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Abstract This paper describes a novel use of A-Train observations to estimate vertical velocities for actively
growing convective plumes and to relate them to cloud internal vertical structure. Convective vertical velocity is
derived from time-delayed (1–2min) IR measurements from MODIS and IIR. Convective vertical velocities are
found to be clustered around 2–4m/s but the distributions are positively skewed with long tails extending to
larger values. Land convection during the 13:30 overpasses has higher vertical velocities than those during the 1:30
overpasses; oceanic convection shows the opposite, albeit smaller, contrast. Our results also show that convection
with larger vertical velocity tends to transport larger precipitation-size particle and/or greater amount of water
substance to higher altitude and produces heavier rainfall. Finally, we discuss the implications of this study for the
designs of future space-borne missions that focus on fast-evolving processes such as those related to clouds
and precipitation.

1. Introduction

Vertical velocity is a fundamental parameter for understanding convection. Much of the land-ocean contrasts
in convective cloud microphysics, dynamics, and electrification can be attributed to the differences in vertical
velocities [Lucas et al., 1994;Williams et al., 2002]. In global climate model, convective vertical velocity and the
associated convective mass flux play a controlling role in determining the collective effects of cumulus ensemble
on the large-scale environment [Arakawa and Schubert, 1974]. Traditional cumulus schemes hide convective ver-
tical velocity in bulk convectivemass flux term, but recent developments and applications seek to treat it explicitly
so that subgrid-scale processes associated with convection can be better represented and diagnosed [e.g., Donner
et al., 2001; Gregory, 2001; Del Genio et al., 2007].

Unlike many other aspects of convective clouds, vertical velocity is extremely difficult to observe. The most
direct measurements come from instrumented aircraft that penetrate convective clouds [e.g., LeMone and
Zipser, 1980a, 1980b; Lucas et al., 1994]. However, such measurements are rare due to safety concerns.
Another source of information on convective vertical velocity comes from ground-based or airborne Doppler
radars [e.g., Heymsfield et al., 2010]. In this study, we draw on satellite observations. An obvious advantage of
using satellite data is global coverage, which enables us to generalize our findings. Since no space-borne
Doppler radar is available at this time, alternative method needs to be developed.

Adler and Fenn [1979] used change rate of cloud top temperature (CTT) with time to estimate vertical velocity (w)

of convective tops, which can be expressed as: w ¼ dTB=dt
∂T=∂z (equation (1)), where TB is IR brightness temperature

which is used to represent CTT, and ∂T/∂z is themoist adiabatic lapse rate. In their study, time evolution of CTT was
derived from rapid scan of geostationary (GEO) satellite data. The requirement to observe time evolution makes it
difficult to apply the technique to a polar-orbiting or low earth orbiting (LEO) satellite because a LEO satellite can
hardly see the same convective element a second time. However, the formation fly of the A-Train constellation
offers a rare opportunity to exploit the small time difference (1–2min) between MODIS (Moderate Resolution
Imaging Spectroradiometer) onboard Aqua and IIR (Imaging Infrared Radiometer) onboard CALIPSO (Cloud-
Aerosol Lidar and Infrared Pathfinder Observation) for studying vertical velocity. Both MODIS and IIR have IR
window channel near 11μmwith similar spatial resolution (1 km). ∂T/∂z is assumed to be themoist adiabatic lapse,
which is mostly a function of temperature. For the cases analyzed in this study, it ranges from around 5.5K/km
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when temperature is high (or cloud top is low) to nearly dry adiabatic lapse rate at about 9.8 K/km when
temperature is low (or cloud top is high).

