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ABSTRACT

For the first time, theMie notch retrieval technique is applied to airborne cloudDoppler radar observations

in warm precipitating clouds to retrieve the vertical air velocity profile above the aircraft. The retrieval al-

gorithm prescribed here accounts for two major sources of bias: aircraft motion and horizontal wind. The

retrieval methodology is evaluated using the aircraft in situ vertical air velocity measurements. The standard

deviations of the residuals for the retrieved and in situ measured data for an 18-s time segment are 0.21 and

0.24m s21, respectively; the mean difference between the two is 0.01m s21. For the studied cases, the total

theoretical uncertainty is less than 0.19m s21 and the actual retrieval uncertainty is about 0.1m s21. These

results demonstrate that theMie notch technique combined with the bias removal procedure described in this

paper can successfully retrieve vertical air velocity from airborne radar observations with low spectral

broadening due to Doppler fading, which enables new opportunities in cloud and precipitation research. A

separate spectral peak due to returns from the cloud droplets is also observed in the same radar Doppler

spectra and is also used to retrieve vertical air motion. The vertical air velocities retrieved using the two

different methods agree well with each other, and the correlation coefficient is as high as 0.996, which in-

dicates that the spectral peak due to cloud droplets might provide another way to retrieve vertical air velocity

in clouds when the Mie notch is not detected but the cloud droplets’ spectral peak is discernable.

1. Introduction

The measurements of vertical air motion in clouds are

essential for the study of the dynamic and microphysic

processes and their interactions. Aircraft-based sampling

offers the advantage of direct (in situ) methods for mea-

suring the vertical air motion and cloud microphysical

properties (Nielsen 1992; Stith 1995; Wang et al. 2012; Noh

et al. 2013). However, in situ aircraft measurements are

limited to 1D(flight level), and aircraft penetrations in areas

of strong turbulence can be restricted for safety reasons.

The measurements of vertical air motion in pre-

cipitating clouds using Doppler radars have been

attempted since the 1960s (Probert-Jones and Harper

1961; Doviak and Zrnić 1993). In the 1980s and 1990s,

Bragg scattering (Wakasugi et al. 1986; Gossard 1988;

Rogers et al. 1993; May and Rajopadhyaya 1996;

Rajopadhyaya et al. 1998) observed by wind profilers

(Doppler radars operating at VHF and UHF) was used

to extract the vertical air motions. Over the past decade,
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the vertical air motion in precipitation has been re-

trieved using theMie scattering signatures (Mie 1908) in

Doppler spectra, as first proposed by Lhermitte (1988),

of short-wavelength (e.g., l 5 3.2mm, 95-GHz fre-

quency) cloud radar measurements (Kollias et al. 2002,

2003, 2007; Giangrande et al. 2010). These were mea-

surements from ground-based vertically pointed Dopp-

ler radars that can provide a 2D time–height velocity

field, but they can only observe the weather phenomena

passing over the radar sites.

Airborne Doppler radars enable the study of

clouds and precipitation structure over remote lo-

cations and oceans (Heymsfield et al. 1996; French

et al. 1999; Guimond et al. 2010; Lorsolo et al. 2010;

Rogers et al. 2013). Because of their compact design,

millimeter wavelength Doppler (cloud) radars op-

erating at 95GHz are particularly well suited for use

on aircraft (e.g., Li et al. 2004; Kollias et al. 2007).

The retrieval of the vertical air velocity using Mie

scattering signatures on the recorded Doppler spec-

trum from an airborne 95-GHz Doppler radar has not

been performed previously. Here, the Mie technique

is applied to the measurements from an airborne

cloud Doppler radar during the observations of

shallow cumulus over subtropical oceans to retrieve

the vertical air velocity profiles in clouds. The re-

trieval of the vertical air motion is challenged by the

aircraft motion that shifts the Mie scattering signa-

tures in the Doppler-velocity space. Moreover, hor-

izontal wind will also contaminate the vertical air

velocity retrieval when the radar beam is not vertically

pointing. The onboard global positioning system (GPS)

provides a high-temporal-resolution attitude determina-

tion (angle and velocity) of the aircraft, and the in situ

wind measurements can be used to estimate the hori-

zontal wind profile. Using these inputs, the influence of

the aircraft motion and horizontal wind on the retrieved

vertical air motion can be estimated and removed. The

terminal velocity of hydrometers with 1.69-mm diameter

can be corrected for air density variations using the air-

craft measurements. Subsequently, the vertical air ve-

locities at different heights can be retrieved using the

Mie notch technique and compared with retrievals

based on the presence of a cloud Doppler spectral

peak. The short-range vertical velocity retrievals are

then compared with the in situ aircraft velocity mea-

surements and the retrieval uncertainties are then

evaluated.

2. Airborne FMCW cloud Doppler radar

The data used in this study are from the Barbados

Aerosol Cloud Experiment (BACEX), which was

conducted off the Caribbean Sea from mid-March to

mid-April 2010 in Barbados (Jung et al. 2016a), and

the Key West Cloud Experiment (KWACEX), which

was carried out in May 2012 near Key West, Florida

(Jung et al. 2016b). The purpose of BACEX and

KWACEXwas to observe cloud–aerosol interactions

associated with precipitating and nonprecipitating

cumuli over the tropical ocean. The principal ob-

serving platform for the experiments was the Cen-

ter for Interdisciplinary Remotely-Piloted Aircraft

Studies (CIRPAS) Twin Otter (TO) research aircraft

(refer to Fig. 1). During the field experiments, the TO

was equipped with instruments that probe aerosol

and hydrometeors, measure standard meteorologi-

cal variables (such as temperature, pressure, and

humidity), and observe the mean and turbulent

thermodynamic and wind structures. A low-power

solid-state frequency-modulated continuous wave

(FMCW) 95-GHz (changeable) Doppler radar (Mead

et al. 2003) was mounted on the top of the aircraft

(normal to fuselage) in an upward-facing mode. The

FMCW radar acquires Doppler spectra at a sampling

rate (i.e., temporal resolution) of about 3Hz, with

range gates spaced (i.e., range resolution) at 24m for

BACEX and 10m for KWACEX, and provides users

with the fine structures of clouds and precipitations.

The fine resolution of FMCW allows radar observation

to be proximity to the in situ wind and microphysical

measurements. The radar characteristics are summa-

rized in Table 1.

