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A Distributed Small Satellite Approach for
Measuring Convective Transports in the
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Abstract— The recent successful space-borne demonstration
of a miniaturized CubeSat precipitation radar is highlighted.
The low cost of such a radar, together with the availability
of small satellite, platforms to carry it, now make it feasible
to consider employing a more distributed approach to observe
important atmospheric processes that relate to precipitation.
An approach to quantify the transport of water and air by deep
convection is described based on a clustering of small radar
satellites providing measurements seconds apart. This strategy
now adds time as a new dimension for observing such processes.
A mission concept, referred to as D-train, comprised of a train
of three satellites 30, 90, and 120 s apart is described, and the
expected performance of it for providing measures of convective
transport is examined based on a large ensemble of simulations
of convection with an advanced cloud-resolving model.
Index Terms— Atmospheric radar, clouds, convection, meteorology, millimeter-wave radar, precipitation, small satellites.

I. I NTRODUCTION

A

S THE heated air of low latitudes rises and moves
poleward, it cools and sinks in the subtropics creating
a massive overturning of the atmosphere that largely determines the weather patterns and climates of the tropical and
subtropical zones. That this rising air is accomplished by
transports by many narrow plumes in deep convection, referred
to as hot towers, was one of the most remarkable inferences
about the atmosphere in the mid-20th century [1]. It was
surmized that the vertical transport of heated air must occur
in about 2000 of these hot towers at any given time, but
neither the number of hot towers nor the strength of transport
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by deep convection has been measured. We neither know if
this transport mostly occurs through individual thunderstorms,
as first thought, or through larger mesoscale convective systems (MCSs), nor how much is contributed by the most intense
tropical storms [2], [3]. Such uncertainties affect our ability
to predict short-term severe weather, weather on subseasonal
to seasonal time scales and multi-decadal climate change [4].
Specifically: 1) much of the heaviest precipitation and severe
weather on earth is associated with these transports [5]; 2) deep
convective transports are the main way that heat, moisture,
mass, and trace gases are lifted from low levels into the
upper troposphere, and these transports are a significant source
of high clouds. Although the precipitation radar measurements from the NASA Tropical Rainfall Measurement Mission
(TRMM) offer information about convective intensity [6] and
latent heating [7], the lack of observational constraints on
the modeling of the processes that produce these clouds and
measures of transport within them results in a large modelto-model spread in high cloud properties [8] and related
high-cloud feedbacks in models ([9]); and 3) projections of
global precipitation change in response to forced climate
change, i.e., “the hydrological cycle acceleration,” can differ
by a factor of two or more depending on model assumptions
about tropical deep convective transports [10].
The importance of knowing the vertical transports of water
vapor and condensate by atmospheric moist convection cannot
be overstated. Observations of these transports are essential
if we are to advance our ability to predict weather out to
seasonal time scales and beyond and if we are to provide
reliable projections of the effects of climate change on our
weather.
This article describes an approach that provides observations of convective transports made possible through recent
technology innovation that now offers feasible, low-cost ways
to develop weather radars for space-borne applications. This
enabling technology, together with an ability to fly satellites
in close formation, provides a new dimension in earth observations needed to capture the dynamical nature of convection
and insights on their transports.
Section II briefly describes the technology that now makes
the quantification of convective transports a reality. The Raincube [11] demonstration in space was launched in May 2018 to
the international space station. This radar has dramatically
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TABLE I
C OMPARISON OF THE P ROPERTIES OF T WO C ONCEPTS FOR O RBITING
R ADARS , O NE N OW O RBITING E ARTH (R AINCUBE ) AND THE O THER
( THE D-T RAIN R ADAR ), W HICH I S A D ERIVATE OF THE R AINCUBE
R ADAR AND H AS B EEN P ROPOSED FOR O RBIT

Fig. 1. 6U CubeSat MiniKaAR-C radar and spacecraft entering thermal
vacuum testing at JPL in 2017.

