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Abstract—In-cloud vertical air motion is a key parameter to
describe cloud dynamics and lifecycles. Short-wavelength (K a-
and W -band) radars are often used to observe clouds and extract
the vertical air motion from the radar-measured Doppler velocity.
However, the vertical air motion retrieval techniques developed
using ground-based radar Doppler spectrum may be problematic
for airborne cloud radars due to nonideal radar system perfor-
mance (e.g., receiver saturation) and the Doppler velocity mea-
surement uncertainties caused by aircraft motion, aircraft speed,
and the large aircraft motion induced horizontal wind. This article
presents a new and simple approach for estimating the in-cloud
vertical air motion using airborne W -band radar measurements,
which is applicable to cloud measurements without precipitation
or with weak precipitation. In particular, a power-law relation
between cloud and precipitation particle fall speed and attenuation
corrected radar reflectivity is established first. Then, the particle
fall speeds estimated from radar reflectivity using the established
power-law relation are compared with the radar-measured Doppler
velocities to derive the vertical air motions. This technique is
demonstrated with W-band airborne radar measurements from
the National Oceanic and Atmospheric Administration Atlantic
Tradewind Ocean-Atmosphere Mesoscale Interaction Campaign
from January to February 2020, which was designed to investi-
gate atmospheric shallow convection and air-sea interaction in the
tropical North Atlantic east of Barbados. The retrieved in-cloud
air motion is compared with results reported in the literature for
a nearby domain, suggesting that this simple retrieval technique
performs reasonably well. Since this approach is applicable for
airborne radar measurements with high-frequency noises, it can
be used as an effective tool for investigating the mean profile of
vertical air motion.
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I. INTRODUCTION

ERTICAL air motion plays a critical role in cloud for-

mation and lifecycle [1]. It is a key parameter used for
describing and parameterizing cloud dynamics, thermodynam-
ics, and microphysics [2]. Vertically pointing Doppler radars are
efficient tools for investigating vertical air motions in clouds [3],
[4], [5]. However, Doppler velocities measured by cloud radars
are the combined result of vertical air motions plus the fall
speeds of cloud and precipitation particles [6]. In addition, the
spectrum of radar Doppler velocity is broadened by turbulence
within the radar sampling volume and the finite width of the radar
beam [6], [7].

A couple of methods have been developed based on the
radar-measured Doppler velocities at each range gate or each
range gate’s entire Doppler spectra to quantify each of these
contributions to Doppler velocity and separate the air motion
and particle fall velocity components. For example, Pinsky
et al. developed a statistical approach for air motion retrieval
using reflectivity and Doppler velocity measurements from an
S-band vertically pointing radar (see [8], hereafter referred to
as the Pinsky method). The main idea of the Pinsky method
was to separate the Doppler velocity into the air velocity and
fall velocity of cloud and drizzle drops. In particular, the mean
of the measured Doppler velocity was computed as a function
of reflectivity. The air motion is estimated as the residual of the
observed Doppler velocity times a correlation factor based on the
reflectivity dependence of the variance of Doppler velocity [8].
A second method by Shupe et al. assumed that cloud liquid
water droplets have negligible fall speed and act as tracers for
vertical air motions in vertically pointing K a-band cloud radar
Doppler spectra measurements (see [7], hereafter referred to
as the edge method). After correcting for spectrum broadening
due to radar beamwidth, turbulence, and wind shear, the air
motion velocity is defined as the upward most edge of the
spectrum. Zhu et al. [9] improved the edge method by including
an additional broadening term that is determined by the signal-
to-noise ratio (SNR). These two edge method techniques were
demonstrated with ground-based zenith K a-band radars during
two field experiments using observations from the U.S. Depart-
ment of Energy (DOE) Atmospheric Radiation Measurement
facility [7], [9].