3. Methodology

a. Mie scattering

Light scattering by spheres with size parameters

(x 5 pD/l) � 1 is described by the Rayleigh scattering

approximation and the backscattering cross section

sb (mm2) is proportional to the sixth power ofD, where

l is the wavelength and D is the particle diameter. The

monotonic increase of sb with particle size is disrupted

in the Mie scattering regime (;0.1 , x , 100), where

FIG. 1. The FMCW 95-GHz Doppler radar mounted on the top

of the CIRPAS TO research aircraft (a) without and (b) with ra-

dome. The radar operates in an upward-looking mode.
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sb displays successive maxima and minima as displayed

in Fig. 2. Figure 2a shows the dependency of sb, nor-

malized by the raindrop’s geometrical cross section, on a

raindrop’s diameter. The curve in Fig. 2a was obtained

from Mie theory (Mie 1908; Lhermitte 2002; Mätzler
2002; Tridon and Battaglia 2015; Tridon et al. 2013) for

95-GHz (3.2mm) radars by assuming a spherically sha-

ped raindrop. The location of the first Mie minimum or

Mie notch is at D ; 1.69mm. Figure 2b is similar to

Fig. 2a, but the raindrop’s diameter in Fig. 2a has been

replaced by the raindrop’s terminal speed. Lhermitte

(1988) proposed that, with a unique relationship be-

tween the terminal speeds and diameters of drops falling

in still air, the first Mie minimum due to sb resonances

observed in the 95-GHz radar Doppler spectrum can be

used to retrieve the vertical air velocity in clouds. More

specifically, the vertical air velocity is the difference

between the terminal velocity in still air and the ob-

served fall velocity of the raindrop with 1.69-mm di-

ameter for upward-pointing ground-based radars. For

airborne radars, the additional aircraft motion has to be

removed. The first Mie minimum at a raindrop diameter

of 1.69mm translates to a raindrop terminal speed of

5.9m s21 based on the Beard (1985) fit:

V
0
(cm s21)5 exp(5:9841 0:8515x

2 0:1554x2 2 0:032 74x3), (1)

where x5 ln[D (mm)]. This fit (after density correction)

provides speeds with a root-mean-square (RMS) de-

viation from the well-known Gunn and Kinzer (1949)

terminal speed data (obtained at 700 hPa, 208C, and 50%
relative humidity) of less than 1% betweenD5 0.5 and

5.8mm. In fact to obtain Fig. 2b, Eq. (1) has been used.

Because the radar-measured Doppler spectrum is the

distribution of power among different velocities, Eq. (1)

and Fig. 2b can be used to bridge the Doppler spectrum

in the velocity domain and Mie theory in the drop size

domain. In principle, the first or even the second maxi-

mum relating to Mie scattering oscillation can also be

used to retrieve the vertical air velocity. However, these

features are not as sharply defined as the first minimum,

thus the first Mie minimum or the Mie technique is used

in this study.

The use of an oblate spheroid model for large rain-

drops and T-matrix scattering theory (e.g., Mishchenko

et al. 1996; Kollias et al. 2002) provides solutions for the

maxima and minima of sb that differ slightly from those

shown in Fig. 2. Nevertheless, the Mie solution due to

scattering by spheres is used here since the key research

findings of this work are not changed. The associated

uncertainty will be discussed in section 7a.

FIG. 2. Dependency of normalized backscattering cross section on the hydrometeor’s (a) diameter and

(b) terminal speed.

TABLE 1. Characteristics of an FMCW radar.

Parameter Value (Barbados/Key West)

Center frequency (GHz) 94.8/94.1

Wavelength (mm) 3.2

Peak transmit power (dBm) 30

Transmit duty cycle (%) 6.25

PRT (ms) 39.78138/63.145

Chirp pulse bandwidth (MHz) Variable; up to 20

Max range (m) 5237/3963

Nyquist velocity (m s21) 20/12.6

Range resolution (m) 24/10

Receiver noise figure (dB) 7.0

Antenna diameter (cm) 30 (12 in)

Antenna gain (dB) 49.2

Antenna beamwidth (8) 0.7

FFT No. 512/64

No. of avg 32/55

Radar beam orientation Up looking (perpendicular to

the aircraft centerline)
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b. Air-density-corrected terminal speed

Since the terminal speed for a 1.69-mm diameter

raindrop obtained using Eq. (1) is the speed at sea

level in still air, a density correction is applied to the

terminal speed for the observations made aloft at al-

titude z by using the Beard (1985) formulation,

V
f
5V

z
5

 
r
0

r
z

!m

V
0
, (2)

where r0 5 1.194 kgm23 is the air density at z 5 0 for-

standard conditions. The coefficientm is a function of the

raindrop diameter of interest:m5 0.3751 0.025D (mm).

Hereafter, we will designate Vf as a density corrected

terminal speed. The Vf in Eq. (2) is Vf1 (which will be

defined later) when V0 ofD1M 5 1.69mm is used, where

D1M is the location of the first Mie minimum in terms of

particle size. The rz is the air density at altitude z and

using the ideal gas law is rz 5 p/RDTy where p is pressure

at z and RD is gas constant for dry air (287 Jkg21K21).

The Ty is the virtual temperature at z and is calculated

using Ty 5 (11 0:608q)T, where q and T are, re-

spectively, the specific humidity and temperature at z.

The speed variation due to density variations with height

is about 0.2–0.3ms21 km21 for the studied cases.

4. Aircraft motion and equations for its correction

For an airborne upward-pointing Doppler radar, the

aircraft motion, horizontal wind, and vertical shear of the

horizontal wind can bias the radar-measured Doppler

velocity. Figure 3 shows axes associated with possible

aircraft rotations and motions. Three axes form a

right-hand rule X–Y–Z coordinate system with Z

pointing downward. Since the radar beam is per-

pendicular to the X–Y plane, if the radar beam is

tilted, the radar-observed Doppler velocity will be

biased by the projection of the aircraft motion [in the

horizontal (Va) and vertical (Wa)] and the horizontal

wind Vh onto the beam axis. The correction in the

Doppler velocity due to the aircraft vertical motion is

Wa cos(P) where P is the aircraft pitch angle. In the

aircraft reference system, the airspeed Vr is the

magnitude of vector Vh 2 Va or Vr 5 Vh 2 Va where

Vh and Va are wind and aircraft horizontal velocity

vectors relative to the ground. It can be shown that

the bias due to Vh and Va is equal to the projection of

Vr onto the radar beam axis. Provided the slip angle

(or yaw angle) is 08, the Vr is also the aircraft airspeed

(the speed of aircraft relative to the air). Further-

more, if the aircraft pitch angle P is 08, there will be

no bias of the Doppler velocity by Vh and Va. The TO

in level flight has a mean P of about 138 (P positive is

nose up); thus, the radar antenna is pointing aft with a

positive P, and the Doppler velocity must be cor-

rected by2Vr sin (P). Thus, for a typical value ofVr5
60m s21 and P 5 38, the correction to the Doppler

velocity to obtain the Earth-relative vertical velocity

at the level of the aircraft, is about23ms21. Fluctuations

in the pitch angle due to the turbulent motion of the

aircraft also need to be taken into account to correct the

Doppler velocity, this is done by using the concurrent

measurement of P in the correction of each radar

observation.

