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Abstract. This study investigates hydrometeor fall speeds
using a dual-frequency profiling radar operating during the
2005–2006 monsoon season near Darwin, Australia. Our fo-
cus is on tropical deep convection where the observations
provide a new perspective on hydrometeor fall speeds within
and near intense drafts having mixed-phase media. The tech-
niques we employ avoid undue assumptions on the air mo-
tion or media distributions, offering a convenient path to es-
timate bulk radar reflectivity(Z)-weighted hydrometeor fall
speed (Vt). While these mixed-phase media estimates are not
specific to size or density, they may be replicated by models
and are practical for radar-based retrievals that necessitate Vt
assumptions.

Tests performed under rain and snow conditions show
comparable performance to disdrometer and other refer-
ences. The standard deviation of residuals for rain and snow
relationships are ∼= 1 and ∼= 0.4 m s−1, respectively. In con-
vective core regions aloft, Darwin observations align with ex-
isting graupel Vt-Z treatments, however mixed-phase media
typically falls faster (> 1–2 m s−1) for Z < 35 dBZ than prior
relationships. Breakdowns suggest that Active and Break
monsoon conditions favor a similar Vt-Z behavior in strong
cores. However, Break conditions – those more favorable to
intense daytime tropical convection – potentially indicate the
presence of additional lofted liquid or melting media mixed
in volumes at convective core peripheries Z < 35 dBZ. Break
events also show higher variability in Vt-Z pairs, with select
samples having Vt faster than rain for a given Z that argues
for partially-melted graupel coupled with size-sorting.

1 Introduction

The representation of deep convective cloud (DCC) micro-
physical and dynamical processes and properties remains
poorly captured by cloud and Earth system modeling (e.g.,
Sanderson et al., 2008; Del Genio, 2012; Fan et al., 2017;
Sherwood et al., 2020; Prein et al., 2022). These inadequa-
cies may be partially explained by the difficulty in obtain-
ing observational constraints for DCC characteristics across
the temporal and spatial scales these storms operate on (e.g.,
Houze, 2004). Model development and evaluation has shown
a renewed emphasis on exploring the fundamental role of the
vertical air motions within DCCs, and in models’ ability to
reproduce draft behaviors consistent with scarce references
towards improved cloud-aerosol hydrometeor evolution, en-
trainment and detrainment (e.g., Donner, 1993; Donner et al.,
2001, 2016; Varble et al., 2014; Del Genio et al., 2012; Fan
et al., 2018; Anber et al., 2019; Morrison et al., 2020; Pe-
ters et al., 2021; Ramos-Valle et al., 2023). In turn, there has
been a push to add new platforms and retrievals to capture
storm intensity and kinematics – including draft sizes and in-
tensity – anchored to key environmental factors and lifecycle
state (e.g., Heymsfield et al., 2010; Giangrande et al., 2013,
2016a, 2023; Kumar et al., 2015; North et al., 2017; Wang
et al., 2019, 2020; Feng et al., 2021; Jeyaratnam et al., 2021;
Öktem et al., 2023; Fiolleau and Roca, 2024; Galfione et al.,
2025).

While aircraft campaigns have often been the gold stan-
dard for DCC observational understanding, only a hand-
ful of “direct” aircraft operations have collected extended
datasets within the most intense storms owing to the cost
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and safety concerns for conducting such efforts (e.g., By-
ers and Braham, 1949; LeMone and Zipser, 1980; Zipser
and LeMone, 1980; Detwiler et al., 2012; Field et al., 2019).
An alternative path has been to improve our remote-sensing
capabilities, with radar technologies in particular offering
techniques at scales that may inform on the nature of in-
dividual drafts and their microphysical interactions influen-
tial to finer-grid simulations (e.g., Morrison et al., 2020; Pe-
ters et al., 2020; Hernandez-Deckers et al., 2022; Matsui et
al., 2024). Profiling radar studies have recently shown that
through dual-frequency methods (e.g., Protat and Williams,
2011; Williams, 2012; Schumacher et al., 2015) and/or the
use of radar Doppler spectra (e.g., Atlas et al., 1973; Waka-
sugi et al., 1986; Lhermitte 1988; Kollias et al., 2002; Gi-
angrande et al., 2010, 2012, 2016b), it is possible to esti-
mate detailed (to 10 m and/or 10 cm s−1) vertical air motions
and coupled hydrometeor properties in even the most intense
DCCs.

Nevertheless, key information is missing on the hydrome-
teors in DCCs, such as their density, shape, and/or terminal
fall speed; properly capturing these properties has important
implications for modelled storm fidelity and remotely-sensed
retrieval viability. For example, radar retrievals often adopt
empirical relationships that use quantities such as radar re-
flectivity factor Z to approximate the particle fall speed con-
tribution to radar-observed air motions (e.g., Steiner, 1991;
Heymsfield et al., 2010; North et al., 2017; Giangrande et
al., 2013, 2016a). For profiling radar applications, such as-
sumptions are the primary source of physical process error
when estimating air motion and other drop size distribution
(DSD) retrievals. Scanning Doppler weather radar wind field
retrieval techniques similarly apply simple rain-based con-
straints on fall speeds (e.g., Caya, 2001; North et al., 2017;
Protat et al., 2024); the impact of these assumptions is of-
ten difficult to untangle because of how fall speed errors
may couple with other changes tied to tuning parameters
(e.g., gridding/smoothing choices, Oue et al., 2019). Proxy
retrievals that use radar microphysical fields have more re-
cently been proposed – including concepts that map changes
in spatiotemporal Z fields to estimate quantities such as air
motions or latent heating – and these offer the promise of
wide network or satellite applicability (e.g., Laroche and Za-
wadzki, 1995; Tao et al., 2016; Kumar et al., 2016; Chase
et al., 2024). These proxies may be applicable if one can as-
sume the underlying model is capable of reproducing salient
motions and convective particle complexity, for example as
demonstrated by proper treatment of joint media fall speed
and radar quantities viewed through forward operators (e.g.,
Straka and Mansell, 2005; Milbrandt and Yau, 2005; El-
saesser et al., 2017; Milbrandt et al., 2021; Lin et al., 2021,
2024; Heymsfield et al., 2023).

