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ABSTRACT

For radar cloud observations, the microwave refectiv-
ity of clouds is measured as the radar reflectivity facpr
which is dependent on the cloud microphysical properties.
Previous study has clarified that turbulent droplet clustering
can be a cause of significant increase of the radar reflectivity
factor. However, the influence of gravitational settling still
remains to be clarified. This study, thus, investigates the in-
fluence of gravitational settling on the spatial distribution of
turbulent clustering droplets and the radar reflectivity factor.
A three-dimensional direct numerical simulation (DNS) of
particle-laden isotropic turbulence is conducted for several
values of the nondimensional terminal veloc8y The re-
sults show that the power spectrum of droplet number den-
sity fluctuation, which is calculated from the DNS data, de-
pends orS,: as the droplet settling becomes stronger, the

et al, 2006). There have been several studies reporting
that the radar reflectivity factdZ of clustering particles is
larger than that of randomly-dispersed particles (Kostinski
& Jameson, 2000; Erkeleret al, 2001). The increment

is attributed to the coherent microwave scattering and de-
pends on the power spectrum of droplet number density
fluctuationsEnp(k) (Erkelenset al., 2001). Recently, Mat-
sudaet al. (2014) have performed a three-dimensional di-
rect numerical simulation (DNS) to obtain turbulent droplet
clustering data and revealed that the influence of turbulent
clustering can be a cause of significant observational errors.
In order to analyze the influence more accurately, however,
it is necessary to clarify the influence of gravitational set-
tling. This study aims to clarify the influence of gravita-
tional settling on the spatial distribution of turbulent clus-
tering droplets and the radar reflectivity factor by means of

spectrum increases at small wavenumbers and decreases ata three-dimensional DNS of particle-laden isotropic turbu-

large wavenumbers. The radar reflectivity facZois esti-
mated from the power spectrum under ideal cloud condi-
tions. The results indicate that the influence of turbulent
clustering is suppressed under strong gravitational-settling
conditions.

INTRODUCTION

A large number of radar observations have been con-
ducted to improve our understanding of cloud physics
(Stephenst al, 2008; Okamotet al, 2007). In the radar
observation, microwave is transmitted from an antenna to-
ward a target cloud and the reflected microwave is received
and analyzed. The relation between the transmitted mi-
crowave poweR and the received microwave powerare
given by the following radar equation:

RG3 KV .
r= W , ( )
whereG is the antenna gairk,, the microwave wavenum-
ber,K the dielectric coefficientR the distance between the
antenna and the clouds, a@dthe radar reflectivity fac-
tor, which is dependent on the cloud microphysical prop-
erties. This implies that cloud properties can be estimated
from Z under some assumptions: randomness and unifor-
mity of droplet distribution are usually assumed. In con-
trast, cloud turbulence forms nonuniform spatial distribu-
tion of droplets, which is referred to as turbulent cluster-
ing of droplets (Maxey, 1987; Squires & Eaton, 1991; Chen
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lence.

COMPUTATIONAL METHOD
Air Turbulence

Governing equations of the turbulent air flow are
the continuity and Navier-Stokes equations for three-
dimensional incompressible flows:
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whereu; is the air velocity inith direction,p the pressure,

pg the density of airy the kinematic viscosity anig the ex-
ternal force inith direction. The fourth-order central differ-
ence scheme is used for the advection term and the second-
order Runge-Kutta scheme for time integration. The veloc-
ity and pressure are coupled by the highly simplified marker
and cell (HSMAC) method. Statistically steady turbulence
is generated by applying the Reduced Communication Forc-
ing (RCF) (Onishiet al,, 2011), which maintains the inten-
sity of large-scale eddies keeping high parallel efficiency, to
the external forcés.



Droplet Motions
Droplet motions are tracked by the Lagrangian method.
The governing equation is

dv  vi—uy

da 1

+3i, (4)

wherev; is the droplet velocity inith direction, 7p the
droplet relaxation time ang the gravitational acceleration

in ith direction. Droplets are assumed as Stokes particles,
whose relaxation timep is given as
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wherepy, is the density of water and, the droplet diame-
ter. The gravitational acceleration is applied-irdirection.
Turbulence modulation and collisions between droplets are
neglected since cloud droplets are typically dilute enough.

Computational conditions

The computational domain is set to a cube with edge
length of 21l g, whereLg is the representative length scale.
Periodic boundary conditions are applied in all three direc-
tions. The DNS is performed for the case that the Taylor-
microscale-based Reynolds numberyRe 204, which is
sufficiently large to be representative of the wavenumber
range relevant for radar observations (Matseta., 2014).
The number of grid points is set to 51.2The Stokes num-
ber St, which is defined by the ratio gf to the Kolmogorov
time 1y, is set to 1.0. Nondimensional terminal velocity
S, = vr/up is one of nondimensional parameters relevant
for gravitational settling, wherer is the terminal velocity
given bytpg anduy is the Kolmogorov velocity (Wang &
Maxey, 1993; Grabowski & Vaillancourt, 1999). In this pa-
per,S, is set to five values: 0.0, 1.4, 2.7, 6.8 and 11.0.

