASMINE location is crudely inferred from the
CloudSat data itself.

No sub-dividing for weather regimes was done
within the EPIC data. The longest CloudSat data-
set still representative of the convective EP was
sought. The EPIC experiment was held in Septem-
ber. CloudSat statistics from June-August, 2006,
and June-August, 2007 were similar to those from
September, 2006. CloudSat cloud vertical profiles
based on the most cloudy upper quartile of profiles
were similar to those from the 2nd upper quartile
albeit biased by construction towards higher val-
ues. Thus, for the eastern Pacific, we used Cloud-
Sat data covering June 20-November 27, 2006, and
May 16-August 28, 2007 (the end of our CloudSat
dataset), or 270 days total.

3. JASMINE data samples

The ship-based radar datasets were accompanied
by cotemporaneous radiosondes and a scanning
precipitation radar, as well as multiple rain gauges.
Zuidema et al. (2006) presented EPIC data samples
demonstrating the impact of dry air intrusions
upon the cloud vertical structure and the relation-
ship to the larger-scale wind field. Here we include
similar data samples from JASMINE for compari-
son. The relationships among the cloud radar
reflectivities, horizontal wind divergence inferred
from a Doppler precipitation radar (Mapes and
Lin 2005), surface rainfall rates and rawindsonde
winds and relative humidities are shown in Fig. 3
for one day with suppressed convection (May 11;
panel a) and for three convective days (May 22, 24,
and 25; Fig. 3b, ¢, and d). The May 11 example was
chosen because it was typical of the suppressed
time period statistics, with one rainfall event occur-
ring that night and persistent high clouds. Despite
the strong RH decrease above 3 km, the one rain-
producing cloud, rooted in the boundary layer, at-
tained a height of 5-6 km at 14 UTC (20 LT).

The moist post-onset atmosphere produced the
deep cloudiness documented in Fig. 3 panels b-d.
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First we discuss a noteworthy case (panel b), then
a more typical case (panels ¢ and d). Approxi-
mately one week after monsoon onset on May 22,
a storm with an unusual vertical structure crossed
the ship (panel b). This was part of a southward-
propagating cloud system described spatially with
satellite data in Zuidema (2003). The general shear
was typical of the monsoon: westerly in the lower
troposphere and easterly in the upper troposphere.
Prior to convection, melting-level layer cloud and
near-saturated RH are evident between 3-12 UTC,
associated with westerly winds. In the hour from
13-14 UTC, the entire troposphere above the ship
filled with high-reflectivity cloud, yet no apprecia-
ble rain fell at the surface for more than 3 hours,
until after 18 UTC (a radar dropout occurred from
17-18 UTC). During this pre-rain time, a peculiar
divergence profile (from the perspective of the
database compiled by Mapes and Lin (2005)) pre-
vailed, with a quadri-modal structure. The implied
mass flux profile is shaped like a capital B, whose
upper lobe may be the cause of the unusually high
reflectivity values in the upper troposphere. After
the surface rain began (18 UTC), the 0-5 km di-
vergence pattern flipped sign, but with nearly fixed
vertical node locations. Scrutiny of the raw data en-
tering the divergence calculations confirmed that
these results were robust. After 19 UTC, the di-
vergence data implied downward mass flux during
the moderate rain, confirmed by the “nose” of low
RH values near 1 km in the 21 and 24 UTC sound-
ings (solid curves) to be unsaturated descent.
Although such mesoscale unsaturated downdrafts
are common, the tight confinement of the vertical
profile below 5 km after the sign flip, like the prior
B-shaped mass flux, was unusual from the per-
spective of the Mapes and Lin 2005) database. We
speculate that this storm’s vertical velocity profile
had a powerful gravity-wave component, with an
unusually short vertical wavelength, presumably
related to its rapid (faster than the wind, i.e., wave-
like) and extensive (> 1000 km) propagation seen
in satellite imagery.