This study considers how hydrometeor fall speeds within
tropical DCCs are associated with a primary bulk radar
microphysical quantity, Z. It draws from a unique dual-
frequency radar wind profiler dataset, with a focus on DCC

events collected during the 2005–2006 monsoon season near
Darwin, Australia. We benefit from well-established methods
for the retrieval of vertical air motions from these profilers
that follow Williams (2012). An advantage of the Williams
(2012) techniques is that those methods avoid the need to
assume hydrometeor fall speeds en route to estimates of the
vertical air motion. The proposed effort capitalises on those
retrievals as its starting point towards an estimate for the
bulk radar reflectivity-weighted hydrometeor fall speed, Vt,
following complementary ideas put forward by Protat and
Williams (2011). Our study expands on their concepts by ex-
tending the ideas into precipitating DCC conditions. Similar
ideas have been prototyped by the authors in Giangrande et
al. (2016a) and Ovchinnikov et al. (2019), however not doc-
umented to this extent. A practical motivation is to promote
better representation of fall speeds in remote-sensing based
DCC retrievals wherein frozen drops, graupel, and hail exist,
but few observations are available or practical.

The Protat and Williams (2011) concepts will first be ap-
plied under rain and snow conditions; these conditions have
fall speed references that speak to the suitability of dual-
frequency concepts in precipitation. Simple tests under rainy
conditions will consider “convective-stratiform” regime sen-
sitivity, as regime-driven changes are established for tropi-
cal rain DSDs and quintessential to previous Darwin efforts
(e.g., Tokay and Short, 1996; Bringi et al., 2009; Giangrande
et al., 2014). Unique to this study are observations that
summarise hydrometeor fall speed properties within tropi-
cal DCC storms above the melting level. As deep convec-
tive “cores” (e.g., intense draft regions that extend across the
melting layer) have few established references, studies often
rely on modelled behaviors to furnish retrievals. Since the re-
trievals we present have no direct observational comparison,
we will consider sensitivity tests that explore retrieved fall
speed variability when contrasting different Darwin modes of
oceanic to continental-type DCCs. For these tests, we expect
that storms sampled during “Break” monsoon conditions are
deeper, more intense, and associated with lower mid-level
humidity when compared to “Active” monsoon regimes (e.g.,
May et al., 2012; Kumar et al., 2013). For instance, simula-
tion results presented in Vagasky et al. (2025) suggest that
warmer tropical environments may cause hail to melt faster,
reduce in mass and thus fall slower, whereas drier mid-levels
promote more evaporative cooling that helps maintain faster-
falling hailstones. While we may expect that Break condi-
tions favor the added presence of larger and/or faster-falling
convective media, the characteristics of these media relative
to Vt-Z treatments is less certain owing to potential melting
and complex mixtures of these media in such settings.

2 Dataset and Methodology

This study uses the dual-frequency radar wind profiler sys-
tem operated in Darwin, Australia, with datasets collected
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between the years of 2005–2006. These periods overlap
with the U.S. Department of Energy’s Atmospheric Radia-
tion Measurement (ARM; Mather and Voyles, 2013) Tropi-
cal Warm Pool International Cloud Experiment (TWP-ICE)
experiment (e.g., May et al., 2008) and several prior uses of
these datasets in the literature (e.g., Kumar et al., 2015, 2016;
Schumacher et al., 2015). During this season, a total of 43
event days were identified, where an “event” was defined as a
day having at least 15 min of overpass from DCC convective
core conditions (see also, Sect. 2.1). Events included a mix-
ture of isolated ordinary, multi-cell, and organized convec-
tion, the latter often featuring widespread trailing stratiform
precipitation. An example time-height image of Darwin pro-
filer radar reflectivity factor Z and echo classification (e.g.,
Giangrande et al., 2013, see also Sect. 2.1) is found in Fig. 1.

2.1 The Darwin Dual-Frequency Profiler Dataset

The Darwin profilers operated at 50- and 920-MHz fre-
quencies. This dataset has an established history in dual-
frequency and Doppler spectral-based literature for retrieval
of vertical air motions and other precipitation properties as
outlined by Protat and Williams (2011), Williams (2012),
among others. As described by Protat and Williams (2011),
the 50-MHz profiler observes both Bragg scattering from tur-
bulent inhomogeneities in refractive index (Balsley and Gage
1982) and Rayleigh scattering due to hydrometeors (Atlas et
al., 1973). Since the turbulent inhomogeneities move with
the vertical air motion, the 50-MHz Doppler velocity power
spectra contain two peaks; one associated with vertical air
motion and a more downward moving peak associated with
hydrometeor motion. The 920-MHz profiler does not have
the sensitivity to observe Bragg scattering at heights above
approximately 2 km, however the 920-MHz profiler can ob-
serve Rayleigh scattering from hydrometeors to heights over
8 km when enough are present (see Fig. 1). The basic dual-
frequency concept is to use the 920-MHz profiler Doppler
velocity power spectra to mask out the hydrometeor sig-
nal in the 50-MHz profiler spectra, enabling an estimate
of solely the vertical air motion component within the 50-
MHz profiler spectra. Although air motion estimates are of-
ten the desirable outcome of this approach, the bulk radar
reflectivity-weighted hydrometeor fall speed Vt may be es-
timated as a residual of the retrieved vertical air motion and
the measured hydrometeor mean Doppler velocity Vd. This is
a “bulk” (power-weighted) radar volume fall speed estimate
that aligns with radar volume Z estimates, weighted more
heavily to reflect the contributions from larger and higher
density media in mixed-hydrometeor volumes. This retrieved
radar fall speed Vt is conceptually the same as shifting the
Doppler velocity power spectra so that vertical air motion is
centered at zero velocity and the hydrometeors are falling in
still air, such that Vt=Vd. This fall speed has been adjusted
to sea level using an approximation by Foote and du Toit
(1969).

