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Abstract. The vertical motion in tropical anvil clouds is crucial for understanding their maintenance and evo-
lution but is notoriously difficult to observe. This work explores the potential utility of EarthCARE in reveal-
ing previously unobserved aspects of anvil clouds using the radar-only (2A.CPR_CLP) and radar-lidar synergy
(2B.AC_CLP) products. Composite vertical profiles of cloud fraction sorted by ice water path (IWP) are con-
structed as a statistical representation of anvil clouds and deep convection. In-cloud vertical air motion as esti-
mated from Doppler measurements reveals that intense updraft penetrating within deep convection gives way to
a weaker ascent in anvil clouds. The radar-only product slightly underestimates the ascent in anvil clouds relative
to the radar-lidar product due to a difference in the particle size distribution, while the overall spatial pattern of
vertical air motion remains consistent. Diagnostic horizontal wind is then derived from the vertical motion esti-
mates under mass conservation in composite vertical-horizontal space. The resulting wind vector field emerges
as an overturning mesoscale circulation constituted of a mid-tropospheric inflow and an upper-tropospheric out-
flow. The present findings, although preliminary, confirm the promising potential of EarthCARE observations
for investigating the anvil cloud dynamics.

1 Introduction

Clouds prevail in the upper troposphere over the Tropics.
While the climatological mean high-cloud amount is about
0.37 when averaged over the globe, this number increases
to nearly 0.5 at tropical latitudes (Stubenrauch et al., 2024).
Tropical high clouds consist of at least two distinct com-
ponents differentiated from each other by formation mech-
anism. In situ cirrus is formed ubiquitously in the tropical
tropopause layer (TTL) owing to very low temperature there
leading to a high relatively humidity, and also because of the
limited moisture availability in TTL that prevents ice crystals
from growing fast enough to fall out quickly (Jensen et al.,
1996; Fueglistaler et al., 2009).

Another member of tropical cirrus is anvil clouds formed
in association with the detrainment of condensate from deep
convection, which accounts for nearly one half of all the trop-
ical cirrus (Massie et al., 2002; Luo and Rossow, 2004). An
anvil cloud can by far outlive the deep convection that pro-

duced it, maintained over a length of time depending on dif-
ferent factors such as radiatively-driven in-cloud dynamics
(Ackerman et al., 1988; Lilly, 1988; Hartmann et al., 2018;
Gasparini et al., 2019), cloud microphysics (Jensen et al.,
1996; Garrett et al., 2005; Ohno et al., 2021), and dynamic
and thermodynamic environments in the upper troposphere
(Sherwood, 1999; Hartmann and Larson, 2002; Bony et al.,
2016; Seeley et al., 2019) and even through lower tropo-
spheric dynamics (Masunaga and Bony, 2018; Masunaga,
2023).

Global observations of the cloud radiative and microphys-
ical properties are invaluable for translating the process-level
knowledge to understand the workings of cloud feedback as
part of Earth’s climate system. Global measurements of the
anvil cloud properties benefit particularly from active remote
sensing from space with the ability to vertically profile the
in-cloud structure. The CloudSat and Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observations (CALIPSO)
satellites, flying in formation for over 15 years since their
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launch in 2006 (Stephens et al., 2018), opened a new path-
way to study the cloud vertical structure with simultaneous
radar and lidar measurements. CloudSat-CALIPSO data have
been demonstrated to be instrumental in studying anvil cloud
dynamics (e.g., Sokol and Hartmann, 2020; Wall et al., 2020;
Horner and Gryspeerdt, 2023).

While CloudSat and CALIPSO ended their missions in
2023, the Earth Clouds, Aerosols and Radiation Explorer
(EarthCARE) satellite was sent into orbit in 2024, carry-
ing Cloud Profiling Radar (CPR) and Atmospheric Lidar
(ATLID) with other two instruments aboard (Illingworth et
al., 2015; Wehr et al., 2023). EarthCARE CPR (EC-CPR)
is a W-band Doppler radar designed to measure the verti-
cal velocity of hydrometers as well as their back-scattered
echo. ATLID is a high spectral resolution lidar (HSRL)
transmitting ultraviolet (355 nm) laser pulses, having the ad-
vanced capability to separate out molecular scattering sig-
nals from the particle scattering echoes from clouds and
aerosols. As such, EarthCARE not only succeeds CloudSat
and CALIPSO, reviving joint radar-lidar observations from
space, but benefits from enhanced technologies in satellite
active remote sensing.

Vertical velocity remains among key uncertainties in the
formation and maintenance mechanisms of cirrus clouds
(Kärcher and Spichtinger, 2009). Difficulties arise largely, if
not entirely, from the lack of vertical motion measurements
in upper-tropospheric clouds to verify existing hypotheses
and model simulations (Gasparini et al., 2023). EarthCARE
brought about breakthrough as the first spacecraft carrying
a Doppler weather radar. Early observations from EC-CPR
so far have already proven the value of Doppler measure-
ments for studying the vertical motion in vigorous convec-
tive systems (Galfione et al., 2025; Roh et al., 2025; Aoki et
al., 2026b; Hotta et al., 2026) and the microphysics in cirrus
clouds (Seiki et al., 2025).

The potential of EarthCARE, however, has yet to be
explored with focus on anvil clouds. Vertical air velocity
in anvil clouds remains within ± 1 m−1 most of the time
(Muhlbauer et al., 2014), which can be largely or more than
entirely offset in Doppler measurements by the contribution
of hydrometeor sedimentation. Reliable Doppler estimation
of vertical air motion would require a careful treatment of the
algorithmic assumptions on cloud microphysics for properly
factoring out the sedimentation component. It is crucial to
assess if Doppler observations provide a reasonable diagno-
sis of vertical air velocity as recorded in the EarthCARE data
products.