reduced the size and cost of a space-borne radar making
it now feasible to use a distributed small-satellite approach
for observing earth-related processes. Section III describes a
concept for such an approach designed for measuring convective transport. This is followed by a presentation of the
ensemble of simulations using advanced models of convection
to illustrate the expected performance of such an observing
approach. Section V then concludes with a brief description of
a potential mission concept, referred to as D-train, designed to
address basic questions about the transports by deep convective
storms.
II. R AINCUBE D EMONSTRATION
Radars are typically thought of as a payload that cannot
fit small satellite platforms given their perceived large size,
weight, and power requirements. A novel miniature Ka-band
atmospheric precipitation radar (miniKaAR) architecture has
been developed at JPL that reduces the number of components,
power consumption, and mass by over an order of magnitude
with respect to existing space-borne radars. As such it is compatible with the capabilities of low-cost satellite platforms such
as CubeSats and SmallSats. Here, we introduce two versions
of this radar, and the properties of each radar are summarized
in Table I. The version of the radar identified as D-train is a
small-satellite version described later. The CubeSat version of
the radar electronics, referred to as the miniKaAR-C, and an
ultracompact lightweight antenna referred to as KaRPDA [11]
were launched in May 2018 as the technology demonstration
RainCube mission on a 6U CubeSat (Fig. 1). MiniKaAR-C
operates at the center frequency of 35.75 GHz and utilizes
offset I –Q, a novel modulation technique which enables
miniaturization of the radar electronics by directly converting
to/from Ka-band from/to baseband, properly selecting the frequency scheme, and using digital filtering to remove unwanted

Fig. 2. (a) MiniKaAR-C data from the airborne campaign as a part of
the PECAN campaign (June 28–July 15, 2015) showing the profile of radar
reflectivity Z . The reflectivity color scale is in dBZ. The expected on orbit
sensitivity of Raincube of ∼10 dBZ is emphasized with the color scale chosen.
(b) MiniKaAR-C reflectivity profiles of rain falling from the nascent hurricane
florence.

spurious signals. MiniKaAR-C also adopts a solid-state power
amplifier that produces approximately 10 W of RF peak power,
and a chirped pulse nominally of 166 μs (with linear frequency
modulation and amplitude tapering) with a duty cycle of 10%.
The antenna size for the RainCube technology demonstration
is of 0.5 m, with an antenna gain of 42.6 dB and resulting
in a footprint of approximately 8 km from the nominal orbit
altitude of 400 km.
As part of the development, Raincube was integrated
and tested in the successful ground and airborne demonstration experiments before being integrated on a CubeSat and launched in space. For the airborne demonstration,
the MiniKaAR-C instrument was installed and flown on a Douglas DC-8 operated by NASA Armstrong Flight Research Center. For this application, the KaRPDA antenna was replaced by
a horn-lens antenna. Fig. 2(a) shows the Ka-band reflectivity
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Fig. 3. Schematic of a three satellite cluster observing a growing convective
cloud. Each profile would be matched to the preceding profile collected
δt seconds before it. One concept being considered is for δt = 30 and 90 s.

profile through a convective cloud system observed during
the Plains Elevated Convection at Night (PECAN) campaign
between June 28 and July 15, 2015. Analyses of these field
experiment results confirmed the overall performance of the
radar including pulse compression, sensitivity, and resolution.
The performance of Raincube was further confirmed with
the profiles of reflectivity observed from the orbit of stratiform
rain in the region from 5 to 20 N and from 10 to 30 W associated with a tropical depression that formed into hurricane
florence [Fig. 2(b)].

Fig. 4. Relation between the time differences of the radar reflectivity and
the vertical motion of the same volume of air.

III. D ISTRIBUTED R ADAR O BSERVING S YSTEM
C ONCEPT FOR O BSERVING C ONVECTION
The low cost of both the MiniKaAR and small satellite platforms to carry it now make it feasible to consider
employing a more distributed approach to observe atmospheric
processes. An observing system of multiple radars could
be used in constellation, for example, to provide a broader
temporal and spatial sampling of weather systems than is
possible with a single radar in space. Alternatively, multiple
radar satellites could also be flown in a clustered formation
to observe very fast changes in convection as, for example,
illustrated by the concept shown in Fig. 3. In this hypothetical
example, a constellation of three small satellites each flying a
miniature, nadir-pointing, Ka-band atmospheric radar spaced,
respectively, 30 and 90 s apart provide a new dimension
to the observations—one of time. For this case, three timedifference baselines provide the rates of change of convection
from weaker (120 s) to the most intense (30 s) systems. The
principal measurement delivered by each radar is the rangeresolved power returned from atmospheric scatterers (hydrometeors) expressed in terms of a radar reflectivity (Z ) factor.
The measurement approach also delivers an additional profile
of information in the form of a reflectivity difference Z .
Although each profile of Z contains information about convective strength, precipitation, and hydrometeor mass to varying
degrees [12]–[14], the time-differenced reflectivity measurements, by contrast, provide information about rates of change
of condensed mass, a measure of vertical motion as well as
other information that can be interpreted in terms of convective
vertical transport as described in the following.