The profiler data collection was synchronised with a 1-
min dwell cadence. At the start of every minute, the radars
collected data in the vertical direction for 41 s, and then col-
lected data in either the north or east direction for 15 s. The
50-MHz profiler had a 495 m range resolution with range
gates spaced every 315 m. This oversampling in range is a
compromise between increased sensitivity (i.e., 495 m range
resolution) with increased data samples (i.e., 315 m range
gates) and the loss of independence of adjacent range gates.
The 920-MHz profiler had 105 m range resolution and 105 m
range gate spacing producing range independent samples.
To produce “range matched” spectra for the dual-frequency
method, five 920-MHz spectra centered on each 50-MHz
range gate were averaged together to produce spectra with
525 m range resolution. After retrieving the vertical air mo-
tion at each 315 m range gate, the air motion was interpolated
to a uniform 100 m spacing from 1.7 km a.g.l. (the lowest 50-
MHz profiler range gate) to the highest range gate with a
valid retrieval. The 920-MHz profiler Z and Vd were esti-
mated at each 105 m range gate and interpolated to the uni-
form 100 m spacing. The 920-MHz profiler Z was corrected
for calibration offsets using collocated disdrometer records
(e.g., Williams et al., 2023). Due to the profiler vertical res-
olutions, the retrieved vertical air motion has independent
samples every 500 m and the 920-MHz profiler Z and Vd
have independent samples every 100 m.

A simple fuzzy logic classification was developed using
an approach that follows Giangrande et al. (2013) to differ-
entiate DCC “convective” and “stratiform” precipitation re-
gions and remove possible radar artifacts or nonmeteorolog-
ical echo (see Fig. 1). The echo classification also guides a
separation for stratiform regions into columns having weaker
to more prominent “bright band” Z signatures and/or snow
influenced by aggregation processes (e.g., Fabry and Za-
wadzki, 1995). This classification performs a series of checks
using 920-MHz profiler fields (Z, Vd, spectrum width, and
a 5-gate standard deviation of Z) to designate likely Bragg
echoes, followed by a pass to identify likely “bright band”
points (e.g., Giangrande et al., 2008) and buffering/filtering
thereafter. A final pass decides “convective”, “stratiform”,
and stratiform that has “bright band” regions identified in
the column. As suggested by previous Darwin profiler stud-
ies, our study will only consider snow properties collected up
to 8.5 km and with Z > 20 dBZ to avoid any concerns with
profiler sensitivity or inability to properly sample media with
altitude.

One advantage of the approach we take is that Vt is es-
timated as the residual of the air motion and Vd, avoiding
undue assumptions on terminal fall speeds of individual hy-
drometeors. However, there are a few considerations that
should be mentioned. The profiler pulse volumes are compa-
rable to those found with scanning precipitation radar, with
the horizontal dimension increasing with range for the ver-
tically pointing radars and the vertical dimension increas-
ing with range for the scanning radar. For the 50-MHz pro-
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Figure 1. An example of Darwin 920 MHz Profiler radar reflectivity factor Z (top) and an associated convective rain (“CON”), stratiform
rain (“STR”) and “bright band” stratiform rain (“BBR”) echo classifications for an event on 17 November 2005.

filer at 5000 m range, a 3-deg (52.4 mRad) beamwidth cor-
responds to horizontal 260 m arclength (5000 m · 52.4 mRad)
by 495 m vertical pulse-length cylindrical shaped radar pulse
volume. This is similar to a scanning radar at 28 km, where
a 1-deg (17.5 mRad) beamwidth produces a vertical 490 m
arclength with 250 m horizontal pulse-length. For the dual-
frequency method, the 920-MHz profiler 9-deg (157 mRad)
beamwidth produces cylindrical radar pulse volume with a
785 m horizontal arclength and 525 m vertical length. With
the 2×2 m 920-MHz profiler antenna located approximately
20 m from the 100× 100 m 50-MHz profiler, the 50-MHz
profiler pulse volume is always within the larger 920-MHz
profiler pulse volume at ranges greater than 1.4 km. With
41 s dwell and 5 m s−1 horizontal advection, the effective
horizontal resolution of the two radars are 670 m (50-MHz
profiler) and 1.2 km (920-MHz profiler), as calculated us-
ing 2 · dwell ·windspeed+ horizontal arclength. Since only
the 50-MHz profiler detects Bragg scattering, the retrieved
vertical air motion horizontal scale depends only on the 50-
MHz profiler beamwidth as the 920-MHz profiler data are
only used to mask the hydrometeor signal in the 50-MHz
profiler Doppler velocity power spectra. In convective cores,
our focus is on data collected below 7.5 km (lower than for
snow), to further limit beamwidth considerations on profiler
observations (i.e., less than 800 m with 5 m s−1 advection);
our sampling of core properties may also be helped because
the strongest or widest coherent drafts are typically reported
above the melting level (e.g., Giangrande et al., 2023). Po-
tential radar misalignment is expected to be less impactful at
Darwin where convection typically propagates slower (i.e.,

5–10 m s−1) and in having extended time-height (15+min)
duration over the profilers (see also, Fig. 1). As a “bulk” ex-
ercise, we assume that matched volumes (scales) remain sim-
ilar in the convective air motion and media conditions they
capture, and no steady-state assumptions within those win-
dows otherwise.

As noted by Heymsfield et al. (2023), aircraft observations
through intense hail cores indicate that larger (and possi-
bly fastest-falling) media sometimes are not collocated with
the strongest updrafts, but closer to updraft periphery or up-
draft/downdraft interfaces (i.e., the largest Z echoes may not
be collocated with the strongest updrafts). One final caveat
for profiling radar applications is that non-uniform beam fill-
ing NBF contextually may promote lower bulk Z estimates
for conditions having strong features at scales similar to the
beamwidth. For example, NBF may result in conditionally
faster estimates of Vt for a given Z; this is not because the
Vt is improperly estimated, rather that corresponding “bulk”
Z may be estimated (beam filled) low. Such factors could
be impactful to “instantaneous” air motion retrievals that at-
tempt to capture behaviors at fine scales. Since the typical
spatiotemporal scales of slow-moving Darwin storms over
these profilers often exceed 20 min and/or several kilome-
ters in length, with native profiler resolution O (1 km) prior
to profiler matching, NBF considerations for sub-beamwidth
variations are expected as less important to the statistical
properties we are reporting. Nevertheless, our discussions
will be mindful of how profiler sampling may influence these
results and/or intrinsic Z-Vt behaviors for a particular storm.
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2.2 Darwin Precipitation Regime Breakdowns

The Darwin monsoon regime designations for this study fol-
low radiosonde-based classifications previously documented
by Pope et al. (2009) and associated precipitation behaviors
reported by Giangrande et al. (2014). The primary break-
downs we consider are based on the thermodynamic profile
regimes associated with the “Deep Westerly” or Active mon-
soon conditions (11 events), as well as the “Moist Easterly”
or Break monsoon conditions (23 events) described by Pope
et al. (2009) and established over multiple seasons. Typi-
cally, Active monsoon events are those associated with the
highest precipitation (in terms of accumulation) at Darwin.
Break monsoon events are also prolific precipitation produc-
ers, typically daytime events associated with higher values of
convective available potential energy (CAPE) and drier mi-
dlevels, promoting DCCs having more intense rainfall rates
and larger drop sizes.