May 24 and 25 were more typical examples of
deep convection. The upward motion implied by
divergence on May 24 (panel c; 13-17 UTC) de-
veloped upward, consistent with cloud evolution.
Shallower cellular cloudiness with heavy variable
rain and midlevel divergence occurred during 13-
15 UTC. More upper cloudiness developed as the
divergence level moved upward through about
18 UTC. After 18 UTC, light rain and midlevel
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convergence occurred within a deep, relatively
smooth stratiform upper-level cloud mass, while
RH profiles indicate gentle unsaturated subsidence
in the lower troposphere as rain continued into 25
May (panel d), with a secondary burst of convec-
tion at 2200-2230 UTC on 24 May. Later on 25 May
(Fig. 3d), occasional isolated convective showers
developed after 14 UTC, at times growing into the
lingering upper-level cirrus cloud. Some features
of the divergence estimates after 6 UTC on May 25
may be erroneous, as the radar echo field became
spotty then.

4, Statistical depiction and comparisons
between radars and regions

Figure 4 contains six panels. Each panel shows
joint height-reflectivity histograms on the right-
hand side as normalized percentages per dBZ per
km, with the integral of the distribution across the
dBZ axis at each altitude yielding the “true” cloud
frequency on the left-hand side. Each region con-
tains a small (~2%) land area, which was excluded
from the denominator of the cloud fraction (the
total possible number of samples), while the nu-
merator of the CloudSat cloud fraction calculation
excluded all cloud objects touching land. Cloud
fractions are also shown separately for three-hour
time periods centered on the CloudSat overpass
times. Three panels are composed from the ship-
based radar data (panels a-c) and three from the
CloudSat radar data (panels d-f). The placement
of the panels is intended to invite comparison
between the two radars’ representations of similar
cloud conditions: convectively-suppressed pre-
monsoon-onset JASMINE and CloudSat Bay of
Bengal (panels a and d), convectively-active post-
monsoon-onset JASMINE and CloudSat Bay of
Bengal (panels b and e), and EPIC and the Cloud-
Sat eastern tropical Pacific (panels ¢ and f).

First, we discuss the differences in cloud repre-
sentation by the ship- and space-based radars as
a result of radar sensitivity, attenuation and scat-
tering, and vantage point. Then we highlight dif-
ferences between the Bay of Bengal and eastern
Pacific regions. Lastly we examine the consequenc-
es of the CloudSat twice-daily sampling in light of
the known regional diurnal cycles.

a. Instrument effects

Two ship-based radar instrumental effects are
indicated schematically by dashed lines in Fig. 4b.
One is the truncation of the upper-tropospheric
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low-reflectivity end of the modal ridge because of
decreased radar sensitivity with height. The other
effect is the paucity of high reflectivity values
above 5 km. The cause, attenuation of the radar
signal by rain below, can be seen, for example, in
Fig. 3c at 23 UTC. The attenuation in part explains
the decrease above 12 km of the daily-averaged
cloud frequencies in Fig. 4b from 40% at 11 km to
20% at 13 km (solid curve).

Effects discussed in Stephens et al. (2002) from
the CloudSat radar sensitivity and from rain attenu-
ation are indicated qualitatively by dashed lines in
Fig. 4e. The CloudSat radar misses much of the
low-altitude, low-reflectivity clouds. The different
sensitivities of the two radars to boundary-layer
shallow cloud has a strong impact on the total low-
altitude cloud frequencies, evident in the left sides
of all Fig. 4 panels. CloudSat detection of upper-
level cirrus is also clipped by its detection thresh-
old of ~-30 dBZ (Fig. 4e; Stephens et al. 2002). The
more sensitive ship-based cloud radar, despite its
surface-based vantage point, detects more of the
upper-altitude low-reflectivity (< -30 dBZ) cirrus,
also because gaseous attenuation is less at a wave-
length of 8.7 mm than 3.2 mm. The comparison
reinforces the value of the sensitive space-based
lidar accompanying the CloudSat radar; the lidar is
capable of detecting optically-thin cloud.