In addition, the presence of vertical (with distance

from the aircraft) shear of Vr due to the vertical shear

of the horizontal wind can affect the Doppler veloci-

ties when P 6¼ 08 and/or roll angle R 6¼ 08. For example,

if the airspeed relative to the axis of the aircraft (Vx in

Fig. 3) is 10m s21 higher at 1 km above the aircraft, an

extra correction due to a P5 38will be about 0.5m s21.

Similarly if Vy, the transverse component of the air-

speed (see Fig. 4) is not equal to zero, then variations

in R will drive variations in the Doppler velocity equal

to Vy sin(R). It is noteworthy that the air velocity

measured at aircraft level cannot be used for other

levels because of the vertical shear of horizontal wind

speed and direction.

The previous discussions help one to understand how

‘‘contaminations’’ due to aircraft motion and horizontal

wind can occur. The real situation could be even more

complicated because the aircraft pitch, roll, and slip an-

gles can at the same time be nonzero. Here, the meth-

odology presented by Lee et al. (1994, hereafter L1994) is

simplified to remove the contaminations due to aircraft

motion and horizontal wind under ‘‘complicated’’

FIG. 3. Relationships among air velocity Vr (relative to aircraft),

aircraft vertical velocity Wa, and axes related to aircraft rotations.

Three axes form a right-hand-rule coordinate system X–Y–Z, with

Z pointing downward.
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situations. Appendix A provides details on the method-

ology used. The resultant equations are written as

w2 y
t
5

V
m
2 I

1
1 I

2
2 I

3
2 I

4

sinf
1W

a
, (3a)

I
1
5

ux1 yy

r
, (3b)

I
2
5

V
a
(x sinT1 y cosT)

r
, (3c)

I
3
52

Lx

r

�
(11 cosP) cosH

dH

dt
2 sinP sinH

dP

dt

�
,

(3d)

and

I
4
52

L

r

�
z cosP

dP

dt
2 y

�
(11 cosP) sinH

dH

dt

1 sinP cosH
dP

dt

��
, (3e)

where Vm is the radar-measured radial velocity; u is the

component of the horizontal wind in the east direction;

y is the component of the horizontal wind in the north

direction; T is the sum of heading and drift angle; and

L is the distance between radar antenna and GPS

navigation system, which is about 1m for our case.

Here I1, I2, I3, and I4 are used to shorten the notation

used; the other notations in Eqs. (3) are the same as

those in L1994. Relative to Eq. (26) of L1994, I3 and I4
have reversed signs because the radar antenna in this

study is mounted on the top front of the aircraft,

whereas the antenna in L1994 was located on the tail of

the aircraft.

On the left-hand side of Eq. (3a), yt is the mean (ter-

minal velocity) of the spectrum of the particles’ terminal

velocity distribution andw is the vertical air velocity at a

point, which shifts the particle size distribution (PSD) to

the left or right by a magnitude of jwj. We have here

implicitly assumed a uniform vertical air velocity and

PSD in a radar resolution volume (Fang et al. 2012; Fang

and Doviak 2008).

5. Bias-free Doppler velocity fields

The previous section discusses the bias due to the

aircraft motion, horizontal wind, and horizontal wind

shear in the radar-measured Doppler spectra. Here,

FIG. 4. Vertical profiles of wind (a) speed and (b) direction above sea surface obtained between 1506:00 and

1523:24 UTC 5 Apr 2010 over Barbados. The blue curve represents the measurements, and the red curve is

a smoothed profile.

MARCH 2017 FANG ET AL . 541



the procedure used to retrieve a bias-free Doppler

velocity is described in detail. In Eq. (3a),Vm is directly

measured by the radar and all other terms except I1 can

be determined from the GPS-measured aircraft atti-

tude angles and velocities. The term I1, or Eq. (3b),

represents a contribution from the horizontal wind. To

estimate I1, a seventh-order polynomial fit is per-

formed to the sounding of horizontal wind speed and

direction obtained by the aircraft. An example of such

fit is shown in Fig. 4, when the TO obtained a sounding

from 27m above the sea level to a height of 2.6-km.

The wind speed increased from 6m s21 at the sea sur-

face to about 8.5m s21 at 1 km and then decreased to

3m s21 at 1.6 km; it reached its second maximum of

9.5m s21 at 2.1 km before decreasing higher up. The

fitted profile of the horizontal wind and the aircraft

altitude are used to estimate I1 at each radar range

gate. In Fig. 5, the black curve represents the term

Wa 1 I2/sinf that is due to aircraft motion (including

both horizontal and vertical motion) at 228m above

radar level (ARL); the red curve represents term I1
/sinf due to the horizontal wind and the blue curve

represents the term (I3 1 I4)/sinf that is due to the

apparent rotational velocity (L1994). It can be seen

that both aircraft motion and horizontal wind terms

are significant; aircraft motion is the largest contribu-

tor and the contribution from the apparent rotational

velocity is negligible. Once all terms are accounted for

in the right-hand side of Eq. (3a), the left-hand side of

Eq. (3a) can provide us with the mean velocity of a

Doppler spectrum without contaminations from the

aircraft motion and horizontal wind. By moving the

radar-observed original Doppler spectrum a magni-

tude of jw 2 yt 2 Vmj to the left (w 2 yt 2 Vm , 0) or

right (w 2 yt 2 Vm . 0), one obtains the

contamination-removed Doppler spectrum. As has

been shown in previous studies (Kollias et al. 2002,

2003, 2007; Giangrande et al. 2010) and will be

subsequently shown here, applying the Mie technique

to a contamination-free spectrum, one can find the

vertical air velocity w. If w is also removed using

Eq. (3), the spectrum of a particle’s terminal velocity

distribution can be obtained and used to retrieve

the PSD.

An example of the zeroth and first moments (Doppler

velocity) estimated from the 95-GHz FMCW-recorded

Doppler spectra from shallow precipitating cumulus

clouds is shown in Fig. 6. The TO penetrated the cloud

near the cloud-base level at an airspeed of about 60ms21

and an altitude of 768m above sea level. The TO inter-

cepted several shallow cumulus clouds along this

6-km-long racetrack. Our analysis focused on the shallow

convective cloud observed between 1616:46 and 1618:32

UTC in Fig. 6. The average cloud top as observed by the

radar was 0.9 km above the aircraft flight level

(;1.67 kmMSL). Despite its shallow nature, this cloud

produced relatively strong radar reflectivity because of

the presence of large raindrops located around the dashed

line in Fig. 6a. The inspection of the Doppler spectra

confirmed the presence of Mie resonance and raindrops

with 1.7-mm diameter. Detrained cloud elements into the

inversion layer are also seen above 0.9-km level earlier in

the penetration 1617:27–1617:37 UTCwith tilted features

due to the relatively strong wind shear across the in-

version layer. Both Figs. 6b and 6c show the Doppler

velocity fields. In Fig. 6b, the biases due to aircraft motion

and horizontal wind have been removed, whereas in

Fig. 6c, they have not. In comparing Figs. 6b and 6c, one

can see that the predominant upward motion in clouds

before the bias is removed has been replaced by pre-

dominant downward motion after the bias is removed.