The goals of this paper are twofold. First, the vertical mo-
tion estimates are examined for robustness in light of the
archetypical cloud-system structure comprised of a deep con-
vective tower and anvil clouds (Sect. 3.2). This is done by av-
eraging observations into a two-dimensional composite dia-
gram in the IWP–height plane. The radar-only product is then
compared against the radar-lidar synergy product in compos-
ite space. The difference between the two products provides

a measure of minimum uncertainty in the EarthCARE mea-
surements of cloud properties and vertical air motion, as will
be detailed in Sect. 3.3. Second, a diagnostic estimate of hori-
zontal wind is derived from vertical velocity to illustrate two-
dimensional wind field in the vertical plane (Sect. 4). This
is a preliminary experiment intended to illuminate the unex-
plored potential of EarthCARE for looking into the dynamics
of anvil clouds.

2 Data

2.1 Overview of EarthCARE data products

The EarthCARE mission was developed and is being oper-
ated jointly by Japan Aerospace Exploration Agency (JAXA)
and European Space Agency (ESA). Two independent sets
of the EarthCARE science data products are produced and
distributed by JAXA and ESA (Eisinger et al., 2024). This
work analyzes the cloud fraction (the number of cloudy pix-
els divided by the total pixel count), ice water content (IWC),
ice water path (IWP), cloud effective radius, Doppler ve-
locity, the terminal velocity of hydrometeors, and in-cloud
vertical air velocity from the JAXA standard Level-2 cloud
products of 2A.CPR_CLP vBb (CPR-only) and 2B.AC_CLP
vBb (CPR-ATLID synergy) (Sato et al., 2025). These prod-
ucts contain two sets of variables having different spatial res-
olutions reconstructed with 1 and 10 km horizontal integra-
tion along the satellite track. The 10 km product is chosen
for the current analysis to ensure a desirable Doppler accu-
racy within ∼ 0.3 ms−1 (Hagihara et al., 2023). The vertical
resolution of CPR is 500 m but is oversampled every 100 m.
The CPR-ATLID synergy product has the same horizontal
and vertical sampling intervals as the CPR-only product. Air
temperature and pressure, sub-sampled from European Cen-
tre for Medium-range Weather Forecasts (ECMWF) forecast
runs along the EarthCARE satellite track, are used for com-
puting air density (Sect. 4.1).

All EarthCARE observations over the global tropical
oceans (i.e., all longitudes for 20° S–20° N with landmasses
and islands removed) are analyzed for the 14-month period
from the beginning of August 2024 to the end of Septem-
ber 2025. The latest product version (vCb) released for
2A.CPR_CLP and 2B.AC_CLP is not adopted here because
ample statistics are difficult secure due to a limited length
of record. The version vCb is so far available only for very
recent months since the release date, still pending for repro-
cessing back in time at the moment of this writing.

2.2 Cloud properties

The retrieval algorithm behind the 2A.CPR_CLP and
2B.AC_CLP products (Sato et al., 2025) is briefly outlined
in this subsection. The key input observables include radar
reflectivity factor, Doppler velocity, and path-integrated at-
tenuation from EC-CPR and back-scattering coefficient, ex-
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tinction coefficient, and depolarization ratio from ATLID.
The cloud properties such as IWC and cloud effective ra-
dius are derived so they match the observables by running
an inversion model under prescribed assumptions on particle
size distribution (PSD) and ice crystal habit. The PSD model
is the sum of two modified gamma distribution for frozen
hydrometeors, allowing a group of large ice particles such
as snow (mode 1) and another of smaller ones (mode 2) to
co-exist. The built-in inventory of ice crystal habit consists
of 2D plates, 2D columns, bullet rosettes, snow aggregates,
and several others. ATLID lidar ratio and depolarization ra-
tio, CPR reflectivity factor and Doppler velocity, and air tem-
perature help identify the optimal ice habit models. Once the
ice habit and PSD parameters are determined, the terminal
velocity of hydrometeors is derived with a built-in lookup
table so it is aerodynamically consistent with cloud micro-
physics (Sato et al., 2009).

The CPR-only and CPR-ATLID synergy products contain
the same sets of cloud physical variables, but estimated val-
ues are not identical for two major reasons. First, the CPR-
ATLID algorithm updates the ice habit model identified by
CPR alone in effort to optimize the cloud-type classifica-
tion with all available measurements. Second, the radar-lidar
synergy product can exploit an additional constraint on PSD
where radar and lidar signals are both available, because
the particle-size dependence of cloud back-scattering is sys-
tematically different between microwave and visible wave-
lengths (Okamoto et al., 2003).

Lidar pulses are so susceptible to attenuation that back-
scattered lidar echoes are often lost entirely deep inside a
thick cloud layer. The synergy impact is thus expected to be
efficient near cloud top but is not necessarily confined there
because the cloud PSD has control over the extinction of
radar and lidar echoes as well as their back-scattering effi-
ciency. Any difference in PSD parameters hence not only lo-
cally influences the retrieval but also in the layer immediately
below through attenuation correction. A consecutive chain of
this effect could eventually reach all levels beneath, leading
to the propagation of cloud-top information deeper into the
cloud as will be confirmed in Sect. 3.3.

Any systematic bias found between the CPR-only and
CPR-ATLID estimates is attributed mainly to differences in
the algorithmic assumptions, e.g., PSD models, between the
products. As such, comparing the two products offers an in-
complete but useful measure of uncertainties that could be re-
fined by further updating the assumptions. The EarthCARE
cloud products are ultimately to be assessed against in-situ
measurements. Several field campaigns have been conducted
and are being planned for EarthCARE product validation
(Kubota et al., 2026).