The impact of rain attenuation was more difficult
to quantitatively anticipate prior to the CloudSat
launch. Upper-tropospheric high-dBZ clouds within
convectively-active conditions were more reliably
detected by the CloudSat radar than by the ship-
based radar because of CloudSat’s vantage point
(contrast Fig. 4b and ¢ with e and f). Detection by
CloudSat is further aided by non-Rayleigh reflectiv-
ity increases, with non-spherical particles oriented
horizontally backscattering even more than equal-
mass spheres (Matrosov et al. 2005). In sum, the
CloudSat histogram peak of the cloud frequency
profile is distinctly higher for the convectively-
active conditions than the ship-based radar would
have indicated.

Attenuation effects from rain became more
significant for CloudSat than for the ship-based
radar when characterizing the low-altitude high-
reflectivity cloud population (Fig. 4e and f versus
Fig. 4b and c¢). Changes in reflectivity with height
caused by rain attenuation serve as the basis for a
CloudSat rain retrieval (Matrosov 2007). Steeper
gradients correspond to more intense rainrates.
More variation in the reflectivity gradients below
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Fig. 4. Panels a)-f) show true cloud fraction at each altitude in the left panels, and joint reflectivity-
height distributions in normalized percentages per dBZ per km in the right panel. Left panels are
based on ship-based data: a) May 9-15, 1999, suppressed JASMINE conditions, b) May 21-26, 1999,
convectively-active JASMINE conditions, and ¢) Sept. 10-30, 2001, EPIC. Right panels are based on
CloudSat data: d) Bay of Bengal, suppressed conditions, €) BoB, convectively-active conditions, and
f) the eastern Pacific. Cloud fractions are shown based on all data, and separately for three-hour time
periods centered on the CloudSat overpass times of 0130 LT (dotted line) and 1330 LT (dashed line).
Dotted lines indicate the 5 km altitude. Panels b) and e) include dashed lines that qualitatively indicate
the different altitude dependencies of the radar sensitivity and attenuation thresholds affecting the de-
picted distributions. Note that the grey level color scale is a relative scale, established by the range of
values present within each individual panel only.
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5 km is evident in the eastern Pacific distribution
(Fig. 4f) than Bay of Bengal (Fig. 4e), while the
mean gradient is steeper < 5 km for the Bay of
Bengal, suggesting eastern Pacific rainrates were
more variable but less intense in the mean than
over the Bay of Bengal.

Other interesting scattering effects are apparent
in the vicinity of the melting layer. For example, a
CloudSat bright band can be seen slightly below
the melting level in Fig. 4e and even more obvi-
ously in Fig. 4f. This is explained by Sassen et al.
(2007) as the radiative impact from the increased
dielectric constant for a pure water raindrop rela-
tive to an ice (or mixed-phase) sphere, with at-
tenuation damping out further brightening below.
A slight CloudSat dim band just above the bright
band in Fig. 4f can be explained as aggregated ice
collapsing into a mixed-phase raindrop with re-
duced backscattering compared to a pure raindrop
(Sassen et al. 2007).

The 35 GHz ship-based cloud radar reflectivity
distributions also show a dim band centered about
the melting, present in Fig. 4b but more obvious
in Fig. 4c. This again is caused by the collapse of
a snowflake into a mixed-phase raindrop, but the
attenuation of at least 5 dBZ is more pronounced
than that defining the CloudSat dim band (contrast
Fig. 4c with Fig. 4f). This is because at 35 GHz,
Mie scattering, which would increase the reflectiv-
ity, is not occurring (Matrosov 2008). In another
difference from CloudSat, the 35 GHz melting
layer attenuation also exceeds that occurring from
rain below of the same liquid equivalent intensity
(Matrosov 2008). Below the melting layer, rain at-
tenuation does decrease the reflectivity with height
(Fig. 4c¢), with receiver attenuation affecting the
lowest 1.5 km.