Compared to ground-based radar applications, vertical air
motion retrieval using airborne cloud radars is rarely done [10],
[11]. Therefore, this article presents a new, simple, but
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effective approach for in-cloud vertical air motion retrievals
from downward-pointing airborne W-band cloud radar mea-
surements. The proposed approach is novel since it does not
assume zero mean vertical air motion as the Pinsky method
did [8], making the proposed technique applicable to broken
clouds (i.e., low cloud fraction) where this Pinsky assumption
is not valid. In addition, this new approach does not compute
the Doppler spectrum broadening factors as required by the
edge method. In fact, compared to ground-based zenith radar
measurements, airborne nadir radar spectra have larger spectrum
widths due to the aircraft’s motion and high speed, as well as the
induced horizontal wind. These broadening effects are difficult
to quantify, posing challenges to practical implementation of the
edge method in airborne radar applications.

Nonetheless, it should be noted that extensive comparison
between different vertical air motion retrieval methods based on
radar measurement from different platforms in different cloud
regimes is not the main focus of this study. Rather, this article
wants to develop a simple strategy that is effective for airborne
radar measurements with high-frequency noise, in support of our
investigation of the mean air motion profiles in broken clouds.

The rest of this article is organized as follows. Section II
describes the airborne W-band radar data used in this study.
Section III details the proposed air motion retrieval strategy and
results. A discussion about practical implementation challenges
and limitations of the Pinsky, edge, and proposed methods in
airborne radar applications is also presented in Section III.
Finally, Section IV concludes this article.

II. AIRBORNE WW-BAND RADAR OBSERVATIONS DURING
ATLANTIC TRADEWIND OCEAN-ATMOSPHERE MESOSCALE
INTERACTION CAMPAIGN (ATOMIC)

To demonstrate the vertical air motion retrieval technique, this
article uses IW-band (94 GHz) pulsed Doppler radar observa-
tions collected from the U.S. National Oceanic and Atmospheric
Administration’s (NOAA) Lockheed WP-3D Orion research air-
craft (abbreviated P3 hereafter) during the ATOMIC [12]. This
W -band radar system is described in depth by Moran et al. [3].
It has been successfully deployed from a ship looking up and
from the P3 aircraft looking down prior to ATOMIC (see [3],
[13], [14]). As part of the larger experiment known as Elucidat-
ing the Role of Clouds-Circulation Coupling in Climate [15],
ATOMIC aircraft operations were held in the western Atlantic
during January 17-February 11, 2020 while a slightly longer pe-
riod of coincident ATOMIC ship-based and autonomous ocean
measurements were also taken nearby [16]. The P3 aircraft ob-
tained 95 h of observations over 11 flights; each flight contained
a mixture of sampling strategies. The P3 flight plans, sampling
strategies, and observations were summarized in [12].

The airborne W -band radar data were postprocessed to correct
attenuation of reflectivity profiles, and adjust the Doppler ve-
locity measurements in regard to aircraft motion and its vertical
speed during ascents and descents. Here, a brief summary of
the postprocessing strategy is provided. The interested read-
ers can find more details about the corrections of attenuation
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and aircraft motion in Fairall et al. [14]. For correcting the
measured Doppler velocity, the pitch and roll components of
aircraft motion are considered. In addition, the vertical speed
of aircraft is used to adjust the measured vertical Doppler
velocity. The attenuation is mainly contributed by atmosphere
gaseous attenuation and rain-specific attenuation. Based on the
P3 aircraft flight level data, including temperature, pressure,
and computed water vapor density at different heights, the
atmosphere gaseous attenuation was computed at 94 GHz using
the standard approach from the International Telecommunica-
tion Union [17] (www.itu.int/dms_pubrec/itu-r/rec/p/R-REC-
P.676-13-202208-1!PDF-E.pdf). For rain-specific attenuation,
the calculated normalized radar cross section (NRCS) from the
return of the sea surface is used as a reference since NRCS is
fairly well characterized as a function of wind speed and is inde-
pendent of radar attenuation. When the aircraft heightis low, i.e.,
the W -band radar beam can reach the sea surface, the difference
between the measured and calculated NRCS indicates the path
integrated attenuation, which can be incorporated in computing
the intrinsic (i.e., attenuation corrected) reflectivity [14], [18].
When the aircraft is high, i.e., the W-band radar beam cannot
reach the sea surface, a simple relation A = 0.0472°-%4 is ap-
plied [14], where A is the specific attenuation (in dB) and Z (in
mm® m~?) is radar measured reflectivity but after correcting the
atmosphere gaseous attenuation.

