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Estimation of Raindrop Size Distribution Profile Using EAR and BLR: Case
Studies during CPEA-I Campaign

Mutya Vonnisa', Toshiaki Kozu', Toyoshi Shimomai', and Hiroyuki Hashiguchi®
'Shimane University, ‘RISH/Kyoto University

I. Introduction

Raindrop Size Distribution (DSD) is important and useful to analyze precipitation
microphysics and to improve radar remote sensing applications, because the direct radar
measurable is only radar reflectivity which is approximately proportional to the 6
moment of DSD. Characteristics of vertical profiles of DSD also describe the
characteristics of rain in that area. For this reason, vertical structure of DSD estimation
are studied for microphysical process analysis that is on going in the cloud and rain in
the climate region.

Koto Tabang plays an important role in the equatorial atmosphere region, since the
cloud systems may control atmosphere in this region. Nitta et al. (1992) found that
cloud disturbance moving eastward from the Indian ocean are strongly modified, or
re-organized, near Sumatera Island, which is located at the western end of archipelago.
It was analyzed from the geostationary meteorological satellite (GMS) observation data.
The precipitation at Koto Tabang was not correlated with the large scale cloud
disturbance which was active only over the Indian Ocean, located in the western side of
longitude 100° E. It implies that effects of mountain range of Sumatera blocked the
large-scale cloud disturbance on the Indian Ocean, and then it was caused mainly by the
diurnally oscillating, local scale cloud systems along the mountain range (Murata et al.,
2002).

Because of the reason above, Koto Tabang is an interesting area for atmospheric
science studies. Many studies have been conducted in several aspects; one of them is
raindrop size distribution study. Estimation of DSD in Koto Tabang had been done
using single-frequency algorithms by Kozu et al. (2003), Renggono et al. (2006), and
Marzuki et al. (2009). All of them used Equatorial Atmosphere Radar (EAR). Now, this
study presents estimation of DSD using a dual-frequency algorithm with two radars, i.e.,
EAR that operates at 47 MHz to measure the back-ground clear-air motions and
Boundary Layer Radar (BLR) that operates at 1357.5 MHz to provide precipitation
return. Observation of DSD using dual-frequency is the first in Koto Tabang area.

The goals of this study are two folds; first we try to estimate raindrop size



distribution profile using dual-frequency radars EAR and BLR, and secondly we
analyze the results to improve microphysical study of rain and correlate them with

remote sensing applications.

II. Data and Methodology
2.1 Data and Radar System Description

Two kinds of radars, EAR and BLR are used to estimate DSD. Joss Disdrometer

data is also used in this study for calibration and comparison purposes.

2.1.1 EAR

This instrument is a large-aperture Doppler radar and the first radar in equatorial regions
for studying and making observations with a resolution as fine as 75-150 m, (Fukao et
al., 2003). EAR is a sensitive VHF Doppler radar which can also detect precipitation
echo, but this instrument is more sensitive to detect echo from ambient air motion. EAR

specifications are given by Fukao et al. (2003).

2.1.2 BLR

A UHF or L-band wind profiler, called BLR transmits radio wave with frequency of
1357.5 MHz, which is used for observation of wind and hydrometeor in the lower
atmosphere, mainly in the planetary boundary layer (PBL) (e.g., Gage et al., 1994;
Carter et al., 1995). The BLR sensitivity to receive precipitation echo is better than
echoes from ambient air motion, so in this study, we use precipitation echo from BLR to

estimate DSD. BLR specifications are given by Renggono et al. (2006).