b. Eastern Pacific-Bay of Bengal comparison

The ship-based datasets show a more top-heavy
(i.e., high-altitude) cloudiness profile for the Bay
of Bengal (Fig. 4b) and a more bottom-heavy (i.e.,
lower altitude) cloudiness profile for the eastern
tropical Pacific (Fig. 4c). JASMINE and EPIC
cloud amounts were approximately similar. A low-
reflectivity melting-level (5 km) cloud population
appeared in both datasets (Fig. 4b and c¢), but was
more noticeable in the JASMINE dataset (Fig. 4b).
The EPIC dataset (Fig. 4c) also had a broader dis-
tribution across all dBZ values (i.e., more reflec-
tivities < -20 dBZ and > 10 dBZ) than JASMINE at
altitudes between 6 and 12 km.
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How well do the cloud vertical structures in-
ferred from the limited-in-time field experiments
generalize to the CloudSat data shown in Fig. 4e
and f? The CloudSat samples, with their unattenu-
ated perception of the high-altitude clouds, clearly
depict a more “bottom-heavy” profile over the east-
ern Pacific (Fig. 4f), as previously noted by Kubar
et al. (2007) and Haynes and Stephens (2007).
Cloudiness profiles over the Bay of Bengal have
not been previously examined with CloudSat data,
however. The convectively-active Bay of Bengal is
defined by a more “top-heavy” cloudiness profile
(Fig. 4e). Clouds at 9-13 km altitude, with a cloud
fraction maximum at 11-12 km, characterized both
pre- and post-monsoon-onset time periods (Fig.
4a, b, d, and e). A full determination of the cause
is beyond the scope of this paper, but a plausible
explanation is that strong easterly winds at high
altitudes were advecting cirrus westward. This
feature of the Asian monsoon has been explored
by Sathiyamoorthy et al. (2004) and Chen and Liu
(2005) and is evident here in Fig. 3a.

In contrast to the field experiment data, a strik-
ing feature of the CloudSat cloudiness profiles is
that the eastern Pacific (Fig. 4f) was only approxi-
mately one-third as cloudy as the Bay of Bengal
(Fig. 4e). This may mean that September 2001 was
unrepresentatively cloudy, with the narrow latitudi-
nal width of the eastern Pacific ITCZ and its prox-
imity to dry air typically reducing eastern Pacific
cloudiness from EPIC values.

In the ship-based observations, attenuation of
the high-reflectivities occurring below 5 km was
more obvious within the EPIC data (Fig. 4c) than
the JASMINE data (Fig. 4b). This is because more
rain was experienced during EPIC than during
JASMINE. Partial attenuation from precipitation,
arbitrarily chosen to correspond to a two-way total
attenuation of 3 dBZ or more and calculated as
done in Zuidema et al. (2006), affected the EPIC
cloud radar data 10% of the time, but only affected
the JASMINE data shown in Fig. 4b 5% of the
time. The CloudSat data are somewhat consistent,
in that the steepest gradient in the reflectivity with
height (below 5 km), or the most intense rainfall,
is seen in the eastern tropical Pacific (Fig. 4f). The
mean gradient is steeper within the Bay of Bengal
distribution (Fig. 4e), however, suggesting a high-
er mean rainrate, consistent with Bay of Bengal’s
locale as one of the rainiest places on the planet
(e.g., Zuidema 2003).

Both Fig. 4e and 4f depict a notch in their Cloud-
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Sat distribution at ~5 dBZ at altitudes > 5 km. The
modal ridge of higher reflectivities is suggestive
of convectively-active turrets that are still rooted
in the boundary layer, such as cumulus congestus,
capable of the strong updrafts and moisture trans-
port that encourage large ice particle production.
Cifelli et al. (2007) reported a greater frequency
of 30 dBZ echoes at higher altitudes in TRMM
data during EPIC than during the Tropical East-
ern Pacific Process Study held further west, and
independently suggested ice processes figured
prominently in EPIC rainfall production. Kubar and
Hartmann (2008) also identified a cumulus conges-
tus cloud population for the eastern Pacific. The
high-reflectivity modal ridge is not as obvious in
the BoB CloudSat data (Fig. 4e), and cumulus con-
gestus is not apparent in Fig. 3. A lack of cumulus
congestus within the Asian monsoon has also been
noted by Mace et al. (2007), based on identification
of CloudSat cloud base and cloud top heights.