The corrected Doppler velocity (Fig. 6b) shows down-

ward motion mostly associated with the precipitation

shaft. However, alternating up- and downward motions

inside the cloud are noticeable, which implies the possi-

bility of some recirculation within the cloud that may help

the growth of larger droplets. But interpretation of the

meanDoppler velocities is not straightforward because of

the presence of the embedded vertical air motion in the

presence of precipitation. Newly growing clouds without

precipitation are also shown in Fig. 6 (echoes at around

1616:56, 1617:12, and 1617:20UTC) and exhibit relatively

weak returnswith strong updrafts. Figure 7 shows another

case for the data obtained on 22 May 2012 in Key West.

Again, the predominant upward motion in clouds before

the aircraft motion and horizontal wind bias is removed

has been replaced by predominant downward motion

after the bias is removed. A tilted high-reflectivity core

indicates a relatively strong shear layer about 1km above

radar antenna. The vertical dashed lines in Fig. 7

indicate a 20-s time period during which the Mie

FIG. 5. An example of a time series of correction terms at 228m

ARL related to aircraft motion (black), horizontal wind speed

(red), and apparent rotational velocity (blue) for data obtained on

5 Apr 2010 over Barbados.
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notches are observed and the radar-retrieved vertical air

velocities will be compared with the in situ measurements

and will be discussed in section 7. The half transparent

regions between two dashed lines result from two images

being overlapped and show the regions in which a Mie

notch is not recognized. Close inspection reveals two

possible reasons for this unrecognizability. One is that the

Doppler spectrum is narrow and the Mie notch is beyond

its coverage. Another is that the Mie notch is invisible or

not detectable in a sufficiently broad Doppler spectrum

appearing in a region with relatively strong turbulence.

Turbulence is ubiquitous in clouds. The spectrum due to

relatively strong turbulence can convolve with the PSD in

such a way that Mie notch is smeared out and not dis-

cernable or detectable, which is the main reason for the

most observations in the transparent regions in Fig. 7. For

the Barbados case, the time period for Mie notch being

observed is about 5 s.

6. Retrieval of vertical air velocity profile

First, the observed radar Doppler spectra are shifted

in velocity space to correct for the aircraft motion and

horizontal wind. Subsequently, the airborne radar-

observed Doppler spectra can be used to retrieve ver-

tical air velocity (Lhermitte 1988; Kollias et al. 2002;

Giangrande et al. 2010) when the Mie minima can be

identified. Figure 8 shows Doppler spectra, smoothed

using a third-order Savitzky–Golay filter (Savitzky and

Golay 1964; Schafer 2011), at a single range gate ob-

served by the FMCW cloud radar at 1617:44 UTC (in-

dicated by the dashed line in Fig. 6) on 5 April 2010 in

Barbados. Negative Doppler velocities indicate motions

toward the radar (downward); thus, the largest pre-

cipitation particles in the radar sampling volume are on

the left side of the Doppler spectra. The blue curve

represents the original spectra, whereas the black curve

represents spectra with bias removed. Noticeably, there

are three spectral peaks. The two spectral peaks on the

left are caused by relatively larger raindrops and Mie

scattering oscillations; the peak on the right is from

relatively smaller cloud droplets whose interaction with

the 95-GHz electromagnetic radiation is described by

Rayleigh scattering. These smaller hydrometeors are

very good tracers of the vertical air motion because of

their negligible fall velocity (Kollias et al. 2001). We

believe this is the first time that two different signatures

of vertical air motion (Mie resonant scattering from

raindrops and Rayleigh scattering from cloud droplets)

have been simultaneously observed in the same radar

Doppler spectrum. The time period of the cloud spectral

peak being observed is about 9 s for the Barbados case

FIG. 6. Time–height cross section of (a) radar reflectivity, (b) bias-removedDoppler velocity (1 upward),

and (c) bias-unremoved Doppler velocity in a precipitating cloud on 5 Apr 2010 during BACEX from

1616 to 1618 UTC. The reported height is ARL. Zero height corresponds to 768m MSL. The dashed

line indicates the specific time for the Doppler spectra in Fig. 8.
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and no cloud spectral peak is observed for Key West

case. In Fig. 8, the vertical red dashed line indicates the

theoretical terminal velocity of a raindrop with D 5
1.69mm in absence of aircraft and air motion, that

is 2Vf1, which is 26.23m s21 and has been corrected to

the height where the spectrum is obtained. The blue

dashed line at 0.31m s21 indicates the location of the

first Mie minimum of the original spectrum in which the

biases have not been removed. The black dashed line

at 22.66ms21 indicates the location of the first Mie

minimumon the bias-removed spectrum.Relative to the

original spectrum, it has been shifted about 3m s21 to

the left. Considering Eq. (3a) and the assumptions of

uniform vertical air velocity and PSD in the radar res-

olution volume, it is easy to see that the vertical air ve-

locity is the difference between black and red dashed

lines, that is 3.57m s21. Figure 9 shows another case

for the data obtained at 105m above radar around

2007:28 UTC (indicated by the left dashed line in Fig. 7)

on 22 May 2012 in Key West where only two peaks due

to Mie scattering are observed. Differently from that in

Fig. 8, the Mie notch in the bias-removed spectrum is

located on the left of the red dashed line, which implies

an approximate 1.6m s21 downward vertical air motion.

This procedure for retrieving vertical air velocity

at a single radar range gate can be easily extended

and applied to all range gates to obtain the verti-

cal velocity profile. Figure 10 shows a bias-removed

Doppler spectrogram observed by the FMCW air-

borne cloud radar at 1617:45 UTC 5 April 2010 over

Barbados. Also shown in Fig. 10 are the profiles of the

Mie maxima, Mie notch, vertical air velocity retrieved

from Mie notch, and the cloud droplet peak (or ver-

tical air velocity retrieved from cloud droplet peak).

Such a clear separation of the spectral maxima asso-

ciated with the Rayleigh scattering from the cloud

droplets and the maxima and minima due to Mie

scattering from raindrops in the same W-band

radar Doppler spectrogram, has not been documented

previously. The Mie maxima at 36m above radar

(denoted by black and green circles in Fig. 10)

are separated by approximately 3m s21 (centers at

around 23 and 26m s21)—a difference that is equal

to the value predicted by Mie theory as shown in

Fig. 2b. The blue circles in Fig. 10 represent spec-

tral peaks from the cloud droplets’ return; they

also indicate the vertical air velocities at different

heights because of their negligible terminal speeds

FIG. 7. As in Fig. 7, but for 22 May 2012 over Key West. Zero

height corresponds to 500mMSL. The dashed lines indicate a time

period during which radar-retrieved vertical air velocity and in situ

measurements will be compared in section 6.