2.3 Doppler velocity and vertical air motion

Doppler velocity, wD, measured by a vertically pointing
radar is related to in-cloud vertical motion as

wD = wt,Z +wa,c+ ε, (1)

where wt,Z is the terminal velocity of hydrometeors with re-
spect to air (or sedimentation velocity) weighted with the
radar back-scattering coefficient in the integral over parti-
cle size, wa,c denotes in-cloud vertical air velocity, and ε
summarizes the measurement and retrieval errors. By design,
wD would offer a good proxy of terminal velocity in still air
(wa,c= 0), with the caveat that the fall velocity of large par-
ticles predominates as radar back-scattering is acutely sensi-
tive to particle size. In contrast, wD could be a large positive
(ascending) in intense convective towers where wa,c over-
whelms wt,Z in magnitude. It is otherwise not an obvious
task to separate wt,Z from wa,c in a measurement of wD.

An existing method to evaluate wa,c from Doppler ob-
servations is to isolate out wt,Z by applying temporal aver-
aging to wD (e.g., Orr and Kropfli, 1999; Deng and Mace,
2006; Protat and Williams, 2011). The approach is based on
the premise that vertical air motion with a certain horizontal
scale may be temporally smoothed out to zero when averaged
over an adequate time interval while the sedimentation speed
is not (Mace et al., 2002). The algorithm to derive particle
sedimentation velocity is built upon this line of studies for
ESA’s EarthCARE products, with spatial averaging applied
along the track successively over four selected windows of
40, 30, 20, and 10 km in this order (Kollias et al., 2023).
Since wa,c is filtered out leaving only the remainder of wD
passed on to downstream modules in the Level-2 algorithm
flow, ESA’s cloud products, unlike JAXA’s products, do not
provide vertical air motion.

An alternative strategy as pursued by Sato et al. (2009)
and Heymsfield et al. (2010) does not involve any averaging
procedure but instead relies on an explicit characterization
of cloud microphysics in separating wt,Z from wa,c. JAXA’s
EarthCARE datasets analyzed in this work (2A.CPR_CLP
and 2B.AC_CLP) are built upon the method of Sato et al.
(2009) . As detailed in Sect. 2.2, their cloud microphysical
model allows for a bimodal PSD to account for large precip-
itating ice (snow and graupel) and co-existing tiny ice crys-
tals. The adequate PSD determined to match a given CPR-
ATLID or CPR-only observation (Sato and Okamoto, 2011)
is applied to the calculation of wt,Z , with which wa,c is ob-
tained through Eq. (1). The same PSD model is used for the
deconvolution of wt,Z into wt, the latter of which denotes the
PSD-weighted, but not reflectivity-weighted, terminal veloc-
ity as stored in the 2A.CPR_CLP and 2B.AC_CLP products.
More technical aspects of the algorithm design are described
in Sato et al. (2025) and the algorithm theoretical basis doc-
ument (ATBD) (Nakajima et al., 2026).

The major sources of Doppler measurement errors, ε in
Eq. (1), include Doppler velocity folding, multiple scatter-
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ing, mirror image echoes, and antenna mispointing errors.
Doppler velocity folding or aliasing occurs when the tar-
get’s speed exceeds the Nyquist velocity, proportional to the
pulse repetition frequency (PRF) of the radar for a given elec-
tromagnetic frequency. The EC-CPR has three observation
modes with different PRFs and, resultingly, different maxi-
mum observable altitudes of 16, 18, and 20 km (Imura et al.,
2026). A higher PRF ensures a smaller Doppler noise and a
larger Nuquist velocity at the expense of a lower maximum
observable altitude. At tropical latitudes, EC-CPR had been
operated with the 20 km mode until it was switched to the
18 km mode on 8 July 2025 (Imura et al., 2026). The cor-
responding Nyquist veolocity is about 5 ms−1 (Illingworth
et al., 2015; Hagihara et al., 2023). Doppler measurements
could exceed this value in cases like falling raindrops and in-
tense updraft in extreme convection. It is very difficult in the
latter case to unfold the aliased wD profiles (Galfione et al.,
2025).

Multiple scattering (MS) occurs when a weather radar, es-
pecially a high-frequency radar like EC-CPR, observes thick,
heavily precipitating clouds such as deep convective towers
(Aoki et al., 2026a). MS makes a transmitted echo travel
over extra distance before returning to the receiver, causing
an effect known as pulse stretching. A notable stretching ef-
fect detected by a downlooking radar can lead to a long tail
of echo extending to far below the surface, which is often
called the MS tail (Battaglia and Simmer, 2008). A MS tail is
recorded in EC-CPR observations as a second-trip echo, or a
ghost echo emerging at a high altitude in the subsequent scan.
Second-trip echoes arise also from mirror images, or the bo-
gus echoes resulting from the radar pulses reflected back and
forth between clouds and surface. Upper-tropospheric cloud
cover estimated from EC-CPR could be falsely enhanced by
a few percents due to mirror image echoes and to a much
lesser extent by MS tails (Battaglia, 2021).

It is attempted to detect Doppler velocity folding in rain-
fall, MS tails, and mirror image echoes in the L1 data pro-
cessing (Nakajima et al., 2026; Aoki et al., 2026a). Correc-
tions to these artifacts are applied to the downstream L2
products. Doppler velocity folding is not expected in any
case to impose considerable impacts on anvil clouds, in
which neither vertical air motion nor sedimentation speed
likely exceeds the Nyquist velocity of∼ 5 ms−1. MS tails are
unlikely either for moderate and small cloud optical depths
as typical of cirrus anvils. On the other hand, it was found at
an early stage of the analysis that mirror image echoes were
partially left unfiltered in the L2 Doppler data. These remain-
ing mirror images are removed in a simple method described
in Appendix A.

Doppler velocity is contaminated with the satellite mo-
tion if CPR’s line of sight (LOS) deviates away from nadir.
The LOS contamination has been corrected in JAXA’s Earth-
CARE L2 products with the exception of antenna mispoint-
ing errors originating from a thermal distortion of the an-
tenna structure. Thermal distortions are considered to occur

periodically over the orbital cycle, since the antenna would
experience the largest thermal stress as the satellite flies over
near the poles from the sunlit side of the planet to the other
and vice versa. This is confirmed by the data indicating that
the effects of antenna mispointing on Doppler measurements
of ice clouds are gravest at polar latitudes while small at low
latitudes (Puigdomènech Treserras et al., 2025). No attempt
is made in this study, targeted exclusively on tropical clouds,
to apply antenna mispointing corrections.