Fig. 5. Maps of vertically averaged reflectivity (Top) and associated time
derivative adjusted for the horizontal advection (Bottom) as observed by the
KDAX radar on January 4, 2008: temporally averaged from 22:11 to 22:16
(Left) during the presence of the squall line, from 18:14 to 20:53 (Middle)
before the formation of the squall line, and from 21:02 to 01:00 (during
squall).

IV. I NFORMATION C ONTENT OF T IME -D IFFERENCED
R ADAR DATA : O BSERVATIONAL S UPPORT
The observing approach described above and its relationship to convective transport are not easily tested with airborne observations. The approach has been motivated by and
verified to some degree with time sampled surface radar
observations [15]–[18]. Fig. 4 shows one example of analysis
of joint surface radar data matched to wind profiling data
of monsoon rain systems over from National Atmospheric
Research Laboratory, Gardanki, India. Although anecdotal,
Fig. 4 shows a broad correlation between observations of
Z /t and observations of vertical motion (w) at different
levels within convective storms. The underpinning basis of
such a relation is described in the following.
The results highlighted in Fig. 5 are from analysis of
surface radar echoes that offer further illustration of the nature
of the relation between time-differenced radar echoes and
vertical transports in storms. The data are a sequence of
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NEXRAD volume scans from the WSR-88D radar KDAX at
Sacramento, taken during the storm that passed over Northern
California on January 4, 2008. The radar reflectivities from
January 3, 2008 1800Z to January 5, 2008 0100Z reveal a
squall line sweeping through from the West–Northwest to
the East–Southeast (refer to the top row of Fig. 5, which
shows the vertically integrated radar reflectivities averaged
over three different time intervals). The radar produced a
volume scan approximately every 4.5 min. The reflectivity
data were interpolated to a grid with a horizontal resolution
of 1.5 km and a vertical resolution of 250 m. The horizontal
wind advection field U = (u, v) was estimated directly from
the gridded reflectivity data at each vertical level, by moving
a horizontal 15 km × 15 km square window over the domain
scanned by the radar and identifying, for the center of each
window position in the domain, the vector U which maximizes
the correlation between the reflectivities measured at the
beginning of the given 4.5-min interval and those measured
at the end of the time interval. For robustness, criteria very
similar to those used to estimate Atmospheric Motion Vectors
were adopted. The resulting advection field was then used
to correct the simple partial derivative of the reflectivities
with respect to time, to allow the estimation of the numerator
in (2). This numerator, once corrected for advection, thus
represents the combined sources of condensed water by total
effect of any increased local condensation and any vertical
transport (positive values pointing upward). The bottom of
Fig. 5 shows this source term averaged over the three different
time intervals. Despite the changing patterns of the reflectivity
averages (top rows), the averages of the total source term
reveal strong sources fixed over the coastal ranges and to a
lesser extent at the west-facing slope of the Sierras inland,
and a fixed sink located on the east-facing slope of the coastal
ranges. This event was an “atmospheric river” and remarkably
highlights the orographic influences on moist air being lifted
that is not visible in the reflectivity data. The bottom rows
clearly highlight the presence of vertical transport from the
southwest onto the coast, the coastal ranges, with a similar
if less pronounced effect by the Sierras themselves further
inland. This is a form of phenomenological “validation” that
the time-difference measurements indeed reflect the vertical
transport of water in storm systems.
V. O BSERVING S YSTEM S IMULATIONS
An ensemble of numerical model simulations of deep
convection produced a synthetic database of observations
that can be connected to properties of convection. These
simulations were conducted using an advanced convective
resolving cloud model with a detailed treatment of cloud
and ice hydrometeors [19], [20]. The synthetic observations
so created are a valuable way of testing the measurement
concept and evaluating retrieval performance. The simulation
approach developed for this purpose is schematically portrayed in Fig. 6. The cloud model evolves the dynamical and
thermodynamical properties of the environment along with
the distribution of clouds and precipitation associated with
the convective system that forms. Cloud model simulations
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Fig. 6.
Flow diagram of the simulation approach developed to explore
the relation between the proposed space-borne radar measurements and the
convective transport.