Previous Darwin literature (e.g., Steiner et al., 1995; Tokay
and Short, 1996; Bringi et al., 2009; Giangrande et al., 2014;
Jackson et al., 2021) has demonstrated useful microphysi-
cal proxies to separate convective and stratiform precipita-
tion regimes (e.g., Bringi et al., 2009). These studies attribute
higher concentrations of smaller drops to convective precipi-
tation DSDs (i.e., for a given Z). Similar concepts have been
adopted by radar retrievals that apply different fall speed or
rainfall rate relationships for convective and stratiform rain
(e.g., Giangrande et al., 2016a). Our study consulted a multi-
year (2011–2014) 2DVD video disdrometer record available
through ARM as an independent reference for rain properties
around Darwin (e.g., Jackson et al., 2021). For the disdrome-
ter, we adopt a fit to Gunn and Kinzer (1949) drop fall speeds
to those DSDs to obtain instrument-level mean Doppler ve-
locity references for Vt (i.e., air motion assumed 0 m s−1 at
ground level).

3 Proof of Concept: Fall Speed Estimates Under Rain
and Snow Conditions

3.1 Examples of Dual-Frequency Profiler Fall Speed
Retrievals in Rain

In Fig. 2, we plot cumulative 2D histograms for the retrieved
Vt versus Z in convective (Fig. 2, left) and stratiform (Fig.
2, right) precipitation. As before, the profiler observations
are drawn from 43 events, with most events featuring a mix-
ture of echo classifications. For the stratiform samples in
Fig. 2, the observations are only those collected from strati-
form echo conditions identified below prominent radar bright
band signatures by our column classification. For all samples
shown, the observations are only included for altitudes below
2.5 km a.g.l., to avoid potential contamination of Z observa-
tions owing to the presence of partially-melted aggregates. In

total, the histograms include approximately 16 000 convec-
tive rain 1-min samples, and 38 000 stratiform rain samples.

The solid lines on Fig. 2 follow a Steiner (1991) power-
law fall-speed relation. This relation is of the form Vt= aZb,
where Vt is the fall speed in [ms−1] adjusted to sea level,
Z is the reflectivity factor in linear units [mm6 m−3], and
the b coefficient is commonly fixed at a value of 0.1. The
a coefficient for the left image has been assigned a value of
2.59, the matched value from this profiler convective rain-
fall dataset using a linear least-squares method. This value
is consistent with prior convective studies, and agrees with
the Darwin 2DVD record (4376, 1-min DSDs, matched a-
coefficient of 2.7) if adopting Bringi et al. (2009) to identify
“convective” DSDs (not shown). The standard deviation of
residuals for disdrometer and profiler Vt estimates ∼= 1 m s−1

within the 30 < Z < 50 dBZ range, with higher standard de-
viations found at the higher rainfall rate conditions. For this
least-squares fitting approach and examples that follow, the
expressions are significant (e.g., p < 0.001), as expected for
larger datasets. The coefficient of determination R2 for this
fit was 0.18, as tied to the natural variability observed in con-
vective rain. Note, our best rain fits were found when adopt-
ing slightly lower b-coefficients (in all rain cases, approxi-
mately b ∼= 0.08), but the impact was minor compared to the
performances presented.

We plot the similar histograms for stratiform rain condi-
tions in the right-hand plot on Fig. 2. The dashed line a co-
efficient is 3.1, which is the value associated with the 2DVD
record for stratiform (27900, 1-min DSDs) following Bringi
et al. (2009) classifications. The solid line on this plot is
the matched behavior for the profiler stratiform observations
(20 < Z < 40 dBZ), with a = 3.3 (R2

= 0.44). The standard
deviation of the residuals for stratiform is lower∼= 0.6 m s−1.

Overall, the performance of the profiler approach to es-
timate Vt values as a function of Z is comparable to the
variability found with disdrometer measurements under sim-
ilar conditions. The standard deviation of residuals for pro-
filer Vt estimates as a function of Z is typically less than
1 m s−1. The performance serves as confirmation that the
profilers can characterize convective rain volumes that carry
modest time-height gradients or variability in precipitation
and/or air motions. Under convective rain conditions, the
Darwin profiler data skews towards a “tropical” smaller-drop
a-coefficient behavior (e.g., Giangrande et al., 2014). How-
ever, the stratiform a coefficient behavior for the Darwin
profilers was found to be 3.3. At first glance, this may ap-
pear as an outlier compared to the 2DVD reference. Nev-
ertheless, our choice to conditionally sample stratiform pre-
cipitation under pronounced bright bands was intentional, as
we anticipated these stratiform conditions promote aggrega-
tion and/or breakup processes; conditions that favor DSDs
below the melting layer having fewer and larger drops for a
given Z (than a baseline “stratiform” reference, e.g., Gatlin
et al., 2018). Here, the higher a coefficient result was ex-
pected, providing confidence bulk profiler concepts are sen-
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Figure 2. Cumulative histograms for fall speed Vt (adjusted to sea level) versus radar reflectivity factor Z for “convective” rain (left) and
“stratiform” rain (right) collected by the Darwin profiler at altitudes below 2.5 km. Solid lines represent the best-fit fall speed relationship
having an “a” coefficient of 2.59 (convective, left) and 3.3 (stratiform, right) for a fixed b coefficient of 0.1. The dashed line on the stratiform
plot represents a disdrometer-based fall speed relationship having an a coefficient of 3.1.

sitive to physical process changes in DSDs similar to what is
currently expected from disdrometers. That is, when we con-
sider the entire “stratiform” echo classifications to include
periphery echoes (not shown), the matched a coefficient was
similar to the disdrometers at 3.0 (R2

= 0.38).