3 In-cloud vertical motion

The in-cloud vertical motion estimates from EarthCARE are
shown in this section, first on a snapshot-by-snapshot ba-
sis (Sect. 3.1) and then with composite statistics (Sect. 3.2
and 3.3).

3.1 Example snapshots

Five events of organized convective systems are chosen from
different regions over tropical oceans in Fig. 1, where each
row shows the same snapshot but for different variables and
products. The selected events vary from one to another in
structural detail but have in common that a thick cloud layer
penetrating from below the freezing level (∼ 5 km) to the
upper troposphere is accompanied by anvil cloud. The left
two columns show that IWC, nearly as large as 1 gm−3

deep inside convective towers, tends to decrease with in-
creasing height. IWC may remain relatively large in anvil
clouds in some cases (e.g., the top row) but can be smaller
than 10−2 gm−3 in others (e.g., the bottom row). The cloud
boundaries form a nearly identical shape between the two
products except near cloud top, where the CPR-ATLID prod-
uct captures the edges of clouds with a very small IWC (col-
ored in light yellow) that are undetected by CPR alone, as
highlighted more explicitly in the supplement information
(Fig. S1 in the Supplement). This is as expected owing to the
greater sensitivity of ATLID to cloud ice compared to CPR.

Vertical air velocity is plotted in the right two columns of
Fig. 1. An updraft motion is found in penetrating cloud lay-
ers, e.g., from −2 to 0° latitude in the first example, around
6° in the third, and at 10° in the fourth, whereas anvil clouds
have a relatively modest vertical motion as anticipated. The
vertical motion profiles seemingly exhibit little apparent dif-
ference between the two products. A closer examination,
however, reveals thatwa,c is slightly but systematically larger
in the CPR-ATLID than in the CPR, as most noticeable in the
second example. Difference plots between the products are
given in Fig. S2.

3.2 Doppler velocity versus air motion

The observed statistics of ice clouds are next examined
in terms of IWP. IWP, or the column-integrated mass of
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Figure 1. Five selected snapshots in latitude-height cross sections of IWC (g m−3, left two columns) and in-cloud vertical air velocity wa,c
(m s−1, right two columns) for altitudes above 5 km. The EarthCARE radar-only (2A.CPR_CLP) product is compared with the radar-lidar
(2B.AC_CLP) synergy product for each variable. The region and date of observation are indicated above each panel.

cloud ice, may be viewed as a simple metric to conve-
niently separate deep convective cores (IWP> 103 gm−2)
from anvil clouds (10 g m−2< IWP< 103 gm−2) and thin
cirrus (IWP< 10 g m−2), following the definition of Sokol
and Hartmann (2020).

The histogram of IWP from the CPR-only and CPR-
ATLID products is shown in Fig. 2. The two products yield
qualitatively similar histograms, but a discrepancy is mani-
fest. The CPR-only histogram is skewed toward larger IWPs
in comparison with the CPR-ATLID statistics, suggesting
that IWP in the CPR-only product may tend to be overes-
timated relative to the CPR-ATLID estimates. An overesti-
mation of IWP in theory implies that, all else being equal,
cloud particles are assumed to be too small, because ice water
mass is inversely correlated with particle size under a fixed
radar reflectivity. This indeed turns out to be the case as will
be shown later in Sect. 3.3. The semi-transparent clouds de-
tectable only by lidar may partly explain the difference as
well toward the lower end of the histogram.

Figure 2 remotely resembles the IWP histogram from
CloudSat/CALIPSO observations in past work (e.g., Sokol
and Hartmann, 2020) but differs in detail. The discrepancies,

Figure 2. Histogram of IWP (gm−2) from the CPR-only (dotted)
and CPR-ATLID (solid) products, defined by logarithmically uni-
form bins with the width of 0.02. Three cloud types of convective
cores, anvil clouds, and thin cirrus labeled at the top are as defined
by Sokol and Hartmann (2020).

https://doi.org/10.5194/acp-26-15593-2026 Atmos. Chem. Phys., 26, 15593–15609, 2026



15598 H. Masunaga: Dynamics of anvil clouds in EarthCARE

Figure 3. Composite IWP-height diagrams of (a) cloud fraction (%), (b) Doppler velocity wD (ms−1), (c) Terminal velocity wt (ms−1),
and (d) In-cloud vertical air velocity wa,c (ms−1). The contour intervals are 10 % in panel (a), 0.2 ms−1 in panels (b) and (d), 0.1 ms−1 in
panel (c). Velocity is defined as upward positive. All the plots are based on the CPR-only product (2A.CPR_CLP).

while partly because observation periods are not overlapping,
are likely to arise from algorithm-specific biases. Different
products, or different versions of the same product, disagree
among one another in the IWP histogram even for the same
input observations (Atlas et al., 2024). It is noted that the
histogram in Fig. 2 sharply tapers off toward the high end of
IWP around 3× 103 gm−2. This upper limit is significantly
lower than known in the literature, well outside the inter-
product spread across multiple CloudSat/CALIPSO products
(Atlas et al., 2024). The reasons for this bias are unknown at
this point.

Figure 3 presents cloud fraction, wD, wt, and wa,c aver-
aged into a composite IWP-height diagram, as done in some
past work (Ohno and Satoh, 2018; Gasparini et al., 2019). It
is noted that IWPs smaller than 1 gm−2, although not neg-
ligible in occurrence as seen in Fig. 2 above, are set outside
the range in order to narrow the focus on anvil clouds and
convective cores. The CPR-only product is adopted to plot
Fig. 3.