FIG. 8. Original spectrum with bias (green), smoothed spectrum

with bias (blue), and smoothed spectrum without bias (black),

observed at 252mARL at 1617:44UTC 5Apr 2010 over Barbados.

The various lines are Vf1 (vertical red dashed line), Mie notch lo-

cation with bias (blue dashed line), Mie notch location without bias

(black dashed line), and the noise level (horizontal red dashed

line).

FIG. 9. As in Fig. 8, but for the data observed at 105m ARL at

2007:26 UTC 22 May 2012 over Key West. The noise level is

;24.2 dBm and is not shown.
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(e.g., 0.3 cm s21 for D 5 10mm). The blue star asterisks

indicate the locations of the first Mie minima. Vertical

air motion, as a function of height, retrieved using the

Mie technique is shown as a red cross. It can be seen that

the vertical air motion obtained from cloud droplets

agrees well with those retrieved from theMie technique.

The magnitude of an updraft in this cumulus cloud in-

creases with height from;1m s21 at 36m to;5ms21 at

about 600m above the radar. The mean difference be-

tween the vertical air velocities obtained from the Mie

technique and the cloud droplets is 0.05m s21, with a

standard deviation of 0.13m s21, and the correlation

coefficient between them is 0.996. This very high corre-

lation implies that the well-defined cloud droplet spec-

tral peak can be also used to retrieve vertical air velocity

when Mie notch technique is not applicable. However,

any uncertainties due to aircraft motion corrections can

also affect both the Mie technique and the direct cloud

droplets’ retrievals. Furthermore, air velocities retrieved

from the Mie technique require a density correction to

the terminal speed of the 1.69-mm droplets; while no

density correction is needed for the air motion retrieved

directly from the cloud droplets. Uncertainties in verti-

cal air velocity retrieval will be discussed in detail in the

next section.

Figure 11 shows a time–height cross section of the

retrieved vertical air velocity during the time period

indicated by the dashed lines in Fig. 7. The white void

areas are primarily due to the Mie notch being un-

recognizable or nonexistent. It can be seen that down-

wardmotion prevailed during the first 4 s in the cloud. In

the second 4 s, downward and upward motions alter-

nately existed. The strongest updrafts appear in the next

6 s, which may indicate a growing new cell. Although

upward motion prevailed in the last 6 s in most areas,

strong downward motion appeared around 2007:43 UTC

from the cloud base up to about 200m above the radar.

Those observed features of the vertical air velocity more

directly relate to the cloud dynamics and microphysics

and are different from that shown in Fig. 7b where the

particles’ terminal velocities and vertical air velocities

had not been separated.

FIG. 10. Bias-freeDoppler spectrogram and vertical profiles of the firstMiemaximum (green

circle), second Mie maximum (black circle), cloud droplet peak or vertical air velocity from

cloud droplet peak (blue circle), Mie notch (blue asterisk), and retrieved vertical air velocity

fromMie notch (red1 sign). Data were obtained at 1617:45UTC 5Apr 2010, which is denoted

as the vertical dashed line in Fig. 6.
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7. Uncertainties and comparisons of retrieved
velocities with in situ measurements

Up to this point, the methodology for retrieving the

vertical air velocity from the airborne FMCW cloud

Doppler radar observations has been introduced. This

section will discuss uncertainties associated with the

retrieval procedure and compare the retrieved velocities

with in situ measurements.

a. Uncertainties

1) UNCERTAINTY DUE TO AIRCRAFT ATTITUDE

ANGLES AND VELOCITY

Heymsfield (1989) discussed bias and uncertainties in

airborne radar-measured radial velocities. Both aircraft

motion and the horizontal wind can cause bias, but the

uncertainties are primarily due to aircraft motion terms.

Since Eqs. (3) are used, if both emitting and receiving

antenna beams are perfectly perpendicular to the X–Y

plane, the bias due to aircraft motion and horizontal

wind will be removed. However, radar beams may not

be perfectly perpendicular to the X–Y plane because of

imperfect installation or vibration caused by air dy-

namics during a flight or some unknown reasons. Fur-

thermore, the uncertainties can still exist because of the

uncertainties in aircraft horizontal and vertical veloci-

ties as well as the aircraft attitude angles. The un-

certainty associated with radar beam pointing angle will

be discussed in next section. The uncertainty of TO at-

titude angles is less than 0.18 and the uncertainty of

aircraft vertical velocity is 0.05m s21 (Kalogiros and

Wang 2002), which is much better than 0.5m s21 given

by Heymsfield (1989) for his case. Although the un-

certainty of aircraft horizontal velocity given by

Kalogiros and Wang (2002) is 0.02m s21, 0.05m s21 will

be used here as a conservative estimate. Considering

uncertainty as a random variable and 60.05 as 1

standard deviation from its mean, the variance associ-

ated with horizontal velocity is (0.05)2. The uncertainty

related to aircraft vertical motion is equal to the un-

certainty of the aircraft vertical velocity itself, which is

0.05m s21 for a TO (Kalogiros and Wang 2002) and the

associated variance is also (0.05)2. Assuming the pro-

cesses related to the two uncertainties are independent

from each other, the total variance is (0.05)2 1 (0.05)2

and the standard deviation or the total uncertainty is

approximately equal to 0.07m s21 (Papoulis and

Pallai 2004).

2) BIAS AND UNCERTAINTY OF RADAR BEAM

POINTING ANGLE

Previous discussions about bias removal implicitly

assume that the radar antennas emitting and receiving

electromagnetic waves are exactly aligned along the

X axis and the radar beam is exactly perpendicular to the

X–Y plane in aircraft coordinates. However, these as-

sumptions may not necessarily be valid. Furthermore,

even if these assumptions are true in still air, they may

not be valid because of air dynamics or aircraft vibra-

tions. Bias and errors associated with antenna aliment

and radar beam pointing angle also can lead to addi-

tional bias and uncertainty of the Doppler velocity es-

timate, and those in turn can lead to the bias and

uncertainty of the vertical air velocity retrieval. Cali-

brating the radar beam pointing angle as done by

Haimov and Rodi (2013) might be the best way to ac-

count for this bias and uncertainty, but this is beyond the

scope of our study. Although the bias and uncertainty of

the beam pointing angle are not clear, they should be

small and insignificant based on the comparison given in

section 7b. By using a high-accuracy inertial geo-

positioning system and the radar observations of the

Earth surface, Haimov and Rodi (2013) found that the

RMS error of the radar beam pointing angle is less than

0.038 and the Doppler velocity estimate error is less than

0.05m s21 for their airborne Wyoming Cloud Radar.

This value will be used to calculate the total theoretical

uncertainty. The reasonability of this usage will be fur-

ther justified in the section 7b.

3) UNCERTAINTY DUE TO INACCURATE

POSITIONING OF THE MIE NOTCH

In contamination-removed Doppler spectra, the first

Mie minimum or Mie notch is used to determine the fall

velocity of a cloud droplet with a 1.69-mm diameter.