¢. Diurnal cycle: convectively-active conditions

The field experiments sampled full diurnal
cycles, whereas CloudSat sampled twice a day. An
examination of the diurnal cycle over the Bay of
Bengal JASMINE location from geostationary sat-
ellite data found a nighttime minimum in the out-
going longwave radiation (Zuidema 2003), similar
to the larger tropical western Pacific region (e.g.,
Chen and Houze 1997; Nesbitt and Zipser 2003).
Both the EPIC and JASMINE field experiments
found that more rain occurred at night than during
the day “Raymond” et al. 2004; Webster et al. 2002).

How well did the CloudSat sampling times cap-
ture the dominant diurnal variability? CloudSat
daytime (1330 LT) and nighttime (0130 LT) cloud
fractions at all altitudes were similar (Fig. 4e-f). An
examination of the separate daytime and nighttime
joint height-reflectivity distributions contributing
to Fig. 4e-f, not shown, found that the highest-
altitude daytime clouds were displaced upward by
~500 m from the nighttime highest-altitude cloud.
This was a robust oceanic feature unassociated
with land convection, confirmed by examining
1330-0130 LT differences using 1 year (July 2006
-June 2007) of ocean-only samples over the 15°S-
15°N tropical swath (Fig. 5). Figure 5 also shows
more low-altitude cloud at 0130 than 1330 LT, and
that the daytime increase in the highest detected
clouds is constrained to reflectivities < 10 dBZ.

The greater daytime occurrence over the ocean
of the highest clouds may be counterintuitive. Pre-
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-30 -20 -10 0 10 20
dBZ

Fig. 5. Joint reflectivity-height distribution
for the CloudSat 1330-0130 LT differ-
ence composed from all July, 2006-]June,
2007 ocean-only samples between 15°N
-15°S. Positive differences are in solid
contours, negative differences in dotted
contours, zero difference contour as a
thicker solid line. Values are normalized
percentages of the maximum difference.

cipitating clouds have higher cloud tops than non-
precipitating clouds within the CloudSat dataset
(Haynes and Stephens 2007; Kubar and Hartmann
2008). Nighttime precipitation would encourage
nighttime clouds tops that are higher than the
daytime cloud tops, in contrast to what is shown in
Fig. 5. Daytime warming of the troposphere could
cause a lifting of the tropopause, but a warming
of ~10 K is required to explain a 500 m lifting. In
addition, the negative difference values occurring
below the high-altitude positive differences are not
enough to indicate an upward shift in cloudiness.
One possibility could be that the daytime high
cloud is outflow or debris from the previous night’s
convection. This could be consistent with the larg-
er areal coverage of infrared brightness tempera-
tures < 235 K observed during 1330 LT rather than
0130 by Liu and Zipser (2008) over the tropical
ocean, particularly if much of the high clouds ob-
served by CloudSat possess infrared emissitivities
< 1. While verification of this hypothesis will not be
undertaken here, it does find support in a clear re-
gional correlation seen by Liu et al. (2008) between
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CloudSat daytime-nighttime high cloudiness and
TRMM Precipitation Radar 20 dBZ occurrence at
14 km (their Figs. 6f and 7e).