Cloud fraction in IWP-height space (Fig. 3a) offers a clear
statistical representation of deep convection at the largest

IWPs and anvil clouds gradually thinning as they extend to-
ward smaller IWPs (c.f., Fig. 1 of Gasparini et al., 2019).
Doppler velocity (Fig. 3b) is found to be negative (down-
ward) almost throughout the whole domain, most notably for
large IWPs just above the freezing level of ∼ 5 km. Terminal
velocity (wt) notably increases toward the lower-right corner
of the plot (Fig. 3c), where precipitating ice is expected to be
abundant and grown in size (Sect. 3.3). Doppler velocity is
nearly zero above 12 km in height for an intermediate range
of IWP.

In-cloud vertical air velocity implies an intense updraft in-
side convective cores and a modest ascent in anvil clouds
(Fig. 3d). This overall structure of composite wa,c meets
intuitive expectations and bears qualitative resemblance to
simulated IWP-height diagrams from past numerical studies
(Ohno and Satoh, 2018; Gasparini et al., 2022). Surprising,
though, is the striking contrast between Fig. 3b and Fig. 3d,
that is, wa,c and wD exhibit remarkably different patterns
despite the fact that the former is derived from the latter.
This discrepancy may be understood through a careful in-
spection of wt. For example, one can see from the contoured
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diagrams that terminal velocity monotonically enhances with
IWP along any given height (Fig. 3c), whereas Doppler ve-
locity no longer increases with IWP or even turns to di-
minish at the same altitude once IWP exceeds 103 gm−2

(Fig. 3b). The resulting combination of a largely negative wt
and a modestly negative wD for largest IWPs (i.e., convec-
tive cores) is attributed to an intense in-cloud updraft (a large
positive wa,c) according to Eq. (1).

3.3 CPR-only versus CPR-ATLID retrievals

It was shown in Fig. 3 that convective cores and anvil clouds
are observed with positive wa,c even where wD is negative.
This disparity between wa,c and wD is explained by the dis-
proportionately large size-dependence of wt,Z . Radar back-
scattering strengthens so sharply with particle size that wt,Z
could be dominated by large particles falling out of an as-
cending air parcel even though such precipitating particles
are much fewer in number than smaller cloud particles. It fol-
lows that an adequate characterization of PSD is crucial for
evaluating wa,c from Doppler measurements. Although the
Doppler capability is equipped only with CPR, ATLID yields
a useful constraint on the determination of PSD when com-
bined with CPR as argued in Sect. 2.2. It is thus a simplis-
tic but useful exercise to compare the CPR-only and CPR-
ATLID products for grasping to what extent an inconsistency
in PSD could impact on the estimation of wa,c.

The CPR-only cloud fraction is contrasted with its CPR-
ATLID counterpart in Fig. 4a–b. While the overall cloud
structure is shared in common, CPR-ATLID captures a
greater amount of clouds at high altitudes beyond 14 km
than CPR alone, as already confirmed in selected snapshots
(Fig. 1). Otherwise any discernible difference is absent in
cloud fraction, since lidar signals are rapidly lost by atten-
uation as they travel deeper in the cloud layer. The impact
of lidar measurements on cloud microphysics, however, can
be more far-reaching (Fig. 5). The reasons for this include
the attenuation correction, which can make any microphysi-
cal difference propagate from upper to lower cloud layers as
described in Sect. 2.2. Another possible reason is that com-
posite statistics are comprised of various cloud samples with
different heights. For instance, an upper layer of relatively
low-topped clouds are likely averaged together with the deep
interior of higher-topped clouds in the composite diagram.

The 2A.CPR_CLP and 2B.AC_CLP products contain
mode-1 and mode-2 cloud effective radii, denoted hereafter
by re,1 and re,2, corresponding to precipitating and non-
precipitating particles, respectively. Figure 5 compares re,1
and re,2 from the two products in IWP-height space. A sharp
increase toward the lower-right corner in the composite pat-
tern of re,1 is shared by the two products (Fig. 5a, c). To
the contrary, the CPR-only and CPR-ATLID estimates of re,2
strikingly disagree with each other. In the CPR-only prod-
uct, re,2 is nearly homogeneous below 10 km in altitude and
entirely missing above (Fig. 5b), while re,2 is highly vari-

able throughout the domain up to 14 km or even higher in
the CPR-ATLID product (Fig. 5d). The rich variability in the
latter is as expected because ATLID is able to detect small
(mode-2) particles that may be missed to a large degree by
CPR.

The mode-2 cloud particles are so small that the direct
impact of the second mode on wt, and thereby on wa,c, is
secondary. The first mode almost exclusively accounts for
wt, as visually evident from a structural resemblance of re,1
(Fig. 5a,c) to wt (Fig. 3c). The second mode, nonetheless, is
by no means negligible in that the mode-1 PSD is forcibly
skewed in compensation for the discrepancies in re,2 un-
der the constraint of a given observation. As color-shaded in
Fig. 6a, the mode-1 effective radius tends to be consistently
smaller in the CPR-only product than in the CPR-ATLID,
except in the close vicinity of the freezing level where the
bias switches in sign. A negative bias in effective radius
leads to a smaller fall speed, and hence results in an overall
underestimation of the CPR-only wa,c relative to the CPR-
ATLID as can be confirmed in Fig. 6b. The inter-product bias
in wa,c nevertheless remains modest in magnitude (within
±0.2 ms−1). The CPR-only wa,c (Fig. 3d) visually compares
well to the CPR-ATLID counterpart as contoured in Fig. 6b,
assuring that the overall pattern of wa,c is qualitatively ro-
bust.

4 Circulation field in anvil clouds

The composite diagrams shown in the previous section illus-
trate the mean vertical profiles sorted by IWP instead of a
spatial dimension. Although the observed structure of anvil
clouds and convective cores in Fig. 4a–b is reminiscent of an
organized convective system as we know it, adjacent columns
in IWP space are not guaranteed to represent physical neigh-
bors. In this section, similar composite plots are constructed
but this time sorted by horizontal distance in place of IWP.
The distance-height diagram of vertical air velocity enables
to delineate a two-dimensional picture of horizontal wind and
thus of circulation field.