have a horizontal grid-spacing of 250 m, much finer that
the footprint expected of a miniKaAR. This allows us to
test the effects of nonuniform cloud effects on radar reflectivity over a variety of simulated footprint sizes. Simulation
of radar retrieved convective vertical mass flux consists of
three main components. First, an ensemble of model initial
conditions is created for three cases of observed convection,
with initial humidity, temperature, and wind in each case
are then perturbed over ranges consistent with uncertainty in
radiosonde observations [21], creating an ensemble of 25 different simulations of convection for each case. In the second
component, simulated liquid and ice hydrometeors from the
cloud model are input into four different cloud microphysical
modules to produce inputs to the radar simulator. The radar
simulator has been documented in [17], [18], and [22]. The
scattering properties of each category of water in the cloud
model’s microphysical scheme are based on T-matrix code
for liquid and discrete-dipole scattering (DDSCAT) approximations for ice. Simulated radar on the 250-m model grid is
then convolved with D-train’s expected antenna point spread
function to produce observations on a 3-km scale, the expected
footprint of the space-borne miniKaAR when configured with
a 1.6-m antenna and assumed on a 500-km orbit. In this
way, the results can be assessed as a function of the assumptions inherent to these different microphysics schemes. Thus,
the simulation approach provides a way of assessing the
sensitivity of the entire process to assumption about microphysical properties that are not observed or remain unconstrained. The third main component then uses these synthetic
observations to: 1) explore the extent that the observed radar
information relates to the convective transports as predicted;
2) the extent that 3-km scale observations represent the actual
transports averaged to the 3-km scale; and 3) the extent that
the observations are sensitive enough to reveal the dependence of the transports on changing environmental properties.
An important environmental parameter that influences convection and its transport is the environmental relative humidity
(RH) [23]–[25], and the sensitivity of the retrieved information
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Fig. 7. Example simulation of the 3-km footprint miniKaAR measurements
taken from one ensemble member of each case identified by date. (Top row)
Synthetic along-orbit nadir simulation of Z (in units of dBZ). (Middle row)
90-s Z difference expressed as dBZ/min. (Bottom row, red) The deepest
profiles and greatest changes in Z occur where the updrafts are strongest.
A precision on each radar of 1 dBZ is approximately an order of magnitude
smaller than the expected changes in the deepest convection over 90 s.

on RH can also be assessed against the model truth. The
production of synthetic observations using highly realistic
fine-scale simulations of convection constitutes a valuable way
of testing the measurement concept and evaluating retrieval
performance.
A. Radar Simulations of a Convective Storm
Fig. 7 shows one example of miniKaAR simulated level 1
reflectivity data for one member of each case study ensemble.
The Z profiles (top row) are from reflectivities calculated at
the model 250-m resolution then averaged to 3 km. The 90-s
profile differences (Z , middle row of panels), however, are
where the dynamical imprints of the convective transports can
be found. This is highlighted in the bottom panels showing
the maximum vertical motion and maximum Z within each
3-km column above the melting level. The stronger vertical
transports, indicated by larger vertical motions, stand out as
being highly correlated with the largest reflectivity changes
that typically occur in the deepest convective columns. The
Aug 11th case serves to highlight how the relation between the
maximum vertical motion and the reflectivity difference breaks
down away from the convective cores. In this example, the
correlation breaks down in regions of stratiform precipitation
in the region of 0–40 km.
B. Vertical Motion
The simulations described above, together with analysis of
observations from surface radars (Figs. 4 and 5 and [15]–[17]),
clearly illustrate how information about the vertical movement
of air within convection is contained in the time-difference
radar observations. An intuitive demonstration of this connection follows by tracking the rise of a given Z surface in
a storm, such as the echo top height of, say, the 10-dBZ
surface as schematically presented in Fig. 3. Tracking this
surface offers a way of indexing the upward motion of

condensed water in the convective core. Different resolutions
of these upward motions are thus implied in using different δt
baselines. For example, a range resolution of 250 m with δt
of 30, 90, and 120 s hypothetically corresponds to a resolved
vertical motion of 8, 2.8, and 2 ms−1 , respectively. Unlike
the instantaneous nature of the Doppler motion measurements,
the motions and transports inferred from time-difference measurements represent the sustained mean motion and transports
over the given δt baseline
Although the relation between time-differenced radar measurements and vertical motion of hydrometeors can be conceptually understood in terms of the movement of Z surfaces
as described above, a more formal relation between the observations and motion follows by considering the time rate of
change of the radar reflectivity Z of a given radar volume,
namely,
∂z
∂z
∂z
∂z
+u
+v
+ wC
=C
∂t
∂x
∂y
∂h