Compared to GEO satellites, there are several benefits associated with using the A-Train data for studying
detailed convective processes. First, the spatial resolution of MODIS and IIR in the thermal IR is 1 km, whereas
that of the current GEO is only 4 km. In situ observations showed that the size of typical active convective
updrafts is about 1 km or less [Braham, 1952; LeMone and Zipser, 1980a]. Four-kilometer resolution will smear
out the detail associated with convective elements. Likewise, the small temporal separation between IIR and
MODIS (1–2min) makes it valuable for capturing the quick evolution of small-scale structures related to intense
convective turrets. Second, MODIS and IIR are part of the A-Train constellation with a host of advanced cloud
measurements that will greatly enhance the scientific value of the estimated convective vertical velocities. For
example, CloudSat and CALIPSO carry active sensors—cloud-profiling radar (CPR) and Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP)—that offer glimpses of the internal vertical structures of the convective clouds.
They allow for correlative study of convective dynamics and cloud microphysics.

The objective of this article is to describe the method we used to estimate convection vertical velocity (section 2)
and present some initial results (section 3). This is the first of a series of papers we are developing along the line of
exploiting time difference among A-Train members for studying convective dynamics. Here, we focus on
investigating the connection between convective vertical velocity and cloud internal vertical structure. Section 4
summarizes this work and discusses follow-on studies and implications for future mission designs.

2. Data and Methodology
2.1. Data From the A-Train Constellation

The A-Train constellation consists of a suite of satellites that fly in close formation in a sun-synchronous orbit
with the local equator crossing time at ~ 1:30 am/pm [Stephens et al., 2002; L’Ecuyer and Jiang, 2010]. Here, we
briefly describe the three instruments and satellites that are used in this study and the relevant measurements:
MODIS (on board Aqua), IIR (on board CALIPSO), and CPR (on board CloudSat).

MODIS is an optical imaging radiometer with 36 channels from 0.4μm to 14.2μmat varying spatial resolution
from 250m to 1 km. In this study, we use channel 31, which is located at the IR window region (11.03μm) and
provides a means to estimate CTT. IIR is a three-channel imaging radiometer on board CALIPSO [Winkers et al.,
2009] that is intended to provide the context of the lidar measurements. It has a similar IR window channel
centering at 10.6μm (calibration between the two measurements will be described in section 2.3). Both MODIS
and IIR IR window channels have similar spatial resolution of 1 km. Aqua flies ahead of CALIPSO by 1–2min so
MODIS sees a cloud a little earlier than IIR.

CPR is a millimeter-wavelength radar on board CloudSat that is sensitive to both cloud- and precipitation-size
particles [Stephens et al., 2008]. Its footprint is approximately 1.7 km along track and 1.3 km across track, and
the vertical resolution is 480m, oversampled to 240m. The radar reflectivity profiles from CPR provide information
on cloud microphysics and internal vertical structure. CloudSat and CALIPSO are closely synchronized with each
other with CloudSat being ahead of CALIPSO by only 10–15 s.

2.2. Selection of Convective Updrafts

Active convective updrafts usually appear in the IR brightness temperature (BTIR) image as local minima [e.g.,
Bedka et al., 2012]. So, we start our selection procedure by identifying such local minima pairs in IIR and
MODIS BTIR measurements. Due to small cloudmovement and parallax shift [Wang et al., 2011], the minimum
BTIR from MODIS could be registered a few km away from that from IIR. To accommodate for these dis-
placements, we allow for a 5 km window in search of the minimum BTIR pairs from the two measurements.
Only the cases where IIR BTIR is lower than that of MODIS by more than 1 K are retained, which represent
actively growing convective updrafts. The 1 K buffer is intended to account for the calibration uncertainty
between IIR and MODIS (see detail in section 2.3).

Since CloudSat is an important component of this study that provides information on cloudmicrophysics and
convective internal structure, we only keep the selected IIR/MODIS BTIR pairs that are within 5 km of the
CloudSat observations. We further require that CloudSat CPR profiles show characteristics of convective
cores, which, based on our recent studies [e.g., Luo et al., 2010; Takahashi and Luo, 2012], are defined as
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profiles meeting the following criteria: (1) continuous radar echo from cloud top to within 2 km of the surface,
(2) cloud top height (CTH)≥ 6 km (this condition eliminates shallow convective clouds because they tend to
be small and are not well captured by CloudSat), (3) the maximum radar echo is greater than 10 dBZ and
occurs above 6 km, and the vertical separation between CTH and 10 dBZ echo top height (ETH) is within 2 km.
The third condition effectively eliminates the stratiform part of a convective system and retains only the
convective cores. Figure 1 shows an example of a growing convective element that was selected by this
procedure. Two years of data (2008–2009) were analyzed. We focus on the tropical region (30°S–30°N) in this
study. A total of 940 convective updraft elements were selected.