4.1 Method

The current approach is conceptually similar to previous
methods based on radar-detected cloud features (Igel et al.,
2014; Ito and Masunaga, 2022) or infrared-measured cloud
properties (Protopapadaki et al., 2017; Sokol and Hartmann,
2020) but differs in that convective cores and anvils are sep-
arated simply by IWP.

A convective core is defined as a series of consecutive
cloudy columns that each satisfy the empirical definition of
IWP> 103 gm−2 over a distance of ±Rc. The convective
core radius, Rc, is known to span a broad range with the
median of about 5 km over tropical oceans (Takahashi et al.,
2023). All convective cores with Rc≥ 1 km are included in
the present analysis to secure a sufficient sample size. A more
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Figure 4. Composite IWP-height diagrams of (a) CPR-only cloud fraction (%) as Fig. 3a and (b) CPR-ATLID cloud fraction (%). The
contour interval is 10 %.

Figure 5. Composite IWP-height diagrams of (a) re,1 from CPR-only, (b) re,2 from CPR-only, (c) re,1 from CPR-ATLID, and (c) re,2 from
CPR-ATLID.Each variable is contoured in white with an interval of 10 µm for panels (a) and (c) and of 2 µm for panels (b) and (d). The
range of variability is so narrow that contours are not visible in panel (b). Cloud fraction is overlaid in gray contours for reference.
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Figure 6. Composite IWP-height diagrams of (a) The mode-1 particle effective radius from CPR-ATLID (µm, contoured) and its inter-
product difference (CPR-only−CPR-ATLID, in color) and (b) In-cloud vertical air velocity from CPR-ATLID (ms−1, contoured) and its
inter-product difference (CPR-only−CPR-ATLID, in color). The contour intervals are 20 µm in panel (a) and 0.2 ms−1 in panel (b).

restrictive definition of Rc≥ 5 km was also tested and con-
firmed not to qualitatively alter the results. An along-track
sequence of observed columns is sampled around each con-
vective core. This procedure is repeated with all qualifying
convective cores over the study region and period (Sect. 2.1).
The resulting collection of column sequences are averaged
into a composite diagram as a function of horizontal distance
measured from the core center.

It is noted that this horizontal distance is not necessar-
ily the distance to the nearest core if multiple convective
cores exist in vicinity (a few such examples may be found
in Fig. 1). The search over horizontal distance continues up
to±200 km from the origin whether or not neighboring cores
are met, with the caveat that the interior of the neighboring
cores is not sampled. This caveat is intended to exclude ex-
ternal convective cores that happen to be present nearby from
the compositing, as schematically illustrated in Fig. 7. In this
schematic, an isolated convection (Core 1) intrudes into an
anvil cloud belonging to another convective tower (Core 2).
The current sampling procedure may properly attribute the
anvil cloud to its parent core (Fig. 7b) or may not (Fig. 7a).
Both cases are included in the composite statistics because it
is generally difficult to unambiguously discern in actual ob-
servations which core is the source of a given anvil cloud.

Nadir observations from EC-CPR and ATLID are unaware
of convective cores away from the sub-satellite track, poten-
tially distorting the composite statistics of core-anvil pairs to
a certain degree. As a strategy to overcome this problem, it
may be possible to locate off-nadir cores in infrared imagery
using the whole swath of EarthCARE Multi-Spectral Imager
(MSI). This approach, however, has its own limitation that
infrared radiance is not optimal for singling out convective
cores especially when the cores are embedded in extensive
high clouds. No attempt is made in this work to detect off-
nadir cores for the sake of methodological simplicity. It is
not attempted either for the same reason to put the sampled

snapshots into the context of convective life cycle, although
several sophisticated methods have been explored in the lit-
erature to monitor the anvil cloud evolution over life stages
(e.g., Wall et al., 2020; Horner and Gryspeerdt, 2023).

Given all these limitations, it should be noted that the av-
eraged cloud structure in vertical-horizontal space may be
a statistically noisy representation of anvil clouds. Never-
theless, a distance-based (instead of IWP-based) composite
analysis is crucial for the purpose of deriving diagnostic hori-
zontal wind through the mass conservation law. The anelastic
mass-conservation equation in the axisymmetric cylindrical
coordinates yields radial wind, ur, as

1
r

∂

∂r
[ρ0(z)rur(r,z)]=D(r,z), (2)

where ρ0 refers to the unperturbed air density and D desig-
nates horizontal divergence,

D(r,z)=−
∂

∂z
[ρ0(z)wa(r,z)] . (3)

The air density is calculated from the ERA air temperature
and pressure sub-sampled along the satellite track. All-sky
vertical velocity, wa, is defined with a combination of wa,c
and ambient (clear-sky) vertical velocity, wa,a, as

wa(r,z)= fc(r,z)wa,c(r,z)+
[
1− fc(r,z)

]
wa,a(r,z). (4)

Cloud fraction, fc, and wa,c are as estimated from Earth-
CARE observations, while wa,a is prescribed as explained
later. The solution ur(r,z) is obtained by integrating Eq. (2)
over r from r = 0 at each level with the symmetry-required
boundary condition of ur(0,z)= 0. The distribution of wind
vectors (ur, wa) in r–z space depicts a circulation field repre-
senting the anvil cloud dynamics.