2.2 Governing Equation to Estimate Dual-Frequency Algorithm

2.2.1 DSD Model for Dual-Frequency Algorithm

The DSD (N(D)) is often modeled by the gamma distribution having the three
parameters of DSD; Ny, A, and u as follows:

N(D)=N,D"e™"". 2.1

where D is the drop diameter. Instead, we use the other gamma DSD model expression

using two higher DSD moments. The xth moment M, is given by:

M =N, T(u+x+1)/ A (2.2)



where I"(u+x+1) is the complete gamma function. Choosing two arbitrary moments, M,
and M, in this study we use the gamma DSD model which is expressed by the
following equation:

N(D)=m, A" D e ™" (2.3)

3

where m, = M,/I(u+y+1) and A, = (mx/my)l/ U9 In this study, we use x = 3.67 and y = 6.
DSD parameters are described by m,, 4,,, and u. A, indicates the scale parameter A
obtained from M, and M,,. Retrieval of Eq.2.3 is based on the Doppler spectrum that is
proportional to D%|dv(D)/dD|" where v(D) is the terminal velocity, i.e., the fitting of the
Doppler spectrum can be made effectively by using the DSD parameter having a high
sensitivity (mg) to Doppler spectrum (Kozu et al., 2003).

2.2.2 Doppler Spectrum Model
According to Sato et al., (1990) Doppler spectrum of precipitation echo without
atmospheric turbulence and wind S,(v) is expressed by the equation:

-1

, (2.4)

S, (v)=CN(D)D* %

where C is a constant depending on radar parameter and range.

Gaussian function is used to model the Doppler spectrum of turbulence echo S, (v):

S, (v) = p, exp[— (Vz;l”)z j 2.5)

where pg is the peak of spectral power, w is the mean vertical wind velocity, ¢ is the
standard deviation.

In this dual-frequency study, EAR Doppler spectrum of atmospheric turbulence
Se4r(v) is modeled as:

S par (V):[St (v)+Pn]*W(V)’ (2.6)
where P, is the noise level on the spectrum, W(v) is an inverse Fourier transform of the
auto-correction function of the rectangular time window and “+” represents the
convolution integral operation. In this case, we neglect the precipitation spectrum. On

the other hand, BLR Doppler spectrum of the raindrop Spzr(v) is modeled as follows:
Soe (v)=[S, (V) S, )+ 2, [+ (v) 2.7

where S,(v) is the normalized form of S, (v) that is expressed by:



S (v):m%exp{— (Vz_f)z} . 2.8)

o

In this case we neglect the turbulence spectrum.

2.2.3 Non-linear Least Square Fitting and Dual Frequency Algorithm
Levenberg-Marquardt method about non-linear least square fitting is used to retrieve
turbulence and DSD parameters. Eight parameters to be estimated by the fitting are four
in EAR estimation of turbulence spectrum i.e., w, oz, po, P, and four in BLR estimation
precipitation spectrum i.e., mg, Ay, 1, and P,. To interface from EAR to BLR estimation
of in the dual-frequency algorithm, we have to make a beam broadening correction. As
the result, we have the mean Doppler spectrum (w) and the standard deviation of BLR
spectrum (op) from the EAR dual-frequency algorithm. After going to the BLR
precipitation spectrum algorithm, u is obtained by changing step by step and choose the
best u value providing the minimum RMS error between measured and fitted spectra.

Finally, the three DSD parameters m; 4,,, and u are estimated.

2.2.4 Parameter AZyp
For the purpose to make easier analysis of DSD profile characteristics, we use a
DSD parameter AZyp (dB), as defined by Eq. (3.11). It has close correlation with Z-R

relationship that is applicable in radar remote sensing of rain rate.
AZ,,, =dBZ(measured)—10log ,, (200 R "*) (3.11)

where R and Z are rain rate and radar reflectivity factor respectively. Since R is
approximately proportional to the 3.67™ moment of DSD, M;¢7, i.e. R = cr M;67 (Atlas
and Ulbrich 1977). AZyp has also been shown to be a measure of mean drop size (Kozu

et al. 2005). cg is a constant relating R and M3 67.
III. RESULT — MICROPHYSICAL INTERPRETATION OF DSD