(1)

where the term ∂ Z /∂t ∼ Z /t is the observed time difference obtained with two radars observations, and the second
two terms are the horizontal advection of cloud particles
through the volume by the horizontal wind components u
and v. The vertical advection of Z by the vertical wind
component wc is the term associated with the vertical transport
by convection representing, in this case, the vertical motion of
condensed water and is thus directly analogous to a Doppler
velocity that convolves both air and particle speeds. The factor
C contains all cloud processes acting within the volume to
change the mass of condensate observed by the radar as
expressed by Z such as by vapor deposition on particles and
other processes. The ensemble cloud model simulations reveal
that these cloud physical conversion processes primarily vary
linearly with wc [Fig. 8(a)] with a proportionality constant that
is a remarkably well-behaved function of temperature [21].
Given this behavior it reasonable to approximate C ∼ αwc ,
resulting in a rearrangement of (1) as



z
z
z −1
z
+u
+v
= WC .
(2)
α−
t
x
y
h
Since the coefficient α can be robustly deduced from simulations and temperature regardless of the convective storm
type [Fig. 8(b)], (2) underscores how the vertical motion
that advects Z is directly related to the observables of time
difference measures of Z (i.e., Z /t) and the vertical profile
of Z (i.e., Z /h) with the contribution from horizontal
advection also being diagnosed from across track multi-beam
radar observations. A swath of 15 km composed of five
footprints side by side has been proposed in order to account
for the cross-track advection. For convection that develops in
the tropical environment, the latter contributions of advection
are, however, often small and can be neglected.
Fig. 9 exemplifies the connection between the vertical
motion in the form of an equivalent Doppler velocity that
is retrieved from time-difference measurements of reflectivity
from the ensemble of cases derived using the February 23rd
case study. These profiles are derived from time differences
of Z of 90 s and apply to an ensemble of measurements
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Fig. 8.
(Top) Relation between the conversion of vapor to condensate
mass and vertical motion calculated using an advanced cloud resolving model
reveals a strongly linear growth process regardless of the model of what type
of cloud particle is growing and regardless of the environmental atmospheric
state in which convection forms. This relation only applied above the freezing
level. (Bottom) αcoefficient for various cases presented as a function of radar
volume temperature [21].
Fig. 10. (a) (Top) Relation between the maximum vertical updraft speed and
the heaviest rains of storms expressed by the 99% rate of surface precipitation
derived from the model ensemble. (b)
√ (Bottom) Relation between maximum
updraft speed in column and the 1/2 CAPE, which is the maximum expected
of an idealized buoyant plume rising in air where CAPE is a measure of energy
available to lift air. The dashed line is the prediction from this idealized theory
and the points are that derived from the ensemble of model simulations.

Fig. 9. Retrieval of vertical motion principally based on reflectivity difference
measurements. Retrieval errors are shown as they apply to the ensemble
simulation for the 90 s Z > 5 dB and |wmax| > 1 m/s. Retrieval performance is shown for different assumed measurement errors on Z (expressed
in dBZ). The 0-dB noise is the ideal no-measurement-noise case, illustrating
the intrinsic retrieval uncertainty due to the imperfect information content of
the observation. The 2-dB case is what would be expected for a space-borne
radar.

for Z > 5 dB and |wmax| > 1 m/s. Retrieval performance
is shown for different assumed measurement errors on Z
(expressed in dBZ). The 0-dB noise profile is the ideal
no-measurement-noise case, illustrating the intrinsic retrieval
uncertainty due to the imperfect information content of the
observation. The 2-dB measurement noise case is a conservative estimate of the expected performance of a radar in space

both this result and that shown in Fig. 7(a) underscore how
time-difference radar reflectivity measurements map directly
onto the vertical motion within the column observed, especially above 5 km. The maximum column updraft speed that
can be inferred from such profiles is a fundamental measure
of convective intensity correlating to the more extreme precipitation produced by storms [Fig. 10(a)]. This maximum speed
also connects to the environmental conditions, like convective
available potential energy (CAPE), through simple theoretical relationships that can be tested with such information
[Fig. 10(b)].