The axisymmetric assumption is valid for isotropic anvil
outflows from a point-source-like convective core as may oc-
cur in the absence of appreciable background wind. Axisym-
metry, however, would not fit highly anisotropic convective
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Figure 7. Schematic example to illustrate how to sample anvil clouds around deep convective cores for (a) Core 1 and (b) Core 2. Grey
boxes are the cloud columns with IWP> 103 g m−2. Distance from the selected core is denoted by thick arrows, of which dashed segments
are to be excluded from composite samples.

systems like squall lines, with anvil clouds expanding nearly
perpendicularly to a line of convective clouds. In such cases,
the Cartesian continuity equation may offer a more appropri-
ate approximation,

∂

∂x
[ρ0(z)ux(x,z)]=D(x,z), (5)

where ux is Cartesian horizontal wind. Equations (3) and (4)
remain unchanged in the Cartesian coordinates except that r
is to be replaced by x.

The only input variable unavailable from EarthCARE
is wa,a, as EC-CPR is by design unable to detect any-
thing outside clouds. The possible origins of wa,a range
from radiatively-driven clear-sky subsidence to dynamically-
forced ascent and descent such as gravity waves (Poujol and
Bony, 2024). In this preliminary analysis, such complex vari-
ability of clear-sky vertical air motion is not considered. In-
stead, two contrasting simplifications are applied to wa,a. In
the first case, wa,a is assumed to be absent everywhere, that
is,

wa(r,z)≈ fc(r,z)wa,c(r,z). (6)

This zero-ambient-motion model is a workable (though not
always realistic) assumption to the extent that wa,a changes
more smoothly over height than wa,c, with the fact in mind
that wa affects horizontal wind only through its vertical gra-
dient.

The second case is a closed-circulation model, allowing
wa,a to depart from zero under the constraint that the all-sky
vertical motion vanishes at each level when averaged over a
large-scale domain, that is,

RLS∫
0

wa(r,z)rdr = 0, (7)

for axisymmetry. The large-scale domain radius,RLS , is cho-
sen to be 200 km for the present analysis. Equations (4)
and (7) lead to

wa,a(r,z)=−

∫ RLS
0 fc(r,z)wa,c(r,z)rdr∫ RLS

0

[
1− fc(r,z)

]
rdr

, (8)

assuming that wa,a is homogeneous at any given level. For
the Cartesian geometry, Eq. (8) is rewritten as

wa,a(x,z)=−

∫ RLS
0 fc(x,z)wa,c(x,z)dx∫ RLS

0 [1− fc(x,z)]dx
. (9)

4.2 Result

Figure 8 shows composite cloud fraction and in-cloud ver-
tical motion in the distance–height plane. Anvil clouds are
clearly visible as a layer of enhanced cloudiness peaked
around a height of 12 km (Fig. 8a). In-cloud upward motion
is intense in the convective core (or around distance zero)
but rapidly weakens outside the core. The updraft gradually
weakens downward in coincidence with cloudiness diminish-
ing from upper to lower levels. The overall pattern of cloud
fraction and wa,c resembles the IWP-sorted composite dia-
gram (Fig. 3) with the caveat that left and right should be
flipped to match the largest IWP with distance zero.

In the zero-ambient-motion model, all-sky vertical mo-
tion, wa, is simply the product of fc and wa,c as shown in
Eq. (6). Intense updraft trapped within the convective core
on the left end of the plot gives way to modest ascent in wa
(contours in Fig. 9a). The wa contours at a distance of, say,
100 km implies an upward acceleration until wa reaches a
maximum at∼13 km in altitude and sharply declines beyond.
The contrasting pair of acceleration and deceleration gener-
ates a layer of horizontal convergence topped by a diverging
TTL as color-shaded in Fig. 9a. These features are by con-
struction identical between the axisymmetric (Figs. 9a) and
Cartesian (Figs. 9b) geometries when ambient vertical mo-
tion is absent.

Figures 9c presents axisymmetric wind vectors in the ver-
tical plane for the no-ambient-motion model. The derived ur
and wa together delineates a well-defined trajectories of vec-
tor fields comprised of a mid-level inflow below 11–13 km
and an upper-level outflow above (Fig. 9c), reminiscent of
the mid- to upper-tropospheric circulation archetypical of
mesoscale convective dynamics (Moncrieff, 1992; Kingsmill
and Houze, 1999). A similar circulation pattern was found
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Figure 8. Composite distance-height diagrams of (a) Cloud fraction (%) and (b) In-cloud vertical air velocity wa,c (ms−1). The horizontal
axis is defined as the along-track distance from deep convective cores (see text for details). The plots are constructed with the CPR-ATLID
product.

Figure 9. Composite distance-height diagrams for the zero-ambient-motion model. (a) Vertical air velocity wa (ms−1, contoured) and
horizontal divergenceD (10−4 s−1, in color) for axisymmetric geometry. (b) As (a) but for Cartesian geometry. (c) Axisymmetric horizontal-
vertical wind field with the amplitude color scaled (ms−1), overlaid by contoured cloud fraction for reference. (d) As (c) but for Cartesian
winds. The contour intervals are 0.1 ms−1 in panels (a)–(b) and 10 % in panels (c)–(d).
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Figure 10. As Fig. 9 but for the closed-circulation model.

also in numerical simulations of anvil clouds formed in asso-
ciation with isolated convection (Gasparini et al., 2019).

The Cartesian circulation is qualitatively identical to the
axisymmetric winds (Fig. 9d). Wind speed, however, is es-
timated to be larger in the Cartesian geometry. The overes-
timation is most conspicuous at the farthest end away from
the core, since axisymmetric (ring-shaped) horizontal diver-
gence is geometrically diluted with increasing radius while
Cartesian divergence is independent of distance. Figure 9c–
d show that the upper-tropospheric outflow keeps accelerat-
ing over distance regardless of geometry, which is an im-
plausible outcome largely due to the assumption that am-
bient vertical motion is absent. The unlikely acceleration
of horizontal wind driven so far away from convective up-
draft would be rectified when realistic clear-sky subsidence is
taken into account to avoid falsely large upper-tropospheric
divergence.