Thus, the inaccurate positioning of the Mie notch in a

Doppler spectrum will lead to an error in the retrieved

vertical air velocity. By employing simulation,

Lhermitte (2002) found that the standard deviation was

FIG. 11. Time–height cross section of retrieved vertical air ve-

locity for data observed on 22 May 2012 over Key West. White

areas primarily result from unrecognizable Mie notch signature or

no Mie notch at all.
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0.066ms21 in determining the first Mie minimum loca-

tion from a third-order-polynomial-fitted Doppler spec-

trum. This value should be applicable to our study too,

since we determined the first Mie minimum locations

from the Doppler spectra that have been smoothed using

a third-order Savitzky–Golay filter (Savitzky and Golay

1964; Schafer 2011).

4) UNCERTAINTY DUE TO QUANTIZATION AND

NONSPHEROIDAL SHAPE OF RAINDROPS

Doppler spectra are generated from discrete veloci-

ties with a resolution of 0.1563ms21 for Barbados data

and 0.3938m s21 for KeyWest data, and therefore there

is an associated quantization uncertainty. Based on the

theory of statistical signal processing, assuming quanti-

zation noise is uniform andwhite, the standard deviation

of the noise can be calculated as
ffiffiffiffiffiffiffiffiffiffiffiffi
D2/12

p
, where D is the

quantization step (Papoulis and Pallai 2004). For our

case, D is the velocity resolution, and the associated

quantization uncertainties for BACEX and KWACEX areffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:15632/12

p
’ 0:045ms21 and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:39382/12

p
’ 0:114ms21,

respectively.

To use Mie theory, we have assumed that small rain-

drops are spherical in shape. If the raindrops are oblate

spheroids, one can use the T-matrix method to de-

termine the first Mie minimum location, which is at

about 1.71mm (Kollias et al. 2002), and this adds an-

other 0.046ms21 to the uncertainty.

5) UNCERTAINTY DUE TO DOPPLER FADING

In certain cases, the radar Doppler spectrum can be

broadened (Doppler fading) by the projection of scat-

tering particle motion perpendicular to the line of sight

(Sloss and Atlas 1968; Kollias et al. 2014). The spread of

the projection depends on the magnitude of the motion

of the scatterers in the transverse direction and the an-

tenna beamwidth. For circular antenna patterns, the

additional broadening sD ’ 0.3VAu3dB where VA is the

aircraft speed (60ms21 for TO) and u3dB is the 3-dB

beamwidth of the antenna in radians. For our case, the

estimated broadening due to Doppler fading is

0.22m s21 and the related uncertainty is less than

0.1m s21. The impact of this additional broadening on

our ability to detect the Mie notch in the radar Doppler

spectra and the introduced uncertainty in estimating the

location of the Mie notch is discussed in appendix B.

6) BIAS DUE TO NONUNIFORM BEAMFILLING

The nonuniform distribution of the radar reflectivity

field within the radar resolution volume in combination

with the use of a high-speed platform can cause biases in

the estimation of the Doppler velocity (Tanelli et al.

2002; Sy et al. 2014). Assuming that the reflectivity field

varies linearly along the transverse direction within the

radar resolution volume, the Doppler velocity bias in-

troduced by nonuniform beamfilling (NUBF) is given by

[Eq. (17) in Sy et al. (2014)]

a
linear

5
V

a

h
range

ln10

40 ln2
r2transverse ,

where a typical range of 1 km from the aircraft is used

(hrange 5 1km) and the radius of the footprint of the

FMCW radar is rtransverse 5 0.2m. The estimated co-

efficient is alinear 5 0.0066m s21 dBZ21 km. Thus, a

moderate linear gradient of 5 dBZkm21 will cause a

Doppler velocity bias of 0.033m s21. This is comparable

to the spectral velocity resolution and, considering that

its sign will change as the radar beam moves from pos-

itive to negative transverse gradients of the reflectivity,

should be neglected for most cases. In any case, the ra-

dar reflectivity field measured by the 94-GHz FMCW

radar can be used to estimate the radar reflectivity gra-

dient and subsequently provide an indicator of areas

where an NUBF correction may need to be considered.

7) TOTAL UNCERTAINTY

Previous sections discussed various contributors to

the vertical air velocity retrieval uncertainty. Assuming

these uncertainties are due to random variability, the

processes associated with them are independent from

each other and each uncertainty is a standard deviation

from its mean, then the total variance will be the sum of

the square of each uncertainty (Papoulis and Pallai

2004). The square root of the total variance is 0.16m s21

for the Barbados data and 0.19ms21 for KeyWest data;

these are the total standard deviations or themagnitudes

of the total uncertainties.

b. Comparison of retrieved velocities with in situ
measurements

The Mie notch technique has been used to retrieve

vertical air velocity for more than two decades since

Lhermitte proposed it in 1988. For an airborne Doppler

radar, where the Doppler velocity can be contaminated

by platform motion and horizontal wind, the theoretical

value of the uncertainty of the retrieved vertical air ve-

locity as given in the previous section is less than

0.19ms21, at least for the studied cases, which makes

this technique attractive even for the airborne radar.

However, the retrieved vertical air velocity has never

been comparedwith direct observations. Furthermore, a

few assumptions are needed to estimate the total un-

certainty in the previous section and it is unclear if these

assumptions and the estimated theoretical uncertainty

are reasonable. A comparison of the retrieved vertical
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air velocity with those from in situ measurements will be

used to evaluate the Mie retrieval technique. The

22 May 2012 case in Key West provides the results

shown in Fig. 12 (time period between dashed lines in

Fig. 8). The in situ measured velocity shown in Fig. 12

was obtained at a flight level about 500m above the

ground; the retrieved vertical air velocity was obtained

at 15m above the aircraft. Both in situ measurements

and retrieved field show downdrafts before around

2007:32 UTC, updrafts between about 2007:32 and

2007:40UTC, and downdrafts again after 2007:40UTC.

They agree well with each other and are highly coherent.

To estimate uncertainties, first a linear interpolation is

applied to the radar retrievals to transform the retrievals

from 3Hz to a 10-Hz dataset, and then a 9-point running

average is applied to both the in situ measurements and

radar retrievals to obtain trends. By subtracting the

trend from each associated original data, one obtains the

velocity residuals of the two datasets. The mean value of

the trend and the standard deviation of the residual of

the in situ measurements are 20.29 and 0.24ms21, re-

spectively. Table 2 tabulates the difference between the

radar-retrieved and in situ measured trends and the

standard deviation of the velocity residual of the radar

retrievals at heights from 15 to 105m. At 15m, the dif-

ference between two means of the trends is 0.01m s21,

which indicates that the radar retrieval is almost equal to

the in situ measurement. The standard deviation (STD)

of the radar-retrieved velocity residual is 0.21m s21,

which is a little bit lower than the STD of the in situ

measured velocity residual. The lower value may reflect

the fact that the turbulence with a scale smaller than

beam size has been significantly attenuated because of

beam filtering effect (Srivastava and Atlas 1974). Based

upon the high consistency between retrievals and in situ

measurements, it should be reasonable to deduce that

the actual uncertainty of the radar retrieval is close to

the in situ measurement uncertainty, which is about

0.1m s21 (Kalogiros and Wang 2002). This is lower than

the theoretical value of 0.19m s21. The results in Table 2

demonstrate that, even at high levels, the radar re-

trievals and the in situ measurements are consistent and

reflect a coherent layer in the vertical air velocity field.