2.3. Intercalibration Between MODIS and IIR BTIR

Since the two BTIR measurements are made from different instruments on board different platforms, it is
important to intercalibrate them. This is a relative calibration problem because only the BTIR difference enters
equation (1). To avoid the parallax shift between MODIS and CALIPSO [Wang et al., 2011], we use clear pixels
(as indicated by collocated CloudSat data) as our calibration targets. Collocated IIR and MODIS clear pixels
from the whole globe are used to compute ΔBTIR≡ BTIR(IIR)� BTIR(MODIS) as a function of BTIR. Results show
that ΔBTIR is relatively small (~ 0.5 K) when BTIR is warm (> 260 K) but starts to increases as BTIR decreases. At
the cold end of clear cases (BTIR ~ 225 K), ΔBTIR increases to 1.4 K. For BTIR< 225 K, ΔBTIR are extrapolated from
the clear observations. We also tried to use high-level clouds for calibrating BTIR< 225 K; results are noisy due
to parallax shift but the mean differences are similar to the extrapolation results. The standard deviation of
ΔBTIR is about 1 K, which represents our uncertainty.

3. Results

Figure 2 shows the histogram of the
estimated convective vertical veloc-
ity as a function of CTH. We first note
that tropical convection selected in
this study fall into two modes: one
has CTH near 8–10 km and the other
has CTH around 14–15 km. They
correspond to cumulus congestus
and deep convection, respectively,
as described in Johnson et al. [1999].
CTHs of the cumulus congestus are
significantly higher than the melt-
ing level (~5 km in the tropics),
which is suggested by Johnson et al.
[1999] as a weak stable layer
inhibiting convective development.
Likewise, CTHs of the selected deep

Figure 1. Brightness temperature (unit: Kelvin) from (left) IIR and (middle) MODIS. The dashed line shows the CALIPSO/CloudSat footprint.
(Right) CloudSat reflectivity profile (unit: dBZ) along the dashed line.

Figure 2. Histogram of convective vertical velocity as a function of cloud top height
(CTH) for actively growing convective plumes in the tropics (30°S–30°N).
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convection are also somewhat higher than the level of neutral buoyancy for tropical deep convective regions,
which is estimated to be ~13.4 km [Takahashi and Luo, 2012]. These higher CTHs are most likely due to over-
shooting because our selection criteria (section 2.2) favor actively developing convective plumes.

The cumulus congestus mode is worth some additional discussion. Luo et al. [2009] classified the snapshot
observations of apparent cumulus congestus into those that cease growth at the intermediate level (terminal
cumulus congestus) and those that will continue to ascend (transient cumulus congestus) by comparing
cloud top temperature with the ambient temperature of the same height level. Luo et al. [2010] and Wang
et al. [2011] further analyzed cloud top buoyancy and found that transient cumulus congestus (i.e., convective
plumes with positive buoyancy) account for ~ 70% of the convective cores with CTH near 6–10 km. Obviously,
the cumulus congestus mode identified here corresponds to the transient cumulus congestus; some of them
may later develop into deep convection.

Figure 2 shows that convective vertical velocities are clustered around 2–4m/s. Roughly, 2m/s corresponds to our
cutoff inΔBTIR at 1K; smallerΔBTIR (and vertical velocities) are difficult to be distinguished from noises. Despite this
limitation, the vertical velocity distributions show positive skewness with long tails extending to higher velocity

Figure 3. Contoured frequency by altitude diagram (CFAD) for CloudSat CPR reflectivities. The left and right panels are for cumulus
congestus and deep convection, respectively. Weak (first row) and strong (second row) convective plumes are treated separately, along
with the differences between them (third row).
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values significantly above our detection limit. It is reasonable to speculate that fast-growing convective plumes
possess different cloud microphysical and dynamical character than those that grow slowly. The A-Train constel-
lation provides an opportunity to explore such question from a space-borne perspective. As a first step, we analyze
collocated CloudSat radar reflectivity profiles to illustrate how convective dynamics is connected to cloud
microphysics and internal vertical structures. Specifically, we compare the characteristics of CPR reflectivity profiles
between strong and weak convection, as indicated by convective vertical velocities.