3.2 Examples of Profiler Fall Speed Behaviors in Dry
Snow in Stratiform (Above Bright Band)

As with rain properties below the melting level, we consider
dual-frequency retrievals for Vt as a function of Z within
snow regions above the melting level. These examples are an
extension of previous work by Protat and Williams (2011),
applied to lower altitudes (closer to the melting level) and/or
higher Z estimates. Single radar techniques performed under
these conditions are potentially less suitable for air motion
retrievals using Vt-Z power-law assumptions since the vari-
ability of fall speed estimates will be on the same order as the
vertical air motions. Protat and Williams (2011) previously
estimated this variability for the Darwin dual-frequency pro-
filers to be around 0.2–0.3 m s−1 in the case of anvil and
other high altitude stratiform clouds. A more complete set of
fall speed relationships (that follow similar power-law forms)
has been reported by those authors, using habit archetypes
adopted from Hong (2007).

In Fig. 3, we plot profiler Vt-Z 2D histograms at two sepa-
rate altitude intervals (4.5 to 6.5 km in the left panel, and 6.5
to 8.5 km in the right panel). These intervals provide a simple
proxy for bulk changes in snow density/type (e.g., standard
expectation for Z profiles in stratiform to decrease with al-
titude) to illustrate possible variability in the relative termi-
nal fall speed estimates. For this dataset, over 44 000 1-min
profiler samples were collected for snow in this lower alti-
tude interval, and over 16 000 samples were collected within
the upper level altitude interval. For these plots, we overlay
matched snow curves (solid lines) for our dataset that adopt a
fixed b = 0.19, as recently used by Giangrande et al. (2016a)
for a coefficients that vary from 0.37 to 0.5. Previous Darwin

studies by Protat and Williams (2011) developed under more
generalized and/or higher altitude “stratiform” conditions
(i.e., lower relative Z magnitudes) reported a coefficients
that approached 0.5 for this similar b coefficient at 0.19. Re-
cent studies by Matrosov (2023) report radar-based Vt-Z re-
lations for dendritic and plate-type crystal sequences over
ARM’s Oliktok Point facility having a ≈ 0.8 and b ≈ 0.1.
Our Darwin fits with b = 0.19 yield an a coefficient of 0.45
(R2
= 0.02, standard deviation of residuals = 0.45 m s−1) at

the lower altitudes (left panel), and 0.41 (R2
= 0.01, standard

deviation of residuals= 0.28 m s−1) at the higher altitudes.
Our best-fit snow relationships (dashed lines on Fig. 3) were
associated with a lower b coefficient = 0.1, with a coeffi-
cients of 0.72 (lower altitudes, R2

= 0.06) and 0.62 (higher
altitudes, R2

= 0.04).
Overall, profiler behaviors are consistent with prior fits in-

tended for use in lower Z, higher altitude contexts. The sea
level-adjusted Vt exceeds 1 m s−1 for Z greater than 20 dBZ
and 1.4 m s−1 for Z of 30 dBZ. Our standard deviation of
residuals for Darwin is similar to error statements found in
Protat and Williams (2011), approx. 0.3–0.4 m s−1. How-
ever, these types of statements are contingent on whether one
adopts an appropriate relationship for a particular ice/snow
condition. As previously considered by Protat and Williams
(2011), there is no expectation that a single “habit” rela-
tionship holds across all altitudes. In our examples, the best
performance was associated with a lower b coefficient (0.1)
similar to rain, and higher a than noted in Giangrande et al.
(2016a). However, it may make physical sense for a shift to-
wards a lower a coefficient (for a given b) contextually for
dry snow near pronounced “bright bands”; these conditions
promote increasing bulk Z values and slower (relative) fall
speeds as associated with aggregation and/or larger aggre-
gate snow (e.g., Zawadzki et al., 2005). In contrast, higher a

coefficients and/or faster fall speeds (relative to the given Z)
aloft are consistent with smaller, higher density ice that has
not undergone aggregation.
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Figure 3. Cumulative histograms for Darwin profiler fall speed Vt (adjusted to sea level) versus radar reflectivity factor Z for snow above
bright band signatures, for heights between 4.5 km and 6.5 km a.g.l. (left panel), and 6.5 km and 8.5 km a.g.l. (right panel). The solid line
represents the fall speed relationship coefficient a = 0.45 (left panel) and 0.41 (right panel) for a fixed b coefficient of 0.19. The dashed lines
represent our dataset best-fit a = 0.72 (left panel) and 0.62 (right panel) for a fixed b = 0.1.

4 Results from Profiler Retrievals in Deeper
Convective Cores Aloft

The previous sections introduced profiler estimates for bulk
Vt under a variety of rain and widespread snow conditions
in tropical DCCs, providing confidence this retrieval ap-
proach may yield unbiased and physical process sensitive
fall speed estimates in precipitation with natural variabil-
ity within 1 m s−1. This section expands into applications of
these ideas for DCC updraft and/or core regions above the
melting level, having radar volumes associated with more
complicated mixtures of lofted rain, frozen drops, graupel
and/or small hail, and where the presence of larger or higher
density media may dominate bulk Z or Vd returns. Since
there are no observational equivalents to these examples to
author knowledge, this section adds a sensitivity study that
is intended to test the natural variability in these retrievals as
contingent on one classic example for larger-scale thermody-
namic monsoon season regime controls on Darwin convec-
tion and its media properties. In Table 1, we provide a list of
Darwin echo classifications and Vt-Z fixed coefficients from
the previous and current sections.