Calculations show that the correlation coefficient be-

tween radar and in situ measured trends has its highest

value of 0.85 at 15m above radar, and it is never smaller

than 0.6 below 105m.

Figure 13 shows a scatterplot of the radar retrievals

and the in situ measurements at 15m above radar. The

black line is a reference line and has a slope of 1. The red

line is obtained by means of an orthogonal regression

analysis and its slope and intercept are 1.04 and 0.03,

respectively. From another point of view, Fig. 13

demonstrates a very good agreement between radar

retrievals and in situ measurements. The negligible in-

tercept is an evidence of no systematic bias related to

radar direct measurements and retrievals. The relatively

high dispersion of the data might be attributed to the

moderate turbulence in the cloud.

The above discussions justify the previous assumptions

of beam pointing angle bias and uncertainty being small

and insignificant. Given the high correlation between the

results from two different methods shown in section 6, the

discussions and results about the uncertainty of the Mie

technique should apply to the results retrieved from the

well-defined cloud droplets’ peaks too. In this study, the

sampling rate is 10Hz for the in situ velocity measure-

ments and 3Hz for the radar observations, which is the

reason for more high-frequency fluctuations in in situ

measurements. This comparison is facilitated by the use of

the FMCW radar (as compared with a pulsed radar), since

it has no blind zone. Because noise dominates the data at

FIG. 12. Radar-retrieved (red; sampling 3Hz) and in situ mea-

sured (blue; sampling 10Hz) vertical air velocity for data observed

in 22 May 2012 over Key West.

TABLE 2. Difference between mean trends of radar retrievals and in situ measurements and the standard deviation of radar retrievals at

different heights.

Height (m) 15 25 35 45 55 65 75 85 95 105

Difference of mean trends (m s21) 0.01 20.07 20.07 20.07 20.07 20.1 20.05 20.1 20.09 20.04

Std dev of radar retrievals (m s21) 0.21 0.2 0.21 0.19 0.2 0.22 0.23 0.23 0.2 0.19
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the lowest two radar range gates, this comparison was not

made for Barbados data.

8. Summary and conclusions

In this study, the potential of using an upward-

pointing FMCW airborne cloud radar for the retrieval

of vertical air motion is demonstrated for precipitating

small cumuli observed during theBACEXandKWACEX

field campaigns. It is the first demonstration of the

Mie technique for vertical air velocity retrieval from an

airborne cloud radar. In addition to the first Mie mini-

mum, the first and second Mie maxima in radar Doppler

spectra could be also used to retrieve vertical air ve-

locity, but they are not as sharply defined as the first

Mie minimum; this makes the first Mie minimum most

suitable for this purpose. To retrieve the vertical air

velocity aloft, the terminal speed of the Mie notch (i.e.,

1.69-mm diameter droplet) needs to be corrected to

compensate for the reduced air density. For the studied

cases, this correction is about 0.2–0.3m s21 km21. For

airborne radars, two major biases to the vertical air

velocity retrieval result from the aircraft motion and

the horizontal wind; the contribution due to the ap-

parent rotational motion is negligible. These biases can

be successfully removed by using the procedure de-

scribed in this study. The deviation of the beam

pointing angle from vertical can cause bias too. Cali-

bration of the beam pointing angle is beyond the scope

of this study, but the comparison with the in situ mea-

surements shows that this bias, at least for the studied

case, is small and negligible. In a bias-removed radar

Doppler spectrum, the vertical air velocity is the difference

between the velocity of theMie notch in still air and that in

the bias-free spectrum. The vertical air velocity profile can

be obtained from the Mie notch locations in the bias-free

Doppler spectra at different heights. In addition to theMie

notch, a separate spectral peak due to the cloud droplets is

simultaneously observed in the same radar Doppler

spectra that contain the Mie signatures. The vertical air

velocity retrieved using theMie technique agrees well with

that obtained directly from cloud droplets; the correlation

coefficient is as high as 0.996. As a good tracer of vertical

air motion, the spectral peak due to cloud droplets pro-

vides another possible method and opportunity to retrieve

the vertical air velocity in clouds where the Mie notch is

not applicable. However, this method requires users to

make sure the spectral peak is due to cloud droplets.

(Developing a universal method to recognize whether a

power peak is a cloud droplet peak is beyond the scope of

this study, but this identification can be easily done for the

studied case by checking the relative locations of the Mie

notch and the spectral peak on the right in Fig. 10.) Fur-

thermore, the spectral peak due to cloud droplets might

be broader and flatter and not as well defined as Mie

notch, which can cause larger uncertainty in retrieved

vertical air velocity.

In addition to removable bias, the vertical velocity re-

trieval suffers from various uncertainties such as aircraft

attitude angle and velocity, beam pointing angle, Mie

notch positioning, velocity quantization, and Doppler

fading. The total theoretical uncertainty for the studied

cases is less than 0.19ms21, which makes the Mie notch

vertical velocity retrieval technology attractive even for

the airborne radar.However, it is noteworthy thatDoppler

fading can broaden spectrum width and reduce the Mie

notch detectability as well as increase the uncertainty. To

keep the related uncertainty under 0.1ms21 for an aircraft

moving at 200ms21, a radar with beamwidth narrower

than 0.218must be used to ensure spectral broadening due

to Doppler fading is below 0.22ms21.

The retrieved vertical air velocity time–height field

clearly shows that the vertical air velocity structures and

features are different from those in mean Doppler ve-

locity field and those in bias-free field, and should be

more directly related to the cloud dynamics and micro-

physics. The unique dataset shown here demonstrates

that the vertical air velocity retrieved from the Mie

technique at 15m above radar is highly coherent and

agrees well with the in situ measurements obtained near

the cloud base but in the cloud. At the lowest available

radar range gate, the difference between the mean

trends of the radar-retrieved velocity and in situ mea-

surement is 0.01m s21, which again indicates a good

agreement between the radar retrieval and the in situ

FIG. 13. Scatterplot of in situmeasured vs radar-retrieved velocities

at 15m ARL obtained on 22 May 2012 over Key West.
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measurement. The standard deviation of the residuals of

the radar retrievals is 0.21m s21, which is a little bit less

than the STD of the in situ measured velocity because of

the beam filtering effect. The uncertainty of the radar

retrievals is about 0.1m s21, and lower than the theo-

retical value 0.19m s21. The conclusions about the

uncertainties of Mie technique are also valid and ap-

plicable to retrievals from cloud spectral peaks as long as

the peaks are well defined.