Radar reflectivity profiles can be conveniently summarized in contoured frequency by altitude diagram (CFAD)
originally proposed by Yuter and Houze [1995]. Figure 3 shows the CFADs for strong andweak convection, defined
as convective plumes whose vertical velocities belong to the largest one third and the smallest one third of the
distributions, respectively (which correspond to w< 2.7m/s and> 4.8m/s, respectively, for cumulus congestus
and w< 2.4m/s and> 4.2m/s, respectively, for deep convection). The left columns are for cumulus congestus
(CTH between 8 and 10km) and the right columns for deep convection (CTH between 13 and 16km). The
contoured frequencies are normalized at each level (so they add up to 100 at each level). The bow shape of these
CFADs is typical of convective cores observed by millimeter-wavelength radar from space: the bulging part with
reflectivity of ~20 dBZ near cloud top reflects signals from large precipitation-size particles before attenuation
starts to affect the reflectivity, while the tail near the surface with very small reflectivity is due to severe attenuation
of radar signals by heavy rains above.

The most intriguing feature in Figure 3 lies in the difference between the CFADs of strong and weak convection
(the third rows). For both cumulus congestus and deep convection, stronger convective plumes show more
occurrences of large radar echo (~15–20 dBZ) near cloud top, which we highlight with dark solid ovals. This
suggests that more intense convection is better capable of transporting larger particles and/or greater amount of
water substance to higher altitude, although it is possible that larger amount of condensate brings about more
latent heat release that may further fuel convective updraft. Meanwhile, the more intense convective plumes also
show more severe attenuation in radar signals at the lower levels, as highlighted by dark dashed ovals. This
suggests that stronger convection produces heavier rainfall.

Land-ocean and day-night (13:30 versus 1:30 overpasses) contrasts are investigated. A couple of results are
worth noting: (1) For the afternoon (13:30) convection, 37% of the selected cases occur over land (but keep in
mind land only occupies 26% of the tropics). For the early morning (1:30) convection, only 14% occur over
land; majority of them are found over ocean. This is consistent with previous finding concerning the diurnal
cycles of oceanic and continental convection [e.g., Liu and Zipser, 2008]. (2) Over land, the mean vertical
velocities for afternoon and early morning convection are, respectively, 5.1m/s and 4.1m/s, suggesting that
convection is more vigorous in the afternoon than in the early morning, although we acknowledge that
A-Train misses the peak stage of continental convection, which is in the late afternoon. Over ocean, the
mean vertical velocities for afternoon and early morning are, respectively, 4.5m/s and 5.0m/s.

Finally, we briefly compare our study with previous work and discuss sources of error. Adler and Fenn [1979]
used a similar method to estimate convective vertical velocity, although the spatial resolution of their IR data
is only 8–10 km. They manually identified some strong convection in Oklahoma during the tornado season.
Except for severe tornadic elements, the mean values from their study are about 2–3m/s, which are generally
smaller than our estimates in this study. The main reason for the difference is probably spatial resolution
because the size of active convective updrafts is about 1 km or less [e.g., LeMone and Zipser, 1980a].