4.1 Cumulative Behavior in Deeper Convective Cores
Aloft

In Fig. 4, we plot a cumulative 2D histogram for Vt ver-
sus Z within the profiler columns identified as deep con-
vective cells. This plot contains data collected at altitudes
between 5.5 km and 7.5 km a.g.l. (31 000, 1-min samples).
Select “graupel” fall speed relationships exist in the litera-
ture relevant to radar-based retrievals, specifically those sug-
gested by Heymsfeld et al. (2010) from Tropical Anvils and
Cirrus Layers (CRYSTAL) Florida Area Cirrus Experiment
(FACE) aircraft observations and Giangrande et al., (2013,
2016a) as from modelling coupled with observational ap-
plication during ARM field deployments. On Fig. 4, we in-
clude the convective rain and snow Vt-Z relationships from

the previous sections (dashed-dotted lines), along with exam-
ples for Amazon (faster-falling, for a given Z) and Oklahoma
(slower-falling, for a given Z) graupel relationships (dashed
lines) taken from Giangrande et al. (2013, 2016a). Heyms-
feld et al. (2010) provide a linear graupel relationship (not
shown) with Vt values slower than the overlaid Oklahoma
reference, but it is qualitatively similar. Finally, we over-
lay simple matched power-law fits (solid lines) from profiler
datasets similar to previous sections, with these fits applied
for the range 20 < Z < 40 dBZ. These fits were performed
with two separate b coefficient assumptions, 0.19 (similar to
previous “snow” concepts) and 0.25 (similar to higher-valued
coefficients found in Giangrande et al., 2016a), yielding a co-
efficients of 1.03 (R2

= 0.52) and 0.70 (R2
= 0.40), respec-

tively. The a coefficient of 1.03 was also the best-fit value for
this dataset. The standard deviation of residuals was∼= 1.1 to
1.3 m s−1 for these fits, respectively.

The profiler media characteristics aloft are associated with
slower-falling bulk Vt than rain DSDs having a similar Z;
this implies lower-density ice media within these volumes.
There is an absence of Vt observations for media having
fall speeds faster (slower) than our previous rain (snow)
relationships. Recall, as bulk radar-weighted fall speed es-
timates, concentrations of “rain/liquid” or “snow/ice” may
also be present within these volumes. The matched grau-
pel fits are consistent with previous studies that suggest
fall speeds roughly 1–2 m s−1 slower than those expected
for rain having a similar Z. These Darwin fits however
suggest faster Vt in DCCs when compared to those previ-
ous studies, specifically within the observations associated
with 25 < Z < 35 dBZ. We find the most consistency with
the tropical-continental Amazon relationship used by Gian-
grande et al. (2016a). Note, Amazon studies were adjusted
by those authors towards faster-falling behaviors based on
author knowledge of Darwin datasets, but their focus was
on Z > 35 dBZ core regions. Overall, our observations fit
within “piece-wise” designs previously implemented by oth-
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Table 1. A summary of reference Darwin profiler-matched media fall speed relationship coefficients assuming a Vt [ms−1] = aZb (Z
in linear units [mm6 m−3]) functional fit. Fall speed relationship is at sea level pressure. Rain/snow relationships are expected applicable
to a wide range of 0 < Z / 50 dBZ. Mixed/graupel relationships are expected to be applicable between 25 / Z / 45 dBZ as discussed in
Sect. 4.1.

Echo/Media Classification Height (a.g.l.) a-coefficient b-coefficient

Convective Rain Below 2.5 km 2.59 0.1
Stratiform Rain Below 2.5 km 3.0 0.1
Stratiform Rain (below “bright band”) Below 2.5 km 3.3 0.1

Snow/Ice (above “bright band”) 4.5 to 6.5 km 0.45 0.19 0.19
6.5 to 8.5 km 0.41

Snow/Ice (above “bright band”, best-fit relations) 4.5 to 6.5 km 0.72 0.1 0.1
6.5 to 8.5 km 0.62

Mixed/Graupel (“faster” fall speed; best-fit relation) 5.5 to 7.5 km 1.03 0.19
Mixed/Graupel (“slower” fall speed relation) 5.5 to 7.5 km 0.70 0.25

Figure 4. Cumulative histograms for profiler fall speed Vt (adjusted
to sea level) versus radar reflectivity factor Z for “convective” me-
dia for heights between 5.5 km and 7.5 km a.g.l. Solid lines are the
matched profiler behaviors for fits having a coefficients = [1.0,
0.71] and b coefficients = [0.19, 0.25]. Dashed lines are “graupel”
fall speed curves from Giangrande et al. (2013, 2016a). Dashed-
dotted lines follow previous fall speed relationships for rain and
snow.

ers, where graupel relations are employed between intersec-
tion points with snow (Z ∼= 20–25 dBZ) and rain (Z ∼= 40–
45 dBZ) relationships. The rain intersection of our Darwin
profiler graupel curves occurs halfway between levels sug-
gested by previous Amazon (tropical, Z ∼= 35 dBZ) and Ok-
lahoma (midlatitude, Z ∼= 47 dBZ) continental studies.

As one physical interpretation, Giangrande et al. (2016a)
suggested the Oklahoma (model-based) treatments may be
appropriate for warm season Oklahoma storms that favored
strong updrafts, drier midlevels, and the presence of larger
and/or lower density graupel than expected for tropical/hu-

mid Amazon storms (higher density graupel, more frozen
drops). Or, Oklahoma relations are those that argue for larger
bulk Z associated with a similar Vt, or equivalently, a slower-
falling bulk Vt for the same Z. At the larger values for
Z > 35 dBZ, Darwin profiler Vt observations land between
these previous studies (note, Amazon studies assumed Vt
of rain for Z > 35 dBZ), yet closer to the prior Amazon
for Z < 35 dBZ. We may suggest a simple physical argu-
ment as did Giangrande et al. (2016a) that as one samples
more tropical, humid core conditions, the same relative Z

value may be associated with higher concentrations of frozen
drops, higher density graupel and/or more melting of grau-
pel. These changes in the media shift Vt to faster-falling val-
ues approaching those of rain (in this case, as compared to
Oklahoma conditions). Interestingly, Darwin and prior ob-
servations seem to favor faster-falling Vt behaviors at the
lower end of the Z range (25 < Z < 35). These include pe-
riphery or subsiding shell regions where profiling observa-
tions have come under additional focus (e.g., Mulhern et al.,
2025). The next section expands on how larger-scale thermo-
dynamic controls may shift DCC intensity towards changing
storm intensity and/or media properties, including at core pe-
ripheries.

