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Abstract. The vertical motion in tropical anvil clouds is crucial for understanding their maintenance and evolution but is noto-
riously difficult to observe. This work explores the potential utility of EarthCARE in revealing previously unobserved aspects
of anvil clouds using the radar-only (2A.CPR_CLP) and radar-lidar synergy (2B.AC_CLP) products. Composite vertical pro-
files of cloud fraction sorted by ice water path (IWP) are found to represent a smooth transition from deep convection to anvil
and thin cirrus clouds. In-cloud vertical air motion as estimated from Doppler measurements reveals that intense updraft pen-
etrating within deep convection gives way to a weaker ascent in anvil clouds. The CPR-only product slightly underestimates
the ascent in anvil clouds relative to the CPR-ATLID 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 estimates 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 outflow. 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 high-cloud amount is about 37% when averaged over the
globe, this number increases by 10% at tropical latitudes (Stubenrauch et al., 2024). Tropical high clouds consist of at least
two distinct components differentiated from each other by formation mechanism. 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 tropical cirrus (Massie et al., 2002; Luo and Rossow, 2004). An
anvil cloud can by far outlive the deep convection that produced it, maintained over a length of time depending on different
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
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environments in the upper troposphere (Sherwood, 1999; Hartmann and Larson, 2002; Bony et al., 2016; Seeley et al., 2019)
and even through the lower tropospheric dynamics (Masunaga and Bony, 2018; Masunaga, 2023).

Global observations of the cloud radiative and microphysical properties are invaluable for translating the process-level
knowledge to understand the working 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 launch in 2006 (Stephens et al., 2018), opened a new pathway 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 (Earth-
CARE) satellite was sent into orbit in 2024, carrying 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 de-
signed to measure the vertical 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 advanced capability to separate out molecular scattering
signals from the particle scattering echoes from clouds and aerosols. As such, EarthCARE not only succeeds to CloudSat and
CALIPSO over an extended period of time but benefits from enhanced technologies in spaceborne radar-lidar observations.

Vertical velocity remains among key uncertainties in the formation and maintenance mechanisms of cirrus clouds (Kércher
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 measurements for studying the vertical motion in vigorous convective systems (Galfione et al.,
2025; Roh et al., 2025; Aoki et al., 2026; 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~! 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 diagnosis of vertical air velocity as recorded in
the EarthCARE data products.

The goals of this paper are twofold. First, the vertical motion estimates are examined for robustness in light of the archetyp-
ical cloud-system structure comprised of a deep convective tower and anvil clouds (Section 3.2). This is done by averaging
observations into a two-dimensional composite diagram in the IWP-height plane. The radar-only product is then compared
against the radar-lidar synergy product in composite space. The difference between the two products provides a measure of
minimum uncertainty in the EarthCARE measurements of cloud properties and vertical air motion, as will be detailed in Sec-

tion 3.3. Second, a diagnostic estimate of horizontal wind is derived from vertical velocity to illustrate two-dimensional wind
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field in the vertical plane (Section 4). This is a preliminary experiment intended to illuminate the unexplored potential of

EarthCARE for looking into the dynamics of anvil clouds.

2 Data
2.1 EarthCARE data products

The EarthCARE mission was developed and is being operated 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 pixels divided by
the total pixel count), ice water content IWC), ice water path (IWP), cloud effective radius, Doppler velocity, 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 products contain two sets of variables
having different spatial resolutions reconstructed with 1- and 10-km horizontal integration along the satellite track. The 10-km
product is chosen for the current analysis to ensure a desirable Doppler accuracy within ~0.3ms~! (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.

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 September 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 reprocessing back in time at the moment of this writing.
2.2 Doppler velocity measurements and vertical motion estimates

Doppler velocity, wp, measured by a vertically pointing radar is related to in-cloud vertical motion as
Wp = Wi,z + Wa,c +E, ey

where w; 7 is the terminal velocity of hydrometeors with respect to air (or sedimentation velocity) weighted with the radar
back-scattering coefficient in the integral over particle size, w, . denotes in-cloud vertical air velocity, and € summarizes the
measurement and retrieval errors. By design, wp would offer a good proxy of terminal velocity in still air (wg,. = 0), with
the caveat that the fall velocity of large particles predominates as radar back-scattering is acutely sensitive to particle size. In
contrast, wp could be a large positive (ascending) in intense convective towers where w,, . overwhelms w; z in magnitude. It
is otherwise not an obvious task to separate w; z from w, . in a measurement of wp.