3.1 Parameters Describing DSD Microphysics Characteristics
Dual-frequency algorithm is possible to analyze the DSD profile characteristics in
some time ranges and vertical structure of DSD from some heights continuously. Figure

1 (a) shows several DSD parameters; Doppler velocity, spectral width of precipitation



I(al) Dulpplar \I’al.cni:y (mla"'a}l

'E 1000
[ m_
lE 6000 -
5 4000 ]
T oaw - T
o
10000 (az) Speotral Width {m.s)
GO -
ém_ | = =
T 2000 -
o
E1noun.(a3) . g
T oo -
.agm_ |
T Rovo - —
T
T 0 ' .
TP LU M s M S
~ a5o0 | ]
Ezsm- PR B |
2000 I S

(25) Mudian Drop Dinmeter/De

14:20

14:00
Lokl Tirrwe

1300 1330 100

(a7) Rainrate (dBR) from Joss-Disdrometer

45
a3t
S25 |
15 | | |
13:00 13:30  14:00 14:30  15:00
Local Time

2.5

1000G

— ] 10
GO0G - -En
4000 - 1 —-10
=L —

o

(bz)Speotralmdth{mfs)
1000
socn - L im*
OO0 - ] 2.5
ADCGH - S = | o
ZO0CHF -

L]

(b3) Raflactivity (dBZ)
10000
000 -
B0 -
4000 -
200 -

o ; )

(by) Reflaciviey (BZ)
S000
2800
20

(bs) Ralrrate (dBER)
4000 | i O ] 20
8500 | -Em
3000 1= 10
2500 | ]
2000

(bs) Parwmwter Deita Zmp

38888

1400 1430
Looal Tima

1300 1330 1600

(b7) Rainrate (dBR) from Joss-Disdrometer

45
a3t
S5 |
15 | | |
13:00 13:30 14:00 14:30  15:00
Local Time

Figure 1. The left side “a” shows parameters for microphysical analysis and the right

side “b” shows parameter for remote sensing application analysis, 23" April, 2004.

echo, reflectivity, rain rate, median drop diameter (D), and shape parameter (1) to



discuss the microphysical processes which were observed in Koto Tabang during April
23" 2004 from 13:00 — 15:00 local time. Figure 1 (b) plots DSD parameters such as
Doppler velocity, spectral width, reflectivity, rain rate and AZyp for the purpose to the
remote sensing application analysis.

From 4 km, we can analyze microphysical processes related to DSD because the
precipitation changes to rain droplets below the altitude of 4 km ASL. We need to
understand about terminal velocity that has correlation with delay time of droplets to
reach the ground. The most common vy — Z relationship for rain is obtained by: vy =
3.84 2" where v, is the mean terminal velocity of rain (m/s) and Z is radar
reflectivity factor (mm®m”*), (Menegini and Kozu, 1990). For this data (23" April,
2004), after calculating Z values that are including to heavy rain, we assume the vy is
about 5 m/s, thus the delay time is about 6 minutes. As a note, when we explain using

the word “line” shown in Figure 2, it refers to a time range of droplet falling down.

3.2 Microphysical interpretations of DSD Based on Parameter AZ,;p depending on
MJO and Rain Type
Based on the fact that Integral Rain Parameters (IRPs) for radar remote sensing and

. . . . . . . d th
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Figure 2. 3-Dimensional (3D) and 2-Dimesional (2D) of AZyp plotting. “a” is for
startiform, “b” is for Deep Convective. “1” is for inactive MJO, “2” is for active
MIJO.



DSD (Kozu 1991). AZyp can be used for remote sensing application. Considering that

the most direct property relating to DSD for radar remote sensing is the Z-R relation, we

examine Z-R relation with the parameter AZyp. Noting that positive and negative values

of AZyp indicate broad and narrow DSDs respectively, in comparison with a DSD

generating Z-R relationship (Z = 200R"°). Trend of AZy;pis not totally the same with

rain rate and reflectivity factor. AZyp is higher in the first half of the event and

becoming lower toward in the end. This suggests that we have to use different Z-R

relations within the event.