RADAR REFLECTIVITY FACTOR

The microwave scattering intensity by cloud droplets is
proportional torg, wherery, is the droplet radius, since the
scattering is classified as the Rayleigh scattering. Thus, the
radar reflectivity factor for the randomly- and uniformly-
dispersed droplet& angomis given by

6.6
Zandom= 2 pNp;

(6)

where ny is the droplet number density. For the case
of cloud droplets with spatial correlatiorZ increases
due to the interference between the scattered microwaves.
The radar reflectivity factor for monodispersed clustering

dropletsZysteris given by

2 m2r8
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wherek is the absolute value of the difference between the
incident and scattered wavenumber vectars and Ksca
that isk = |Kinc — kscd. The power spectrum of droplet
number density fluctuatiors,p(k) represents the intensity

of clustering for wavenumbdy. It should be noted that Eq.
(7) assumes isotropic turbulent clusteririgyp(K) is calcu-
lated from the DNS data as
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where ®(k) is the spectral density functiomp(k) is the
Fourier coefficient of the spatial droplet number density dis-
tribution np(x), wherenp(x)is given by

Np

() = 3 8(x—xp.j). (10
=1

wherexy j is the position ofjth droplet,N, the total number
of droplets, and(x) the Dirac delta function. The detailed
equations for calculatingnp(k) are described in Matsuda
etal.(2014).

RESULTS AND DISCUSSION

Figure 1 shows the distributions of droplets within the
range of 0< z < 4l;, wherel, is the Kolmogorov scale,
for S, = 0.0, 2.7, 6.8 and 11.0. Turbulent clustering is
clearly observed for alf, cases. The clustering structure
for S, = 2.7 is similar to that forS, = 0.0. However, the
clusters spread in vertica) direction asS, increases;
i.e., the vertical scales of clusters become larger than the
horizontal scales. Figure 2 shows the power spectra of
droplet number density fluctuatiofigp(k). The horizon-
tal and vertical axes are normalized by usipgind the av-
erage number densitynp). The range of the horizontal
axis is Q05 < klp < 4.0, which is the relevant wavenum-
ber range for radar observations. As the droplet settling
becomes strongeEnp(k) increases at small wavenumbers
and decreases at large wavenumbers. The increase at small
wavenumbers indicates that anisotropies generated by set-
tling lead to large-scale clustering. The decrease at large
wavenumbers, on the other hand, indicates that settling
weakens small scale clustering (Ayalzal., 2008,a; Woit-
tiezet al, 2009).

The power spectra data are used to estimate the in-
crements oZ due to turbulent clustering. This study as-
sumes two types of ideal cloud conditions: (i) a stratocu-
mulus case, wherg = 1 x 103 m and (i) a cumulus case,
wherelp, =5 x 10~4 m. The corresponding droplet radii
are approximately 73im and 37um, respectively, since
St=1.0. The volume fractionp is set to 10° for both
cases. The microwave frequencifgs are set to 2.8, 5.3
and 9.4 GHz, which are representative frequencies in typi-
cally used frequency bands: S, C and X bands, respectively.
Figure 3 shows the estimated incrementZ8® under the
ideal cloud conditions, whet2®® is the value o in units
of decibels, defined by?8(dBZ) = 10log;oZ(mmPm~3).

The increment o798 for the cumulus case is larger than
that for the stratocumulus case. This is because the cumu-
lus case contains cloud droplets with smaller size and larger
number density than the stratocumulus case since Spand
are constant. For both cases, the increme@fBfincreases

in a small amount and then decreaseSdacreases. These
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Figure 1. Spatial droplet disstributions in turbulence for§a} 0.0, (b) 2.7, (c) 6.8, and (d) 11.0. Droplets within the range

of 0 < z< 4l are drawn, wheré, is the Kolmogorov scale.
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Figure 2. Power spectra of number density fluctuation
for turbulent clustering droplets under gravitational settling
conditions.

results indicate that the influence of turbulent clustering is
suppressed under strong gravitational-settling conditions.
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CONCLUSION

This study has been investigated the influence of gravi-
tational settling on the spatial distribution of turbulent clus-
tering droplets and the radar reflectivity factor by means of
a three-dimensional direct numerical simulation (DNS) of
particle-laden isotropic turbulence. The DNS is conducted
for several values of the nondimensional terminal veloc-
ity S,. The spatial droplet distributions obtained by the
DNS clearly show the turbulent clustering for 8l cases.
The clusters spread in the settling directiorBasncreases.
The power spectrum of droplet number density fluctuations
is then calculated from the turbulent clustering data. The
results show that the power spectrum increases at small
wavenumbers and decreases at large wavenumbers as the
droplet settling becomes stronger. The radar reflectivity fac-
tor is estimated from the power spectrum under ideal cloud
conditions. The results indicate that the influence of tur-
bulent clustering is suppressed under strong gravitational-
settling conditions.
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Influence of gravitational settling on the incremenEZ® under ideal cloud conditions; (a) stratocumulus case,

wherel, =1 x 10-3 m, (b) cumulus case, whetg = 5 x 10~4 m. The volume fractio of cloud droplets is 10°.
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