d. Diurnal cycle: convectively-suppressed conditions

Both the field experiment and CloudSat height-
reflectivitiy distributions from the convectively-sup-
pressed Bay of Bengal time periods (Fig. 4a and d)
were distinctly bimodal: an upper cloud population
at altitudes above 7 km and a lower one below 5
km with almost no or few clouds in between. The
JASMINE data, sampling the full diurnal cycle,
indicated a greater proportion of reflectivities
> 10 dBZ (Fig. 4a) than did the CloudSat data (Fig.
4d). Indeed, the accumulated JASMINE May 8-
15 rainfall of 6.25 cm (thresholded on 0.1 mm™ per
10-minute time period) corresponded to a 7.8 mm
day™ average, more than twice the global average
of ~3 mm day . The 7 strongest rain events were
all nocturnal, typically lasted less than an hour,
and attained maximum rainrates > 1 mm hr™. The
convective clouds often reached 5-6 km (e.g., Fig.
3a), thereby able to moisten and warm a signifi-
cant depth of the lower troposphere. Such clouds
thus help pre-condition the atmosphere for subse-
quent deep convection, for example by increasing
the relative humidity above the boundary layer
(e.g., Hoyos and Webster 2007; Sherwood 1999;
Stephens et al. 2004).

In contrast, the CloudSat data sample includes
few of the high reflectivities indicative of precipita-
tion. We investigated if the CloudSat time sampling
might have missed the convective cloud through
evaluating the JASMINE-suppressed diurnal cycle,
shown for both the low-altitude and high-altitude
clouds in Fig. 6. The low clouds reached higher
cloud tops at night (top panel), consistent with
nocturnally-occurring rain (see also Rangno and
Hobbs 2005). The low cloud fraction decreased
from a 15 LT maximum while cloud top heights
increased at 18 LT and beyond. This is interest-
ing because the afternoon clouds were associated
with an afternoon increase in the sea surface tem-
perature and lower surface wind speeds (Webster
et al. 2002). One explanation is that some of the
afternoon clouds dissipated while others coalesced
into clouds capable of transporting effects from
the afternoon surface warming upwards and pro-
ducing the nocturnal precipitation. The cloud frac-
tions were similar at the two CloudSat sampling
times, and the CloudSat 0130-1330 LT difference
of the joint reflectivity-height distributions did not
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find a nighttime preference for near-surface high-
reflectivity pixels (not shown). The question of
whether CloudSat sampling typically misses shal-
low rain over the Bay of Bengal, or the one-week of
JASMINE data shown in Fig. 4a is somehow atypi-
cal, remains unanswered, however.

We also examined how well CloudSat could cap-
ture both the diurnal timing and the mean values
of cirrus cloud characteristics. Ice water content
and volume extinction coefficients, retrieved using
Matrosov et al. (2003), have a conservative estimat-
ed accuracy of a factor of two, with the extinction
retrieval more uncertain because small particles,
undetected by the radar, may contribute propor-
tionately more to the extinction. The mean field
experiment values were also calculated disregard-
ing pixels that would not meet the CloudSat detec-
tion threshold of -30 dBZ. The diurnal cycle values
shown in Fig. 6 indicate that though the ice clouds
could be geometrically thick, up to 4 km even (top
panel), their optical thicknesses were typically 2
or less, with a diurnal mean value of 0.9 (bottom
parslel). The diurnal-mean ice water path was 26 g
m”.

For the cirrus clouds, the CloudSat sampling
times occurred close to the diurnal maximum and
minimum cloud top heights, ice water paths, and
optical depth values (Fig. 6 middle and bottom
panels). Values for the mean cloud fraction, ice
water path, and ice optical depth calculated using
the less sensitive CloudSat detection threshold of
-30 dBZ were close to the values calculated using
all the ship-based radar reflectivities. These two
results imply that CloudSat does capture represen-
tative cirrus cloud property characteristics at times
close to the maximum and minimum in the diurnal
cycle. The one caveat is that the nighttime cirrus
cloud top height is higher than the daytime cirrus
cloud top height in the field experiment data, while
the opposite was observed within the CloudSat
data (Fig. 5).

5. Conclusions

Tropical cloud vertical structure was character-
ized using both ship-based and space-based cloud
radar at two remote tropical oceanic locations, the
monsoonal Bay of Bengal, and the eastern Pacific
ITCZ. The CloudSat sampling was much more ex-
tensive than can be afforded by a ship deployment,
but did not occur in the same years as the field ex-
periments.