These results demonstrate that the first Mie minimum,

combined with the procedures of platform motion and

horizontal wind removal described in this study, can be

successfully applied to airborne cloud Doppler radar data

to retrieve 2D vertical air motion fields in clouds. Possible

applications of this technique include the mapping of

vertical air velocity fields in hurricanes and tropical storm

rainbands and in warm cloud systems that have pre-

cipitation drops greater than 1.69mm. Although the Mie

notch may not always exist or be detectable, considering

the vertical velocity, especially the vertical velocity profile

in clouds and storms that is not easy to obtain, the method

described herein has valuable potential.
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APPENDIX A

Formulas for Removal of Contamination Motions

L1994 employed an angle between the radar beam and

X–O–Z plane; for example, t in their Fig. 3 that allows a

convenient determination of a sampling volume location

and the direction of position vector for their scanning

beam. For our case, in an aircraft-relative coordinate sys-

tem, the radar beam is fixed and located in plane Y–O–Z.

Thus, angle t is not needed and the azimuth is equal to

08 or l 5 0 (refer to Fig. 3 of L1994). The aircraft-

relative Cartesian components of a position vector,

xa, ya, and za, or Eq. (4) of L1994 can be rewritten as0
B@

x
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y
a

z
z

1
CA5 r

0
@ 0

cosf

sinf

1
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where r is the slant range from radar to an investigated

radar resolution volume and u is the elevation angle. In

an Earth-relative coordinate system, the Cartesian

components of the vector are
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whereMT , MD, MP, and MR are transformation matrices

given by L1994. Substituting the expressions of

MT , MD, MP, and MR into the above equation, one has
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whereH is the heading of the aircraft,R is the roll angle,

and P is the pitch angle. Using Eq. (4) and Eq. (19) of

L1994 and going through a series of mathematical

manipulations similar to those given by L1994, one

can obtain an analytical expression for a radar-

measured Doppler velocity that is similar to the Eq.

(26) of L1994. However, we are not interested in the

Doppler velocity here. What we are interested in is the

vertical air velocity. With a little further mathematical

manipulation, one can easily obtain the analytical

expressions of Eqs. (3) that are rewritten here for

completeness as
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where Vm is the radar-measured radial velocity, Wa is

the vertical velocity of the aircraft relative to the ground,

u is the component of horizontal wind in the east di-

rection, y is the component of horizontal wind in the

north direction, Va is the horizontal velocity of the air-

craft relative to the ground, T is the sum of the heading

and drift angle, and L is the distance between radar

antenna and GPS navigation unit. By using Eq. (A4) or

Eq. (3), the aircraft motion and impact from horizontal

wind, as well as apparent motion due to the radar an-

tenna being located some distance away from the navi-

gation unit, can be removed.

APPENDIX B

Impact of Doppler fading on the Detection
of the Mie Minima

Our ability to detect the Mie minimum in the 94-GHz

airborne radar Doppler spectra depends on two factors:

the shape of the raindrop size distribution and the

spectral broadening introduced by the platform motion.

Assuming an exponential raindrop size distribution, the

slope of the particle size distributionL (mm21) is related

to the rainfall rate R (mmh21) through the relationship

L 5 4.1R20.21 (Marshall and Palmer 1948). The slope

L determines the number concentration ratio of the

raindrops that contribute to the first and second Mie

maxima and subsequently determines their relative

strength in the observed radar Doppler spectra (Kollias

et al. 2002). The higher the second spectral peak (lower

L or higher R) the deeper the Mie scattering valley

(minimum) and the higher the probability that we will

detect the Mie minimum. The second factor that con-

trols our ability to detect the Mie minimum is the

spectral broadening sD (m s21) due to turbulence and

platform motion. The parameter sD determines the

width of a Gaussian function that will convoluted with

the quiet (no air motion) raindrop radar Doppler spec-

tra. The higher the sD, the higher the degree of smearing

of the Mie resonant signatures in the radar Doppler

spectra, and subsequently the lower the probability of

detecting the Mie minimum.

Here, numerical simulations of 94-GHz radar Dopp-

ler spectra for a wide range of rainfall rates and spectral

broadening were carried out. TheNyquist velocity of the

simulated radar Doppler spectra is 8m s21 (corre-

sponding to a pulse repetition frequency of 10 kHz), the

number of FFT points is 512, with 10 spectral averages

and assuming receiver noise of 230dBZ. For each pair

of R and sD conditions, 100 synthetic radar Doppler

spectra were generated, and the Mie minimum was de-

tected using a local search for the minimum simulated

spectral density. Using the 100 samples, the standard

FIG. B1. Different colors show the velocity standard deviation ofMieminima uncertainty (m s21). The dashed vertical line indicates the

spectrum broadening due to Doppler fading for the TO (used in this study) and HIAPER aircraft, respectively. The black contours show

the spectral density difference between the first Mie maximum and first Mie minimum.
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deviation of the velocity where the Mie minimum was

detected and estimated. Figure B1 shows the standard

deviation for a wide range of R and sD values. At low

spectra broadening conditions, the standard deviation is

below 0.1m s21; however, values higher than 0.2m s21

are observed at higher spectral broadening conditions.

The difference in dB between the spectral density of the

secondMie peak and the first Mie minimum is shown by

the contours. As expected, the deeper theMie minimum

depression, the lower the uncertainty in the estimation

of the Mie minimum location. We can see that for

spectral broadening values of 0.9m s21 or higher, we

cannot detect the Mie minimum independent of the

rainfall rate or slope. For an aircraft with speed

VA (m s21), the spectral broadening sD (m s21) given by

sD’ 0.3VAu3dB where u3dB is the 3-dB beamwidth of the

antenna in radians (Sloss and Atlas 1968; Kollias et al.

2014; Kobayashi 2002; Kobayashi et al. 2002). The

CIRPAS Twin Otter 94-GHz FMCW system has a 0.78
beamwidth and an airspeed of 60ms21. For comparison,

the NCAR/NSF High-Performance Instrumented Air-

borne Platform for Environmental Research (HIAPER)

94-GHz radar has a beamwidth of 0.688 and an airspeed

of 200m s21. Under these conditions, the ave-

rage spectral broadening introduced by the aircraft

motion is 0.22 and 0.73ms21 for the TO and NCAR

aircraft, respectively (Fig. B1, vertical lines). For the

aforementioned analysis, it is clear that the slow moving

TwinOtter results in relatively small spectral broadening,

thus enabling the detection of the Mie minima for all

rainfall rate conditions. On the other hand, the fast-

moving HIAPER aircraft introduces much higher

spectral broadening, thus making the detection of the

Mie minima challenging, especially for low rainfall rates.
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