An existing method to evaluate w, . from Doppler observations is to isolate out w; z by applying temporal averaging to wp
(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 averaged out over an adequate time interval while the
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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 (Kollias et al., 2023).

An alternative strategy was proposed by Sato et al. (2009) that does not involve any averaging procedure but instead relies
on an explicit characterization of cloud microphysics in separating w;, z from wg .. JAXA’s EarthCARE datasets analyzed in
this work (2A.CPR_CLP and 2B.AC_CLP) are built upon this method. Their cloud microphysical model allows for a bimodal
particle size distribution (PSD) to account for large precipitating ice (snow and graupel) and co-existing tiny ice crystals. The
adequate PSD determined to match a given CPR-ATLID or CPR-only observation (Sato and Okamoto, 2011) is applied to
the calculation of w;, 7, with which w, . is obtained through Eq. (1). The same PSD model is used for the deconvolution of
wy, z into wy, the latter of which denotes the PSD-weighted, but not reflectivity-weighted, terminal velocity 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 document (ATBD) (Nakajima et al., 2026).

The major sources of Doppler measurement errors, € in Eq. (1), include Doppler velocity folding, multiple scattering, mirror
image echoes, and antenna mispointing errors. Doppler velocity folding or aliasing occurs when the the target’s speed exceeds
the Nyquist velocity, proportional to the pulse repetition frequency (PRF) of the radar for a given electromagnetic frequency.
The EC-CPR has three observation modes with different PRFs and, resultingly, different maximum 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 corresponding Nyquist veolocity is about 5ms~*
(Illingworth et al., 2015; Hagihara et al., 2023). Doppler measurements could exceed this value in cases like falling raindrops
and intense updraft in extreme convection. It is very difficult in the latter case to unfold the aliased wp profiles.

Multiple scattering (MS) occurs when a weather radar, especially a high-frequency radar like EC-CPR, observes thick,
heavily precipitating clouds such as deep convective towers. MS makes a transmitted echo travel over extra distance before
returning to the receiver, causing an effect known as pulse stretching. A notable stretching effect 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 bogus 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 rainfall, MS tails, and mirror image echoes in the L1 data processing
(Nakajima et al., 2026). Corrections 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 ~5ms~!. 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 remaining mirror images are removed in a simple method described

in Appendix A.
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Doppler velocity is contaminated with the satellite motion if CPR’s line of sight (LOS) deviates away from nadir. The
LOS contamination has been corrected in JAXA’s EarthCARE L2 products with the exception of antenna mispointing errors
originating from a thermal distortion of the antenna 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 (Puigdomenech 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 basis

(Section 3.1) and then with composite statistics (Sections 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 g m ™3 deep inside convective towers,
tends to decrease with increasing height. IWC may remain relatively large in anvil clouds in some cases (e.g., the top row) but
can be smaller than 1072 g m~2 in others (e.g., the bottom row). The CPR-ATLID IWC overall agrees with the CPR-only IWC
except near cloud top, where the CPR-ATLID product captures the edges of clouds with a very small IWC (colored in light
yellow) that are undetected by CPR alone. 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. A striking updraft is found in penetrating cloud layers,
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 difference
between the two products. A closer examination, however, reveals that w, . is slightly but systematically larger in the CPR-

ATLID than in the CPR, as most noticeable in the second example.
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 cloud ice,
may be viewed as a simple metric to conveniently separate deep convective cores IWP > 103 g m~2) from anvil clouds (10 g
m~2 < IWP < 103 gm~2) and thin cirrus IWP < 10 gm™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 manifest. The CPR-only histogram is skewed toward larger IWPs in comparison with
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Figure 1. Five selected snapshots in longitude-height cross sections of IWC (g m 2, left two columns) and in-cloud vertical air velocity wa, .
(ms™?, 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.

the CPR-ATLID statistics, suggesting that IWP in the CPR-only product may tend to be overestimated relative to the CPR-

ATLID estimates. An overestimation 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

160 to be the case as will be shown later in Section 3.3. The lidar’s excellent detectability of semi-transparent clouds may partly
explain the difference as well toward the lower end of the histogram.

Figure 3 presents cloud fraction, wp, w;, and w, . averaged 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 g m~2, although not negligible 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.

165 The CPR-only product is adopted to plot Fig. 3.
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Figure 2. Histogram of IWP from the CPR-only (dotted) and CPR-ATLID (solid) products, defined by logarithmically uniform 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).