4.2 Breakdown According to Darwin Monsoonal
Regime

Media density or fall speed should be sensitive to storm en-
vironments, as these conditions control updraft intensity and
vertical variation, thus influence the likelihood and/or den-
sity of graupel, and propensity for media to loft, mix, detrain
or recirculate within convective cores aloft. These variations
in bulk media density and/or propensity towards liquid on
ice upon melting also influence Vt and Z. A modeling effort
by Vagasky et al. (2025) suggested that warmer, more tropi-
cal conditions may promote slower-falling hail in convection
as owing to a higher propensity for melting, which would
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lead to a decrease in hailstone mass. As before, previous pro-
filer studies have suggested that lower-density, slower-falling
graupel were associated with drier midlevel Oklahoma con-
ditions having also stronger updrafts, colder temperatures
and higher evaporative cooling. This suggestion based on the
model/microphysics used by Giangrande et al. (2013) may be
incompatible with the observations from tropical, more hu-
mid and/or weaker updraft Darwin events. A shift into trop-
ical and/or moister Darwin environments may offer one ex-
planation for the differences we observed in the previous sec-
tion, implying mixed-phase media in Darwin cells may more
readily melt and/or reduce in size; This implies faster-falling
or more rain-like fall speeds within cores. Observed spread
may also be attributed to size sorting and other complexities
of convective environments that observations sample (e.g.,
Ryzhkov et al., 2005; Kumjian and Ryzhkov, 2008) that are
not currently captured by models.

In Fig. 5, we plot histograms as in Fig. 4, but separated ac-
cording to the subsets of Active (11 events) versus Break (23
events) monsoon events. The same altitude range is consid-
ered (5.5 to 7.5 km, i.e., above the 500 mb level). These al-
titudes reflect where the regime-dependent discrepancies in
the humidity profiles between composite Active and Break
conditions are most evident (see also, composite radiosonde
behaviors from Pope et al., 2009). The profilers collected
over 8200 1-min samples in these height intervals from Ac-
tive monsoon convective cells, and 14 800 1-min samples
during Break monsoon convective cells. Note, there were 5
events classified as “Shallow Westerly” or suppressed mon-
soon days (e.g., May et al., 2008) that are associated with
drier midlevels than the Active regime and higher mean
CAPE values than the Break regime; For these events, pro-
filer observations were similar to those from Break events
(not shown).

One shift between the regimes is that we observe more
variability in Darwin Vt-Z pairs under Break conditions than
Active, with the propensity that the profilers observe more
frequent and faster-falling Vt-Z samples (e.g., those resid-
ing above the reference fits) for Break events. The most pro-
nounced differences are suggested for Z < 35 dBZ where
the most observations were also collected. We also sample
more frequent Vt-Z pairs to the larger ends of the histograms
(i.e., higher rainfall rates, Z) for Break events, as expected
if Break storms are typically more intense. Some variabil-
ity was also anticipated for Break events given an assumed
additional propensity to observe outlier Vt-Z estimates as as-
sociated with small hail, melting graupel or “big drops”, and
other NBF or possible gradient influences discussed prior.

A physical argument to explain these differences is that
the weaker (stronger) tropical convective updraft conditions
may have relatively less (more) graupel production and/or
riming, but also less (more) overall lofting of liquid above
the melting level to these altitudes. In Fig. 5, we observe
Vt-Z pairs for Break conditions that include pairs 1–2 m s−1

faster than our baseline Vt-Z best-fits for lower Z < 35 dBZ

regions. This observation appears consistent with the argu-
ment that stronger updrafts support the more likely pres-
ence of faster-falling and/or mixtures of graupel/rimed me-
dia with additional lofted liquid. Select Break Vt-Z pairs ap-
pear to even fall outside (faster than) the range of those as-
sociated with rain DSDs (i.e., > 6 m s−1 for Z < 35 dBZ).
These outliers – as potentially associated with melting hail,
melting aggregates, or other NBF-type issues – are uncom-
mon, and may not be as frequent for tropical DCCs as for
continental/midlatitudes. Break events did not favor large
and faster-falling media at altitudes above 5.5 km a.g.l. as-
sociated with small hail, with the profilers rarely observing
Z > 45 dBZ at these altitudes, or Z > 50 dBZ in lower-level
rain (as in Fig. 2). However, this was not an attempt to iso-
late the strongest Break afternoon continental storms, higher-
quality overpasses, or identify cells having matched lifecycle
stages; Our displays likely will not represent the most pro-
nounced separations between these regimes, and such con-
ditional sampling considerations may be suitable to future
studies as longer-term Darwin profiler records become avail-
able.

As a second finding, observations in Fig. 5 suggest that any
regime-based Vt differences we observe are most pronounced
at Z associated with the peripheries of tropical cores, not that
either regime initially suggests faster Vt within the stronger
core Z regions. These periphery regions are also those loca-
tions where we may expect additional factors contributing to
faster Vt estimates relative to Z owing to sampling consid-
erations. One possible takeaway from this is that there may
not be intrinsically large differences between bulk graupel
or mixed media Vt behaviors in higher Z cores for tropi-
cal convection contingent over a modest range of thermody-
namic conditions and/or updraft intensity. This finding could
be useful to convective parameterization if “graupel” fall
speeds may be handled as relatively fixed, rather than requir-
ing additional complexity to track different graupel densities
or fall speeds. Further efforts to isolate the strongest Break
examples from a longer Darwin record may be beneficial.
As these observations are also unique to tropical settings, we
cannot answer whether that prior Oklahoma core relation is
reasonable to continental thermodynamic controls given the
known differences between storms in these locations (i.e.,
stronger updrafts supporting large hail). If substituting Dar-
win Vt-Z behaviors over previous Oklahoma curves for re-
trieval purposes, this would otherwise result in potentially a
1–5 m s−1 increase at altitude in estimated updraft intensity
in the strongest cores (additional increases also as related to
hail fall speed underestimates).

5 Summary

In this study, observations from a dual-frequency profiler
dataset are used to retrieve bulk Vt in tropical convective pre-
cipitation conditions, with analyses that focus on rain and
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Figure 5. As in Fig. 4, but for (left) Break monsoon and (right) Active monsoon regime date breakdowns. Solid line is matched to profiler
behaviors for the fit having coefficients [a, b] = [1.0, 0.19]. Dashed line is for coefficients = [0.72, 0.25].

behaviors for media above the melting level in deep con-
vection. To instil confidence in these methods, we demon-
strate retrieval viability within rain and widespread aggre-
gate snow conditions having established expectations for Vt.
Retrievals are communicated in the form of joint functions
of the reflectivity factor Z, as consistent with disdrometer
and other literature focused on radar-based or profiling re-
trievals. For rain examples, the approach differentiates key
DSD shifts between convective and stratiform rain processes,
consistent with previous disdrometer studies. In snow, this
study expands on Vt-Z insights from prior Darwin efforts to
include moderately precipitating stratiform conditions closer
to the melting level/layer, showing good physical agreement
between observed Vt-Z relationships and those adopted by
the community.