Fig. 1 illustrates an example of the postprocessed radar
observations, including attenuation-corrected radar reflectivity,
Doppler velocity after aircraft motion correction, and spectrum
width, during the whole flight on January 24, 2020. To highlight
details of the cloud pattern and gradient revealed by the P3
W -band radar measurements, Fig. 2 shows a zoomed-in version
of the data for 1-h period during this flight. This is a typical
event during ATOMIC, which consisted of both broken clouds
and drizzle particles. Fig. 3(a) shows a 2-D histogram of Doppler
velocities versus radar reflectivity during the same flight, along
with the means and standard deviations of the Doppler velocities
at different reflectivity intensities from —37 to 23 dBZ with 4
dBZ intervals.

Vertical air motion retrieval and analyzes are performed using
the postprocessed W-band radar data for each flight during
ATOMIC. It should be noted that six of the 11 flights are
excluded from this analysis because they did not contain very
many cloud and drizzle samples (flights omitted include January
17, 23, and 31; and February 3, 4, and 5). In fact, almost all
the observations on January 31 and February 3 were dominated
by clear air radar returns. In addition, since the night flights
on February 9 and 10 have few, yet similar radar features in
terms of radar reflectivity and Doppler velocity distributions,
they are combined together in the retrieval analysis to ensure
sufficient samples for investigating this combined flight. As a
result of this merging and case selection based on adequate
sample size, four total flight segments are included herein to
demonstrate the air motion retrieval approach and study the
mean profiles of in-cloud air motion during ATOMIC, specifi-
cally, January 19 and 24, as well as February 9—-11. There are
15060, 19565, 13069, and 13935 vertical profiles that have
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Fig. 1.

Observations from the 1/ -band radar aboard the NOAA P3 aircraft during ATOMIC, January 24, 2020. (a) Radar reflectivity after correction for attenuation.

(b) Mean Doppler velocity after correction for aircraft motion, with upward motion having positive values. (c) Spectral width.

clouds and/or precipitation echoes during each of the four flight
segments, respectively. Since the radar dwell time is 0.5 s, these
profiles correspond to 125.5h, 163.0h, 108.9h, and 116.1h of
observations, respectively. The observations and retrieval results
for the January 24 flight are extensively used in this article for
illustration purposes since other flight segments essentially have
similar performance.

III. METHODOLOGY, RESULTS, AND DISCUSSION
A. In-Cloud Air Motion Retrieval Approach

Air motion retrieval from the radar measurements is achieved
through the following three steps.

1) At different heights above sea level, obtain the cloud
and drizzle particle fall speeds by subtracting the mean
Doppler velocities of low reflectivity clouds from the observed
Doppler velocities. An example of low reflectivity clouds is
illustrated by the black dashed box in Fig. 3(a), which is
near the left end of the Doppler velocity versus reflectivity
distribution.

In this study, five height levels are considered based on the
cloud height during ATOMIC, namely, 0.5-1.0 km, 1.0-1.5 km,
1.5-2.0 km, 2.0-2.5 km, and 2.5-3.0 km. When we compute the

mean Doppler velocities of low reflectivity clouds, range gates
with reflectivity between —37 and —33 dBZ are used. If there
is no reflectivity samples between —37 and —33 dBZ, the next
4 dBZ interval between —33 and —29 dBZ will be considered,
and so on. The fundamental assumption here is that the small
cloud droplets have negligible fall speeds with respect to the
variations of vertical in-cloud air motions. These small droplets
are typically characterized by low reflectivity, < —25 dBZ at
W-band. Since low reflectivity echoes with presumably small
cloud droplets were commonly observed in the weak shallow
convection during ATOMIC, we can easily derive the mean of
Doppler velocities of these weak echoes (i.e., populations of
small drops).