Differences between the eastern tropical Pacific
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Fig. 6. Top panel: May 8-15 diurnal cycle
in cloud fraction as a function of altitude,
expressed as a percentage, shown for
three-hour time intervals centered upon
0,3,6,9,12, 15, 18, and 21 LT. This diur-
nal cycle contains one more day of data
than shown within Fig. 4a. Middle panel:
Cloud fraction diurnal cycle for low
clouds (cloud top height < 5 km; grey
line) and high clouds (cloud top height >
6 km; black line). Bottom panel: Diurnal
cycle in the ice cloud optical depth (dark
grey bar) and ice water path (light grey
bar), depicted as whisker plots with per-
centiles at 0.05, 0.25, 0.5, 0.75 and 0.95.
Dots indicate mean values.

and Bay of Bengal regions confirmed by both the
ship-based and space-based radar include:

1. More cloudiness between 9-14 km (11-12
km maximum) in the Bay of Bengal than in
the eastern Pacific ITCZ. The Bay of Bengal
top-heavy cloudiness profile is speculated to
reflect advection of cirrus by the monsoonal
easterly winds (e.g., Chen and Liu 2005;
Sathiyamoorthy et al. 2004) illustrated here in
Fig. 3a.
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2. A bottom-heavy cloudiness profile in the east-
ern tropical Pacific, consistent with Kubar
et al. (2007) and Haynes and Stephens (2007).

Differences between the two regions not shared
by both radar datasets include:

3. A total CloudSat cloudiness over the eastern
Pacific that is approximately one-third that
over the Bay of Bengal. This may reflect the
greater proximity of free-tropospheric dry air
to the eastern tropical Pacific. This suggests
the September 2001 EPIC time period was
uncharacteristically cloudy, perhaps because
EPIC coincided with Hurricane Juliette slight-
ly to its north (Zuidema et al. 2006).

4. A melting-level (5 km) cloud population more
apparent in the EP than the BoB CloudSat
data, in contrast to the field experiment data,
although differences in the two radars’ ability
to sense cloud water versus ice particles must
also be considered (e.g., Sassen and Khvo-
rostyanov 2007).

The CloudSat results draw on more comprehen-
sive sampling, and discourage regional generalities
drawn from a few weeks of point sampling (at least
within tropical convective regions).

Were the 0130 and 1330 LT CloudSat observa-
tions consistent with the diurnal cycles observed
during the field experiments? Apparently not. One
puzzling finding was a daytime preferrence of the
highest clouds with reflectivities < 10 dBZ within
the CloudSata data, best shown using a full year’s
data spanning the entire ocean-only tropical belt
(15°N-15°S) (Fig. 5). This appears to contradict
many findings of a nocturnal maximum in tropical
oceanic convection (e.g., Chen and Houze 1997;
Nesbitt and Zipser 2003) as well as in the Bay of
Bengal convection (Zuidema 2003). One explana-
tion is encouraged by a finding of greater areal cov-
erage over the tropical oceanic belt at 1330 LT than
at 0130 LT of infrared brightness temperatures
< 235 K by Liu and Zipser (2008). The highest-
altitude daytime cloud fraction is speculated to be
cloud debris or outflow from the previous night’s
convection, possibly with infrared emissitivities < 1,
consistent with a regional association between
the daytime high cloud and maximum altitude of
TRMM high dBZ echoes (Liu et al. 2008).

The diurnal cycle from the convectively-sup-
pressed JASMINE time period was examined in
more detail, to otherwise elucidate the represen-
tativeness of the twice-daily CloudSat sampling.
While the CloudSat data did not suggest any pre-
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cipitation occurred during the pre-monsoonal time
period, the JASMINE surface rainfall rate was 7.8
mm day’ during the pre-monsoon-onset period,
exceeding the global mean of approximately 3
mm day . The rainfall was associated with night-
time cloud top heights of up to 5 km despite dry
air above 3 km, thus the convecting clouds helped
to distribute the energy from the daytime surface
solar warming upwards. CloudSat did not capture
many shallow rain events, either because of its lim-
ited diurnal sampling, or because the convectively-
suppressed JASMINE time period was somehow
unrepresentative.