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 toward smaller IWPs (c.f., Fig. 1 of Gasparini et al., 2019). Doppler velocity
(Fig. 3b) is found to be negative (downward) almost throughout the whole domain, most notably for large IWPs just above the
freezing level of ~ 5 km. Terminal velocity (w;) notably increases toward the lower-right corner of the plote (Fig. 3c), where
precipitating ice is expected to be abundant and grown in size (Section 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 inside convective cores and a modest ascent in anvil clouds (Fig.
3d). This overall structure of composite w, . 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, w, . and wp exhibit remarkably different patterns despite the fact that the former
is derived from the latter. This discrepancy may be understood through a careful inspection of w;. For example, one can see
from the contoured diagrams that terminal velocity monotonically enhances with IWP along any given height (Fig. 3c), whereas
Doppler velocity no longer increases with IWP or even turns to diminish at the same altitude once IWP exceeds 10% gm ™2
(Fig. 3b). The resulting combination of a largely negative w; and a modestly negative wp for largest IWPs (i.e., convective

cores) is attributed to an intense in-cloud updraft (a large positive w,,.) according to Eq. (1).
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Figure 3. Composite IWP-height diagrams of (a) cloud fraction (%), (b) Doppler velocity wp (ms™), (¢) Terminal velocity w; (ms™'),
and (d) In-cloud vertical air velocity wq,. (ms~'). The contour intervals are 10 % in (a), 0.2ms ™! in (b) and (d), 0.1 ms™* in (c). Velocity

is defined as upward positive. All the plots are based on the CPR-only product (2A.CPR_CLP).

3.3 CPR-only versus CPR-ATLID retrievals

It was shown in Fig. 3 that convective cores and anvil clouds are observed with positive w, . even where wp is negative. This
disparity between w, . and wp is explained by the disproportionately large size-dependence of w;, z. Doppler velocity could be
negative when even only a handful of hydrometeors are large enough to fall out while the remaining majority stays within the
ascending air. It follows that an adequate characterization of PSD is crucial for evaluating w, . from Doppler measurements.
Although the Doppler capability is equipped only with CPR, ATLID yields a useful constraint on the determination of PSD
when combined with CPR (Okamoto et al., 2003). It is thus a simplistic 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 w, .



190

195

200

205

https://doi.org/10.5194/egusphere-2026-3173
Preprint. Discussion started: 11 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

(a) Cloud fraction [%] (CPR-only) (b) Cloud fraction [%] (CPR-ATLID)
18 S ‘ 100 18 T ‘ 100
16 — 16 —
80 80
14 = 14 —
B 60 B 60
=12 - 21, |
ey =y
k=3 =
% 10 40 % 10 — 40
8 n 20 8~ 20
6 — 6 —
Ll M, S, 0 | M, . 0
1 10 100 1000 1 10 100 1000
IWP [g/m?] IWP [g/m?]

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 %.

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 attenuation as they travel deeper in the cloud layer.

The impact of lidar measurements on cloud microphysics can be more far-reaching. The cloud PSD has control over the
extinction of radar and lidar echoes as well as their back-scattering efficiency. Any difference in PSD parameters hence not
only locally 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 throughout
the cloud.

The 2A.CPR_CLP and 2B.AC_CLP products contain mode-1 and mode-2 cloud effective radii, denoted hereafter by 7 ;
and 7 2, corresponding to precipitating and non-precipitating particles, respectively. Figure 5 compares 7. ; and 7. o from the
two products in IWP-height space. A sharp increase toward the lower-right corner in the composite pattern of r. ; is shared
by the two products (Fig. 5a, c). To the contrary, the CPR-only and CPR-ATLID estimates of r. o strikingly disagree with
each other. In the CPR-only product, r¢ > is nearly homogeneous below 10 km in altitude and entirely missing above (Fig. 5b),
while 7. o is highly variable 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 wy, and thereby on w, ¢, is secondary.
The first mode almost exclusively accounts for wy, as visually evident from a structural resemblance of 7. ; (Fig. 5a,c) to w;
(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 1 o under the constraint of a given observations. As color-shaded in Fig. 6a, the mode-1 effective radius
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Figure 5. Composite IWP-height diagrams of (a) 7,1 from CPR-only, (b) r¢ 2 from CPR-only, (c) 7,1 from CPR-ATLID, and (c) r¢,> from
CPR-ATLID. The contour interval is 10 pm for (a) and (c) and is 2 pm for (b) and (d). The range of variability is so narrow that contours are

not visible in (b).