C. Water Mass Changes
Radar reflectivity Z itself provides valuable information
about the mass of condensed water M in the radar volume.
Time-difference measurements of Z relate to rates of change
of condensed mass M in the volume in a more direct way
than does Z relate to M. The basis of this result follows from
the simple Z –M relationship typically expressed as a power
law [12], [26]
Z ∼ M 2 /N0 ∼ a M b

(3)
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Fig. 11. (a) Z –M relationship. (b) Z –dlogM/dt relationship. These relationships are derived from the ensemble of simulations with three different
types of microphysical models in the simulations of Z . The spread in the
Z –M relation is a result of these different assumptions about microphysics,
whereas the Z -dlogM/dt is much less sensitive to the effects of microphysics.

where M = mass of condensed water (rain water, hail, snow,
cloud water, and ice), No = hydrometeor concentration, and
the coefficients a and b vary depending on the details of
the cloud itself. Fig. 11(a) shows an example of a Z –M
relationship derived from the entire 75 ensemble member simulations described above. The consequence of the approximate
nature of the power-law relation (3) is that reflectivity Z is
not a unique measure of M varying by about two orders
of magnitude for a given value of Z . The largest range
of uncertainty in this relationship is represented by the a
coefficient that is poorly known and depends on the types of
hydrometeors in the volume that are typically either unknown
or not unmeasured [26].
The time rate of change of mass content and the corresponding temporal differences of the radar reflectivity more
directly relate to each other as shown in Fig. 11(b) because
biases inherent in Z –M relationships through the a coefficient
largely cancel when data are differenced over short enough
time intervals (seconds). It is from dZ/dtthat the relative rate
of change dlogM/dtcan be derived for each radar range bin
above the melting level (∼5 km for tropical storms), and the
slope of such a relation in Fig. 11(b) represents the exponent
b. These results indicate how invariant the exponent b is
between different cloud microphysical models uses to create
the synthetic observations (Fig. 6). Interpretation of timedifference observations below about 5 km, for the most part,
is problematic because of a number of factors (attenuation,
multiple scattering) that cannot easily be quantified, and thus,
the analysis is really only applicable above the freezing level.
These results reproduce those obtained in [17] and [18], based
on simulations of very different atmospheric scenes (tropical
depression Isabel in the East-Atlantic, 2003, and PineappleExpress atmospheric river in California, 2008) with an entirely
different model.

Fig. 12. (a) (Top) Bayesian retrieval versus actual model mass flux (truth)
of condensed water mass flux at 350 hPa. (b) (Bottom) Isolated case from
February 23rd ensemble showing a correlation between the vertical fluxes of
dry-(x-axis, Q A ) and moist-air (y-axis, Q C ) mass fluxes.

D. Convective Mass Fluxes
This time-difference radar measurements contain information both about the time change of condensed mass and the
vertical movement of water mass in storms, especially where
air is moving upward at velocities exceeding 1 ms−1 , suggests
that these measurements can serve as a reasonable close proxy
for the vertical flux of condensed water Q C = ρwC M where
ρ is the density of air. Information content analysis confirms
that the combination of both time-differenced (Z ) and timeaveraged Z profiles directly relate to this flux for profiles
where vertical motions exceed 1 ms−1 [16], and the results
of such an analysis are shown in Fig. 12. It also turns out
the mass flux of vertically rising dry air (Q A ) also correlates
directly to Q C [Fig. 12(b)].
Thus, estimates of Q C provide direct insights on Q A
and thus insights on the convective mass fluxes of dry air,
a principal parameter that describes convective transports.
Profiles of dry-air mass flux Q A retrieved from a synthetic level-1 radar data are compared to actual mass fluxes
derived from the cloud model-averaged to that same scale
(3×3 km2 horizontally) in Fig. 13. These results are presented
as percentiles within two RH regimes to illustrate the range
of transports that occur conditioned on RH and the ability
of the retrieval to reproduce this range of behavior. The
vertical profiles of Q A presented in this example are for
the lowest 10% RH [Fig. 12(a)] and the upper most 10%
RH [Fig. 13(b)] of the environments used in the simulations.
These results demonstrate how the retrieval of mass flux
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Fig. 13. February 23rd case study: vertical profiles of the convective mass
flux conditioned on the environmental humidity. Shown are the percentiles
of the vertical fluxes of dry air Q A compared to model truth (circles) and
Bayesian retrievals (solid line) that use observations of a convoy of two
miniKaAR radars. Profiles are for all (a) high-moisture and (b) low-moisture
environments.