2) Combine the obtained mean particle fall speeds at all
heights with their corresponding reflectivity and establish a
power-law relation (Vi = aZZ) between the particle fall speed
Vian [ms—1] and radar reflectivity Zp, [mm® m—3] through non-
linear least-squares regression.

3) Apply the regression relation derived from step 2) to obtain
estimates of the particle fall speed at individual range gates from
the time series of radar reflectivity and then estimate vertical air
motion at each range gate as the residual between the particle
fall speed and the measured Doppler velocity.
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Fig. 2. Same as Fig. 1, but only one hour observations to highlight details of

the cloud pattern revealed by the P3 W -band radar measurements.

The coefficient a and exponent b in the power law relation
were derived for each of the four flight segments analyzed here
from ATOMIC. In addition, different height levels are consid-
ered in step 1) mainly because we are interested in seeing the
variation between different heights, and sufficient data samples
are available at each height level. We have also tried deriving
the power-law relation Vi = aZ? in step 2) by combining all
the data at different heights instead of finding the mean particle
fall speeds and corresponding reflectivity at each height level
and then taking the mean across five different height levels.
The change on a and b is not significant. As such, we highly
recommend to use the 3-step procedure for air motion retrievals,
with potential adjustment of the height levels in step 1) to
guarantee sufficient samples of low reflectivity clouds at each
height level.

Compared to the Pinsky method or the edge method, this
technique is appealing in airborne radar applications. In fact,
neither the Pinsky method nor the edge method was effective
for the NOAA W-band data collected during ATOMIC. As
mentioned, variations of the mean and standard deviation of the
Doppler velocities as a function of reflectivity are key variables
used in the Pinsky method (see details in [8]). However, as
illustrated in Fig. 3(a), the standard deviation of the Doppler
velocity is nearly constant over the observed reflectivity range.
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Fig.3. 2-Dhistogram of (a) Doppler velocity and (b) derived air motion versus

radar reflectivity from the NOAA P3 W -band cloud radar during the flight on
January 24, 2020. The black solid lines in (a) and (b) represent mean values for
each reflectivity bin (i.e., each 4 dBZ interval from —37 to 23 dBZ), and the
black bars indicate corresponding standard deviations. The black dashed box in
(a) highlights the low reflectivity clouds near the left end of the distribution (i.e.,
the first reflectivity bin), which will be investigated in step 1) of the air motion
retrieval approach detailed in Section III-A.

The variations of standard deviations during three other flight
segments (not shown) were even smaller. This is different from
the monodisperse drizzling stratocumulus cloud case presented
in [8], likely due to different cloud dynamics and microphysics.

In the edge method, Doppler spectrum broadening due to
turbulence, wind shear, and an SNR-based broadening term
is estimated and removed from the spectrum’s upward edge
to obtain the vertical air motion (see details in [7] and [9]).
The spectrum broadening due to cross wind within the radar
scattering volume was neglected in previous studies, probably
because they assumed low horizontal wind speed propagating
through the ground-based vertically pointing radar sampling
volume. However, this broadening factor should not be ignored
for airborne radar applications since the aircraft was flying at
high speeds (about 130 m/s during ATOMIC), leading to a
high “cross wind” correction. In addition, it is difficult to use
airborne radar-measured Doppler velocity to accurately com-
pute the spectrum broadening caused by wind shear since the
measured Doppler velocity can have large uncertainties from in
flight beam broadening effects, as indicated by the large spread
in the Doppler velocity distribution in Fig. 3(a). Thus, the edge
method is not suitable for retrieving air motions from an airborne
nadir viewing cloud radar with performance characteristics of
the NOAA radar system.
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Fig. 4.

(a) Mean Doppler velocity, (b) cloud and drizzle particle fall speed, and (c) derived air motion at different reflectivity intensities and different heights

above sea level during the NOAA P3 flight on January 24, 2020. Line colors represent observations from above sea level heights shown in (a). Positive velocities

represent upward motion.