The errors for the estimated vertical velocity come from the following sources, as also discussed in Adler and Fenn
[1979]: (1) Use of moist adiabatic lapse rate (γm) to relate cloud-top cooling rates to cloud-top vertical velocity. Mixing
with the ambient air maymake the cooling rate differ from γm, although the level of themixing is minimal during the
actively growing stage of convective development [Luo et al., 2008]. (2) Cloud emissivity difference between IIR and
MODIS. MODIS views convection from a slantwise angle up to 17 degrees [Wang et al., 2011], while IIR makes nadir
observations (due to our requirement that CloudSat and CALIPSO pass through the convection). The difference in IR
emission levels is approximately H[1-cos(170)]≈0.04H, where H is the depth of the IR emission level. Our calculation
using a radiative transfermodel shows that for convective cores, H is smaller than 0.7km,which leads to amerely 28m
difference in the IR emission levels between IIR and MODIS, or ~0.28K in temperature difference. So, we consider this
error small for our application. Ground-based measurements will provide ultimate validation of our method. Recent
surface observations using continuous stereo photogrammetry of convective clouds provide a direct measure of the
convective top growth rate (D. Romps, personal communication, 2013). Our future study will pursue this validation.
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4. Summary and Discussions

This short letter describes a novel application of the A-Train data that allows for estimation of convective
vertical velocity and correlative analysis of convective dynamics, cloud microphysics, and cloud internal
vertical structures. Convective vertical velocity is derived from time-delayed (1–2min) IR brightness temperature
measurements from MODIS and IIR. The method is similar to a previous study using rapid scans of GEO data, but
several benefits comewith the use of A-Train data such as higher spatial resolution that ismore in linewith the size
of convective updrafts and added scientific value of the estimated convective vertical velocity owing to synergistic
measurements of other cloud parameters.

Principal findings of the study are as follows: (1) Two convective modes are identified for actively growing
convective plumes, which correspond, respectively, to cumulus congestus and deep convection. But some of
the congestus may grow into deep convection at a later time— a type that is called transient cumulus
congestus by Luo et al. [2009]. (2) The histogram of convective vertical velocity shows clusters around 2–4m/s,
but the distribution is positively skewed with long tails extending to higher velocity values. Land convection
during the 13:30 overpasses has higher vertical velocities than those during the 1:30 overpasses; oceanic con-
vection shows the opposite, albeit small contrast between the afternoon and early morning overpasses. (3)
Subsetting CloudSat CPR reflectivity profiles by convective vertical velocity shows that stronger convection is
capable of transporting larger precipitation-size particle and/or greater amount of water substance to higher
altitude and tends to produce heavier rainfall.

Some of these results concerning convective climatology and relation between convective dynamics, micro-
physics, and internal vertical structuresmay be expected fromour general understanding of tropical convection, at
least qualitatively. Nevertheless, it is important to point out that our current study demonstrates the capability to
use synergistic space-borne measurements, together with novel analysis method, to quantitatively explore these
questions from a global perspective. The same analysis framework can be expanded to other correlative mea-
surements from both the A-Train and other satellites. Such studies will bring new insights and provide important
observational constraints for evaluating GCM cumulus parameterizations.

This article is the first of a series of studies we are developing along the line of exploiting time difference among
different A-Train members for studying convective dynamics. Two key elements underline this type of study: (1)
well-paced time separation between instruments making similar measurements that can be used to derive time
evolution of certain convective cloud parameters and (2) correlative data sets that provide simultaneous and
complementary measurements of other aspects of clouds. MODIS and IIR fulfill the first requirement. CloudSat, on
the other hand, brings in simultaneous snapshot observations of cloudmicrophysics and internal vertical structure.
To this end, other A-Train measurements such as CALIPSO, AMSR-E, and visible/near-IR channels of MODIS can all
add additional information that will give a more complete depiction of the convective clouds.

The two key elements discussed above have implications for the designs of future cloud missions or more
generally, any mission that focuses on fasting-evolving phenomena or processes on the order of minutes or
several tens of minutes. First, it is constructive to consider deploying inexpensive sensors in a time-delayed
constellation so that certain processes can be captured in time evolution. Capturing time evolution can also
be achieved by using GEO satellites, but LEO provides higher spatial resolution (thus good for small-scale
processes) and offers other technological advantages. Second, this time-delayed constellation may be
supplemented by other members that provide certain advanced snapshot measurements.
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