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 w,  relative to the CPR-ATLID as can be confirmed in Fig. 6b. The inter-product
bias in w, . nevertheless remains modest in magnitude (within £0.2 ms™!). The CPR-only w, .. (Fig. 3d) visually compares

well to the CPR-ATLID counterpart as contoured in Fig. 6b, assuring that the overall pattern of w, . is qualitatively robust.
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Figure 6. Composite IWP-height diagrams of (a) The mode-1 particle effective radius from CPR-ATLID (um, contoured) and its inter-
product difference (CPR-only — CPR-ATLID, in color) and (b) In-cloud vertical air velocity from CPR-ATLID (m s™1, contoured) and its
inter-product difference (CPR-only — CPR-ATLID, in color). The contour intervals are 20 pm in (a) and 0.2 m s™1in (b).

4 Circulation field in anvil clouds

The composite diagrams shown in the previous section illustrate the mean vertical profiles sorted by IWP instead of a spa-
tial dimension. Although the observed structure of anvil clouds and convective cores in 4a-b is reminiscent of an organized
convective system as we know it, adjacent columns in IWP space are not guaranteed to represent physical neighbors. 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 separated simply by IWP. A convective core is defined as a series of consecutive cloudy
columns that each satisfy the empirical definition of IWP > 10% g m~2 over a distance of +R,.. The convective core radius,
R., 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 R, > 1km are included in the present analysis to secure a sufficient sample size. A more restrictive definition of
R. > 5km was also tested and confirmed not to qualitatively alter the results.

An along-track sequence of observed columns is sampled around each convective core. This procedure is repeated with all
qualifying convective cores over the study region and period (Section 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, with the caveat that any
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column with IWP > 10% g m~2 outside &R, is excluded from the averaging. This caveat is intended to ensure that composite
anvil clouds are not contaminated by neighboring convective cores that exist often, as clearly visible in Fig. 1.

The mass conservation law in the axisymmetric cylindrical coordinates yields radial wind, u,., as

10
;ETW(T&):D(T’Z% (2)

where D designates horizontal divergence,

D(r,2) = _3”‘18*(:’2). 3)

Here all-sky vertical velocity, w,, is defined with a combination of w,, . and ambient (clear-sky) vertical velocity, wq 4, as
We(r,2) = fo(r,2)wa,c(r,2) + [1 = fe(r, 2)|wa,qo (1, 2). 4

Cloud fraction, f., and w, . are as estimated from EarthCARE observations, while w, , is prescribed as explained later. The
solution u,-(r,2) is obtained by integrating Eq. (2) over r from r =0 at each level with the symmetry-required boundary
condition of u,.(0,z) = 0. The distribution of wind vectors (u,, w,) in -z space depicts a circulation field representing the
anvil cloud dynamics.

The axisymmetric assumption is valid for isotropic anvil outflows from a point-source-like convective core as may occur in
the absence of appreciable background wind. Axisymmetry, however, would not fit highly anisotropic convective 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 appropriate approximation,

222 _ pia2), ®)
where u,, 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 w, ,, as EC-CPR is by design unable to detect anything outside
clouds. The possible origins of w, , 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 variability of clear-sky

vertical air motion is not considered but instead w, , is simply assumed to be absent everywhere, that is,
We (1, 2) & feo(r, 2)wa,c (1, 2). (6)

This is a workable (though not always realistic) assumption to the extent that w,_ , changes more smoothly over height than

W, ¢, With the fact in mind that w, affects horizontal wind only through its vertical gradient.
4.2 Result

Figure 7a shows composite cloud fraction in the distance-height plane. Anvil clouds are clearly visible as a layer of enhanced

cloudiness peaked around a height of 12 km. Intense updraft trapped within the convective core on the left end of the plot gives

12
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Figure 7. Composite distance-height diagrams of (a) Cloud fraction (%), (b) Vertical air velocity w, (ms~*, contoured) and horizontal
divergence D (10~*s™!, in color), (c) Axisymmetric horizontal-vertical wind field with the amplitude color scaled (ms~'), overlaid by
contoured cloud fraction, and (d) As (c) but for Cartesian winds. The contour intervals are 10 % in (a), (c)-(d), and 0.1 ms~" in (b). The
horizontal axis is defined as the along-track distance from deep convective cores (see text for details). All the plots are constructed with the

CPR-ATLID product.

way to modest ascent in w, (contours in Fig. 7b). The w, contours at a distance of, say, 100 km implies an upward acceleration
until w, reaches a maximum at ~13km in altitude and sharply declines beyond. The contrasting pair of acceleration and
deceleration generates a layer of horizontal convergence topped by a diverging TTL as color-shaded in Fig. 7b.