B. Drop Fall Speed and Air Motion Retrieval Results

For illustration purposes, Fig. 4(a) shows the mean values of
postprocessed Doppler velocities at different reflectivity inten-
sities and different heights above sea level during the flight on
January 24, 2020. Following the retrieval procedure, Fig. 4(b)
shows the particle fall speed obtained from step 1) by subtracting
the mean of Doppler velocity measurement for low reflectivity
clouds from all other mean Doppler velocities. Then, the mean
particle fall speeds as a function of reflectivity averaged across
all height levels are calculated, and the results are illustrated by
the thin red curve in Fig. 5. Based on these results, a power law
relation Vi (Zy) = —0.72129-316 is established for this flight
(January 24, 2020, thick red curve in Fig. 5). After applying this
relation to the reflectivity measurements to obtain the particle
fall speed estimates, the vertical air motions can easily be derived
following step 3). For the sake of comparison, Fig. 4(c) shows
the means of the retrieved air motions at the same reflectivity
intensities for the same height levels as Fig. 4(a) and 4(b).
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Fig. 5. Cloud and drizzle particle fall speed as a function of radar reflectivity
for different NOAA P3 flights during ATOMIC. Negative values indicate that
particles are falling downward to the sea surface. Coefficients for the fitted
models are summarized in Table I.
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Sample time series of (a) radar measured Doppler velocity and (b) derived air motion at different heights near 2 km during the NOAA P3 flight on January

19, 2020. For each line in (a) or (b), the averages of radar measured Doppler velocity or the derived air motion across two adjacent range gates are used. The height
in the legend indicates the center of the two adjacent gates. Upward motions have positive values.

TABLE I
RELATIONSHIP BETWEEN DROP FALL SPEED V11, AND RADAR REFLECTIVITY
Z, FOR EACH P3 FLIGHT DURING ATOMIC

P3 flight date
January 19, 2020
January 24, 2020

Vil (m s~ 1) — Zp, (mm®m—3) Relation
Vi (Z1) = —0.5427%2
Vi (Z) = —0.72129-316
February 9 and 10, 2020 Vi (Z1) = —1.51329-178
February 11, 2020 Vi (Z1) = —1.01929-236
These relations are also illustrated by the fitted models in Fig. 5.

The power laws between particle fall speed and radar reflec-
tivity for the four flight segments analyzed in this study are
shown in Fig. 5 and listed in Table I. Each flight-specific power
law was used to derive air motions for each flight. Note that the
significance of the variations in the a and b parameters between
flights is not known.

To further highlight the contribution of vertical air motion to
the radar-measured Doppler velocities and illustrate the appli-
cation to cloud microphysical investigations, Fig. 3(a) and (b)
can be compared or considered together. It can be seen that in
the cloud regions (reflectivity < —20 dBZ) the Doppler velocity
is mainly contributed by the air motion, but the cloud and driz-
zle particles understandably contribute more Doppler velocity
at higher reflectivity regions, especially when the reflectivity
> 10 dBZ, i.e., when light rain was observed by the I¥-band
radar.

Fig. 6 shows sample time series of the W-band radar-
measured Doppler velocity (a) and the retrieved air motion (b) at
different heights near the middle level of a shallow cloud during
the January 19, 2020 flight. This example shows vertical motions
that are quite similar and coherent or correlated as a function of
height over the 0.25 km intervals plotted, which were collected
over a total horizontal scale of about 25 km with roughly
eight individual cloud elements sampled. Fig. 6(b) shows that
the air motion varied by about 0.25 ms~! across these 1.76—
2.0 km height levels, while the mean updraft from these levels

was 1.2 ms™1.

C. Discussion

Without in situ measurements of vertical air motion during
ATOMIC, it is challenging to quantitatively evaluate the ac-
curacy of this retrieval method. Previous studies on air mo-
tion retrievals and cloud microphysics using similar airborne
W -band radar are rare, making it difficult for cross comparison.
In addition, observations from other stratocumulus clouds are
not straightforwardly applicable because their vertical motions
and precipitation characteristics vary substantially from stable
to unstable conditions and whether the (in)stability in either case
is strong or weak.