Winds from the closed-circulation model are shown in
Fig. 10. The circulation field near the deep convective core
(distance zero) is similar to that of the zero-ambient-motion
model (Fig. 9), while notably different toward the far end of
the domain. The closed-circulation model by design requires

a downdraft away from the core to compensate the convec-
tive updraft. The compensating downdraft along with the
associated mid-level convergence is evident particularly in
Cartesian winds (Fig. 10b, d). The closed-circulation model
is more realistic than the zero-ambient-motion model in that
the forced downdraft suppresses an excessive acceleration of
upper-level outflow. This idealized model, however, is of lim-
ited utility for practical applications because it relies on an
arbitrarily chosen lateral boundary (at 200 km in the current
case) and lacks some key processes such as radiative cooling
that drive the subsidence.

The mesoscale circulation as depicted in Figs. 9 and 10
is more of an observational confirmation of the anvil cloud
dynamics as known in the literature than a new addition to
the current state of understanding. The result is nevertheless
encouraging for future studies in that the EarthCARE prod-
ucts are proven not only to provide reliable measurements
of in-cloud vertical air motion but to be able to offer two-
dimensional wind vector as well.
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5 Conclusions

Early observations from EarthCARE over global tropical
oceans are investigated in this work to assess the potential
of Doppler measurements from space for exploring the dy-
namics of tropical anvil clouds. Two of JAXA’s cloud prod-
ucts derived with EC-CPR only (2A.CPR_CLP) and CPR
and ATLID in tandem (2B.AC_CLP) are analyzed with fo-
cus on the IWP-sorted vertical structure of in-cloud vertical
air velocity. Vertical air velocity derived from CPR Doppler
measurements implies an intense updraft within convective
cores and a modest ascent in anvil clouds. This result, al-
though as intuitively expected, is not self-evident given the
fact that Doppler velocity itself is predominantly negative
(downward) or near zero throughout the IWP-height plane.

The Doppler estimation of sedimentation (terminal) ve-
locity, and consequently of in-cloud vertical air velocity,
relies sensitively on the microphysical model assumed in
the retrieval algorithm. An extra observational constraint by
ATLID on the PSD model updates the estimation of verti-
cal air velocity in the CPR-ATLID product. Although the in-
cloud domain where CPR and ATLID observations are avail-
able at the same time is limited to a narrow layer near cloud
top, the benefit of simultaneous measurements by the two
sensors extends to the whole ice-cloud layer. The effective
radius of precipitating ice is consistently larger in the CPR-
ATLID product than in the CPR-only, while the overall pat-
tern of in-cloud vertical velocity is largely shared by the two
products.

EC-CPR is a nadir-looking radar with its Doppler capa-
bility designed exclusively to measure vertical motion. It is
nonetheless demonstrated in this work that diagnostic hori-
zontal wind may be derived as well so that mass conserva-
tion is satisfied, with the caveat that this can be done only in
composite space where the averaging operation statistically
compensates the incomplete geometry of individual cloud
samples. The velocity vector field manifests itself as a famil-
iar mesoscale circulation constituted of a mid-tropospheric
inflow toward the convective core below a height of 11–
13 km and an upper-tropospheric outflow above. This result,
although based on simplified assumptions to be refined in
future work, underscores EarthCARE’s technological utility
for studying the dynamics of anvil clouds.

The current assumptions for the calculation of horizon-
tal wind include idealized (axial or Cartesian) symmetry
and zero vertical motion in the ambient air. The latter, in
particular, is obviously oversimplified and to be improved
in future work. The fundamental challenge is that existing
satellite missions lack any instrument to observe vertical air
motion outside clouds. As a notable exception, Poujol and
Bony (2024) developed a novel methodology to derive mid-
tropospheric clear-sky vertical velocity from temporal varia-
tions in geostationary vapor-channel brightness temperature.
This product, once made available for the EarthCARE mis-

sion period, would offer a useful observational input as a re-
alistic estimate of wa,a.

As a next step, the present analysis will be ex-
tended to include JAXA’s EarthCARE radiation product
(2B.ALL_RAD) as the ongoing reprocessing of this prod-
uct is completed over an extended period back in time. The
2B.ALL_RAD product provides the vertical profiles of radia-
tive flux that is physically consistent with the cloud proper-
ties from 2B.AC_CLP. A follow-up study being planned will
shed light on the radiatively driven dynamics of anvil clouds
based on a joint analysis of radiative heating and Doppler-
derived circulation field.

Appendix A: Removal of mirror image echoes

Distinctly large values of wD were originally found at al-
titudes higher than 16 km in the composite IWP-height
space (Fig. A1a). These anomalous values are associated
with weak radar signals corresponding to small IWCs be-
low 10−2 gm−3, giving rise to a “wing” outside the verti-
cal histogram ridge where a vast majority of samples reside
(Fig. A1c). The histogram ridge, confined to modest values
of wD within ±1 ms−1, is likely attributed to TTL cirrus,
whereas the wing is presumably second-trip echoes due to
mirror images (see Sect. 2.3). A Doppler velocity of a few
ms−1 is too large for TTL cirrus but instead may be rea-
sonably interpreted as a mirror image arising from falling
raindrops. The fact that this artifact avoids extremely large
IWPs beyond 103 gm2 (Fig. A1a) suggests that these second-
trip echoes are more likely mirror images than MS tails. Al-
though the JAXA EarthCARE data processing attempts to
isolate out mirror image echoes, a certain fraction of them
apparently remain undetected.

In this work, any samples above 16 km in altitude are re-
tained only whenwD< 1 ms−1 and otherwise excluded from
the analysis to remove the remaining mirror image echoes.
Figure A1b shows the same plot as Fig. A1a but after the
correction applied. The mirror images are largely, if not com-
pletely, removed from wD by the correction.
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Figure A1. (a) Uncorrected Doppler velocity composited in the IWP-altitude plane. (b) As (a) with mirror image echoes removed. (c) Two-
dimensional histogram of the upper-tropospheric (z> 16 km) samples as a function of Doppler velocity and IWC.
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