A unique application for these profiler studies is attempted
for the retrieval of joint Vt-Z characteristics within deep con-
vective cells above the melting level. Convective observa-
tions aloft were well-constrained in Vt-Z depictions by rain
and snow expectations, and specific Darwin mixed-phase Vt-
Z observations showed modest agreement to Giangrande et
al. (2013, 2016a) retrieval relationships for “core” regions.
This study proposed best-fit Vt-Z relations for tropical con-
vective use, and these carry similarities to relations sug-
gested by previous tropical Amazon and midlatitude Okla-
homa studies. Darwin observations more closely align with
Amazon treatments for fall speeds at the lower relative Z

(those that favor faster-falling graupel or mixed-phase be-
haviors overall), but Darwin best-fit relationships reside be-
tween Amazon and Oklahoma prior treatments with curves
that gradually transitioned to rain Vt behaviors at a relative
Z ∼= 40 dBZ.

One key takeaway from these observations is that prior
Vt-Z treatments may consistently underestimate fall speeds
compared to Darwin observations for samples having lower
Z. For the heights considered by our study, the samples are
most often collected from the locations associated with the
peripheries of cores. In these regions, prior Vt-Z relation-

ships may underestimate the fall speeds by 1–2 m s−1. Mov-
ing into core regions having larger Z, relative interpretation
becomes contingent on whether we compare with prior Ok-
lahoma or Amazon-style relationships. Here, we find poten-
tially important differences when comparing observations at
Z > 35 dBZ, as Darwin observations suggest a behavior be-
tween prior Oklahoma (continental, midlatitude) and Ama-
zon (continental, tropical) references. For example, this is
potentially important if prior Amazon studies may have too
rapidly transitioned into “rain” fits, thus “overestimating” Vt
in portions of these cores. Nevertheless, we find most off-
sets from Darwin are within previously stated retrieval errors
reported by those studies.

For additional physical interpretation of our results, we
consider the sensitivity of convective fall speed behaviors
aloft to changes tied to DCC events initiated under different
larger-scale thermodynamic regimes. These initial tests were
accomplished by separating events according to Active and
Break monsoon conditions. Break events are suggested as
having DCCs initiate in environments associated with drier
midlevels and more unstable atmospheric conditions; this
would lead to more intense daytime storms having stronger
updrafts to promote additional graupel production, riming,
and/or more diverse convective media including higher con-
centrations of lofted liquid. We find both regimes exhib-
ited graupel Vt-Z relationships that favored faster-falling me-
dia than Vt-Z curves from prior studies at lower Z. Ac-
tive events were those that aligned better with prior studies,
whereas Break events favored additional presence of faster-
falling convective media aloft (wider diversity of Vt-Z behav-
iors). Moreover, the largest discrepancies between the Ac-
tive and Break observations were found for media having
20 < Z < 30 dBZ, the peripheries of convective cores for the
altitudes considered. We attribute Break findings to the addi-
tional presence of (melting) graupel, frozen drops, and lofted
liquid in stronger updrafts size-sorted to those peripheries
(wherein sorting/gradients may also contribute to select sam-
pling discrepancies). When considering Vt-Z discussions ini-
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tiated by Giangrande et al. (2013, 2016a), our more intense
tropical Break conditions versus Active events did not ap-
pear consistent with prior arguments that stronger updrafts
promote exclusively larger and lower density graupel me-
dia to the extent suggested for Oklahoma. This may partially
be attributed to the limitations of a single monsoon season
profiling dataset and its ability to isolate higher-quality day-
time storms and environments that may promote the widest
separations. However, Active and Break observations pro-
vide evidence for an overall “slower-falling” graupel fit into
Z > 35 dBZ regions, consistent with arguments that updraft
regions at midlevels in Darwin promote some amount of
lower-density graupel. For future consideration, the Darwin
graupel fall speed Vt-Z relations in larger Z “cores” appear
relatively invariant to broader thermodynamic shifts over the
site. This may imply similar Vt-Z relations could be applied
more generically to other sites across the tropics.

Our application was focused on informing Vt-Z behaviors
useful to radar-based retrieval studies, however these ideas
and datasets may also be of benefit to the wider commu-
nity aiming to improve tropical deep convective cloud sim-
ulations. Fall speeds in convection are connected to surface
rainfall rate, as in, if less (more) falls out, more (less) is avail-
able for detrainment and subsequent high cloud production
that has implications for cloud feedbacks (Sherwood et al.,
2020). Elsaesser et al. (2025) recently showed the differen-
tial impact that convective versus stratiform condensate fall
speed may have on Earth system model outputs, with con-
vective fall speeds controlling shortwave radiation, convec-
tive precipitation, while stratiform media fall speeds control
outgoing longwave radiation and global scale thermodynam-
ics simulations. Several convective parameterizations have
microphysics rooted in fixed fall speed assumptions (typi-
cally, power-law functions of diameter) for graupel, ice/s-
now, liquid, and transitions between those media contingent
on thresholds for the temperature, humidity and/or coupling
of those with the vertical air motion (e.g., Elsaesser et al.,
2017; Lin et al., 2021). Our results potentially argue that
graupel, mixed-phase or other fall speed assumptions in trop-
ical settings may be handled with simpler treatments. With
further advancement in forward radar operators, it may also
be possible to challenge graupel and/or rimed ice assump-
tions when coupled to other common assumptions for me-
dia distributions in tropical deep convection. Cloud-resolving
modeling may attempt similar regime composites to explore
controls on simulated graupel characteristics to help clarify
whether modelled fall speeds, sizes and/or density for grau-
pel are genuinely fixed to more continental/midlatitude Ok-
lahoma conditions, or if the observed shift is predominantly
a consequence of size-sorting/sampling in stronger updraft
environments.
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