Nevertheless, the proposed air motion retrieval technique is
still appealing because none of the previous retrieval approaches,
such as the Pinsky and edge methods would work for airborne
radar measurements due to the limitations mentioned previ-
ously. The P3 W-band radar measurements during ATOMIC
is more complicated because of the radar system performance
and high-frequency noise involved in the measurements. Since
the ultimate goal of this study is to investigate the mean profile
of air motion during ATOMIC, i.e., high-frequency noise is less
an issue for this objective, the proposed approach can serve as
an effective tool to learn the trend and fluctuation of vertical air
motion. To evaluate the results, such as the particle fall speed
and radar reflectivity relations derived from the P3 W-band
radar measurements with large spread (e.g., Fig. 3), we have
simulated radar measurements for a versatile setting of cloud
droplet distribution parameters (not shown in this article) to
quantify the potential uncertainty of the derived power laws. We
have also qualitatively compared the retrieved air motions and
their variations at different heights in the context of related pre-
vious studies (i.e., [7], [19], [20]). Although the radar frequency,
system settings, and synoptic environments are different during
ATOMIC from these prior studies and our simulations, it is found
that the power-law relations and the retrieved air motion intensity
roughly agree with the values reported in those related studies
(i.e., the same order of magnitude), which is encouraging.

We also note that although this simple retrieval technique
is easy to implement, extra attention should be paid when the
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radar observations are dominated by precipitating as opposed to
nonprecipitating clouds across multiple height levels. In the case
of strong or extensive precipitation across time or each vertical
height level, there may not be enough cloud samples devoid of
precipitation to quantify the statistical spectrum of fall velocities
from small cloud droplets, which is required in this retrieval
method. In fact, for this reason, the retrieval process may fail if
only heavy rain echoes are observed.

Because high-frequency (K a- or W-band) cloud radars are
typically deployed to measure nonprecipitating to weakly-
precipitating clouds (< 10 mm hr~1), rather than precipitation
mapping over all magnitudes of rain rate, it should be normal
to obtain enough samples of non or weakly-precipitating clouds
when these Ka- or WW-band radars are operating for their de-
signed purpose. Therefore, this retrieval technique should be
suitable for cloud radar applications in most weakly- to non-
precipitating scenarios. Within those bounds, this technique can
also be extended to ground- and ship-based radar observations.
Since it was developed with airborne measurements in mind,
this method will be useful for ground- and ship-based settings
when the uncertainty in the vertical velocity measurements is
large for whatever reason.

IV. SUMMARY

In-cloud vertical air motion is an important parameter for
investigating and parameterizing cloud dynamics, thermody-
namics, and microphysics. Short-wavelength radars are typically
used to infer cloud properties, such as particle size distributions
and vertical air motions. However, previous air motion retrieval
techniques were mainly developed using ground radar observa-
tions and limited cloud situations, such as precipitating cases.
Compared to ground radar measurements, airborne radar vertical
velocity measurements involve large uncertainties due to aircraft
motion, aircraft speed, and the large aircraft motion induced
horizontal wind. This article proposed a 3-step approach for
estimating the in-cloud vertical air motion applicable in broken
clouds where zero-mean vertical air motion is not ensured. This
approach was demonstrated using the airborne W-band radar
measurements during ATOMIC 2020 in the Atlantic trade wind
region composed of weak shallow convection. The promising
performance suggests that this retrieval technique can be used
as an effective tool for investigating the mean profile of ver-
tical air motion. This simple retrieval technique is effective in
clouds with and without liquid drizzle particles so long as the
sampling volume is not dominated solely by precipitation. In
addition, the method is presumably applicable to other cloud
types observed in other locations as long as small cloud droplets
are present. However, collocated in situ or Doppler LIDAR mea-
surements of vertical air motion are needed to further evaluate
the retrieval performance quantitatively, although the results in
this article are consistent with relatable literature results and
methods.
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