Other suppressed-JASMINE findings included
a significant upper-tropospheric cloud fraction
(~35%) but with small ice water paths (< 40 g m™
typically) and ice optical depths (< ~2). In contrast
to the low clouds, CloudSat sampled the cirrus
clouds at approximately the maximum and mini-
mum of the diurnal range in ice water path and
optical depth values. The CloudSat-simulated verti-
cally-integrated cirrus cloud fraction, retrieved ice
water path and ice cloud optical depth were close
to the ship-based radar retrieved values. However,
the nighttime increase in cirrus cloud top height
in the JASMINE data contradicts the CloudSat day-
time ocurrence of the highest clouds.

Differences in cloud depiction atttributable to
differences in wavelength, vantage point, and sen-
sitivity are plentiful. CloudSat is better than the
ship-based radar at detecting the upper-tropospher-
ic clouds with reflectivities > -30 dBZ, particularly
when precipitation would obscure the view from
the surface, and is aided in this by non-Rayleigh
non-spherical effects that raise the reflectivity
(Matrosov et al. 2005). CloudSat’s more limited de-
tection of clouds < -30 dBZ, however, misses many
low-reflectivity near-surface clouds as a result also
discussed in “Stephens” et al. 2002). CloudSat near-
surface cloud fractions are therefore much lower
than those derived from the ship radar.

At the melting level a CloudSat bright band is
associated with the change in dielectric constant
from ice to liquid, with attenuation below masking
further elevation in the reflectivities (Sassen et al.
2007). A dim band can be seen above the bright
band, from snowflakes collapsing into mixed-phase
raindrops of reduced backscatter area (Sassen
et al. 2007). The melting level behavior within the
ship-based cloud radar data (Fig. 4c) is governed
more strictly by Rayleigh scattering, with conse-
quently more pronounced melting layer attenu-
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ation, exceeding that from a rain layer below of
comparable liquid water amount (Matrosov 2008).

At higher altitudes, Mie effects combined with
a preferred horizontal axis orientation for complex
ice particle shapes are responsible for reflectivity
enhancements (Matrosov et al. 2005), with dim-
ming occurring at the first Mie notch for larger
particle sizes (Heymsfield et al. 2008). The dim-
ming combined with the decreased concentration
of large ice particle diameters (> 4 mm) appears to
prevent the realization of CloudSat’s upper detec-
tion threshold at ~40 dBZ.

A notch at ~5 dBZ at altitudes > 5 km is more
strongly evident over the eastern Pacific (Fig. 4f)
than the Bay of Bengal (Fig. 4e). The cloud popula-
tion with reflectivities > 5 dBZ could be termed cu-
mulus congestus. Cumulus congestus is also noted
by Kubar and Hartmann 2008), and is consistent
with a prominent role for ice microphysical pro-
cesses in the eastern tropical Pacific (Cifelli et al.
2007), while Mace et al. (2007) mention a lack of
cumulus congestus within the Asian monsoon.

CloudSat reflectivity changes with height within
the rainy attenuated atmosphere below 5 km ap-
pear steeper in the mean but also less variable over
the Bay of Bengal than eastern Pacific (Fig. 4e and
f). This is consistent with a higher mean rainrate
over the monsoonal Bay of Bengal than the eastern
tropical Pacific, but greater rainrate variability over
the eastern tropical Pacific. We have not examined
the attenuation-based rainfall estimates (Matrosov
2007) in depth, however, and the plotting conven-
tions of Fig. 4 may be misleading.

For now, the CloudSat reflectivity observations
suggest intriguing new pathways for research into
rain processes. Simultaneously, the many causes
for variability in the space-based 94 GHz cloud
radar reflectivities argue against the blind exten-
sion of ice cloud property retrievals originally
developed for 35 GHz radar to CloudSat.
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