The derived u,. and w, together delineates a well-defined trajectories of vector fields comprised of a mid-level inflow below
about 13 km and an upper-level outflow above (Fig. 7c), reminiscent of the mid- to upper-tropospheric circulation archetypical
of mesoscale convective dynamics (Moncrieff, 1992; Kingsmill and Houze Jr., 1999). A similar circulation pattern was found

also in numerical simulations of anvil clouds formed in association with isolated convection (Gasparini et al., 2019).
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The Cartesian circulation is qualitatively identical to the axisymmetric winds (Fig. 7d). Wind speed, however, is estimated
to be larger in the Cartesian geometry. The overestimation is most conspicuous at the farthest end away from the core, since
axisymmetric (ring-shaped) horizontal divergence is geometrically diluted with increasing radius while Cartesian divergence
is independent of distance. Figures 7c-d show that the upper-tropospheric outflow keeps accelerating over distance regardless
of geometry, which is an implausible outcome largely due to the assumption that ambient vertical motion is absent. The
unlikely acceleration of horizontal wind driven so far away from convective updraft would be rectified when realistic clear-sky
subsidence is taken into account to avoid falsely large upper-tropospheric divergence.

The mesoscale circulation depicted in Figure 7 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 products 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.

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 dynamics of tropical anvil clouds. Two of JAXA’s cloud products derived with
EC-CPR only (2A.CPR_CLP) and CPR and ATLID in tandem (2B.AC_CLP) are analyzed with focus 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, although 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) velocity, and consequently of in-cloud vertical air velocity, relies sensi-
tively on the microphysical model assumed in the retrieval algorithm. An extra observational constraint by ATLID on the PSD
model updates the estimation of vertical air velocity in the ATLID-CPR product. Although the in-cloud domain where CPR
and ATLID observations are available 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 pattern of in-cloud vertical velocity is largely shared
by the two products.

EC-CPR is a nadir-looking radar with its Doppler capability designed exclusively to measure vertical motion. It is nonethe-
less demonstrated in this work that diagnostic horizontal wind may be derived as well so that mass conservation is satisfied.
The velocity vector field manifests itself as a familiar mesoscale circulation constituted of a mid-tropospheric inflow toward
the convective core below a height of about 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.
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The current assumptions for the calculation of horizontal 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 variations in geostationary vapor-channel brightness temperature. This product, once made available
for the EarthCARE mission period, would offer a useful observational input as a realistic estimate of wq .

As a next step, the present analysis will be extended to include JAXA’s EarthCARE radiation product (2B.ALL_RAD) as the
ongoing reprocessing of this product is completed over an extended period back in time. The 2B.ALL_RAD product provides
the vertical profiles of radiative flux that is physically consistent with the cloud properties 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 wp were originally found at altitudes higher than 16 km in the composite IWP-height space (Fig.
Ala). These anomalous values are associated with weak radar signals corresponding to small IWCs below 1072 gm ™3, giving
rise to a “wing” outside the vertical histogram ridge where a vast majority of samples reside (Fig. Alc). The histogram ridge,
confined to modest values of wp within £1 ms™1, is likely attributed to TTL cirrus, whereas the wing is presumably second-
trip echoes due to mirror images (see Section 2.2). A Doppler velocity of a few m s~ is too large for TTL cirrus but instead
may be reasonably interpreted as a mirror image arising from falling raindrops. The fact that this artifact avoids extremely large
IWPs beyond 102 g m? (Fig. Ala) suggests that these second-trip echoes are more likely mirror images than MS tails. Although
the JAXA EarthCARE data processing attempts to isolate out mirror image echoes, a certain fraction of them apparently remain
undetected.

1

In this work, any samples above 16 km in altitude are retained only when wp < 1 ms™" and otherwise excluded from the

analysis to remove the remaining mirror image echoes. Figure Alb shows the same plot as Fig. Ala but after the correction

applied. The mirror images are largely, if not completely, removed from wp by the correction.

Data availability.

The 2A.CPR_CLP (https://doi.org/10.57746/E0.01jdvd2gqq34e6yz9p8kfe68x5) and 2B.AC_CLP (https://doi.org/10.57746/
EO.01jkwjeg2yObgndnsvjvaaskaw) datasets are freely available through JAXA G-Portal (https://gportal.jaxa.jp/gpt/).
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