captures both the variability within a given environmental RH
state and the variability across changes in environmental RH.
The results also illustrate how the retrieval breaks down below
5 km as expected for reasons described above. Although the
instantaneous errors on individual flux profiles are estimated to
be approximately 40%, when averaged over many profiles such
as on the scale of a storm, or composited by environmental
humidity, as in the example of Fig. 13, these errors are
typically less much than 15% and small enough to capture
credibly the dynamic range of variability of mass flux.
VI. D-T RAIN M ISSION C ONCEPT
The dynamical train (D-train) mission concept proposes
making time-difference observations with three small satellites
30 and 90 s apart, each flying a miniKaAR with a fixed
antenna of 1.6 m in diameter on a small 100-kg class satellite.
This concept would deliver time-difference measurements on
three-time baselines. When placed in an orbit of 500 km,
each miniKaAR with a 1.6-m antenna (Table I) is projected to
provide reflectivity profiles with a footprint of approximately
3 km at the surface and a vertical profile with a 250-m
resolution. A concept for a five beam radar delivering crosstrack swath of approximately 15 km has been proposed.
A swath provides the ability to examine the geometry of
convective cores as well as enhances the ability to overlap
convective core regions observed seconds apart. The mission
concept also has a pointing requirement of 0.07◦ 2−σ , which
is one-fifth of the antenna beamwidth, to ensure the required
minimum footprint overlap of 80%, which has been assessed
to be sufficient to reduce the confounding factors due to
footprint mismatch [15], [16]. Such geolocation requirement
imposes specific requirements to antenna alignment, and platform navigation and control systems, which are well within
the capabilities of available small satellite platforms and not
unprecedented as, for example, demonstrated by the formation
flying of CloudSat and CALIPSO satellites.
The range of vertical motions resolved by time-difference
measurements of 120, 90, and 30 s is shown in Fig. 14(a)
derived from the entire model ensemble. A 120-s time difference corresponds to vertical motions of 2 m/s and greater.

Fig. 14. (a) Cumulative distribution of vertical velocity derived from the
ensemble of simulations at different heights in deep convection for updrafts
exceeding 1 m/s. The shaded regions convey where vertical motions can
simply be inferred from height changes of reflectivity observe 30, 90, and
10 s apart. This illustrates how a mission concept as described detects motions
of 2 m/s and larger. (b) Cumulative distribution of dry air mass flux in
isolated convective storms at three different levels. D-train potentially samples
80–90 of the total mass flux of these storms.

According to the simulations performed, this detection threshold corresponds to about 50% of all vertical motions contained
in the ensemble database of deep convection and to about
80%–90% of all transport above 5 km calculated from the
75 member ensemble [Fig. 14(b)]. At 90 s, the upper 35%
of all motions would be detected corresponding to between
70% and 85% of all convective transports above 5 km, while
measurements 30 s apart detects approximately the upper
10% of motions corresponding to 40%–60% of all convective
transports above 5 km.
VII. C ONCLUSION
The recent successful space-borne demonstration of a miniaturized, low-cost CubeSat precipitation radar, together with the
availability of small satellite platforms to carry it, now make
it feasible to consider employing a more distributed approach
to observe important atmospheric processes that relate to precipitation. This article described progress toward such a goal
both presenting a rationale of why time differenced, clustered
measurements provide a quantitative approach to estimating
the vertical transport of air by deep convective storms. Both
surface observations and observing system simulations support
the credibility of the measurement strategy being proposed.
A mission concept, referred to as D-train, comprised of a
train of three satellites 30, 90, and 120 s apart each carrying
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a version of this small radar is described. The expected performance of it for providing measures of convective transport
is described, and the expected performance of the observing
system is examined using a large ensemble of simulations of
convection with an advanced cloud-resolving model. Further
research in testing the measurements approach using both
other surface observations as well as further model simulations
is underway.
The topics addressed by this measurement approach are
central to the clouds convection and precipitation designated
observable recommendation of the National Academy decadal
study that calls for measurements of vertical motion in convection. This recommendation is currently under study by NASA,
and the relative merits of this approach compared to Doppler
measurements, for example, are being explored through further
model simulations. The proposed approach introduced in this
article is novel, while the collective uncertainty associated
with the method is addressed in Fig. 9 for vertical motion,
the individual error sources, such as effects of attenuation,
multiple scattering, microphysical assumptions inherent to
(2), and other observational factors like pointing errors and
partially filled footprints, all need further investigation.
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