For easier understanding of outline of rain type and MJO phase dependence of DSD

characteristics, we summarize the results in Table 1.

Table 1. Comparison results of active — inactive stratiform and deep convective.

Rain Types | MJO Phases | Date of Event Analyses Z-R relationship Analysis

Stratiform Inactive 17th April, 2004 mostly positive

18:50 - 19:20 LT

Active 29th April, 2004 mostly negative
13:00 — 16:00 LT

Deep Inactive 15™ April, 2004 mostly positive

Convective 19:55 -20:40 LT

Active 24th April, 2004 mostly negative
19:25-20:05 LT

I'V. Conclusions and Discussion

In this study we obtained some conclusions as follows:

Analysis of dual-frequency spectra results show the better results compared with
the single-frequency spectra results. Analyses were done in the light and heavy
rains for measured and fitted spectrum.

Dual-frequency DSD estimation results also have better agreement when they are
compared with DSDs measured by Joss-Disdrometer than DSD estimations from
the single-frequency algorithm.

Event analyses show various microphysical processes that occur in the rain, such
as; coalescence, evaporation, break-up, condensation, etc.

Stratiform rain has more variation in DSD profiles compared with deep convective
for some events we analyzed.

AZypparameters of in MJO inactive phase are broader than those in active phase,

which consistent with Kozu ef al. (2005). But we newly confirmed that this fact




also exists in DSDs aloft.

® Analyses also show that DSDs in MJO inactive stratiform rain are broader than
inactive deep convective rain, and the same result are obtained for the active phase
where stratiform DSDs are also broader than those in deep convective rain. It is not
clear the reason of these results. We need further analyses combining other

information such as the X-band Doppler radar data and radiosonde data.
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The quasi-biennial oscillation in a double CO; climate
A 51 Kevin Hamilton?, P E A
(1) VELERTFSERHFE KRS, (2) IPRC, The University of Hawaii

1. Introduction
The quasi-biennial oscillation (QBO) is a persistent, quasi-periodic,
large-amplitude oscillation of the low latitude stratospheric circulation. There is
evidence that the tropical QBO has significant remote dynamical effects on the
circulation in the extratropical stratosphere (e.g., Holton and Tan, 1980) and in the
extratropical lower atmosphere even down to the surface (e.g. Ebdon, 1975; Coughlin
and Tung, 2001; Thompson et al. 2002; Boer and Hamilton, 2008; Marshall and Scaife,
2009). In the tropical stratosphere itself the QBO is strong enough that it may have a
significant role in determining the mean chemical composition and hence mean climate.
There has been interest in the question of how the QBO might respond to
changes in external forcing of the climate system. Obvious source of external forcing to
the climate system is the increasing greenhouse gas concentrations that are believed to
be largely responsible for observed global warming over the last century and are
predicted to strongly influence climate in the future. How the QBO might respond to
large increases in atmospheric CO, concentration is an interesting question. Projecting
how the QBO will change in response to increased greenhouse warming requires
comprehensive models that can self-consistently simulate the changes in wave fluxes
and mean vertical motion. In the present paper we investigate the effects of
greenhouse-gas induced climate change on the QBO using a model which simulates a
fairly realistic stratospheric QBO without any parameterized nonstationary gravity wave

effects.

2. Model description and experimental design

The model we used is based on the atmospheric component of version 3.2 of
the MIROC. The model has a horizontal resolution of T106 (1.125° grid interval).
Seventy-two vertical layers are used (L72), with the top boundary at 1.2 hPa (~47 km).
The vertical resolution is set to 550 m from ~300 hPa up to 5 hPa. The cumulus
parameterization is based on the method of Arakawa and Schubert (1974). This
experiment included mountain-induced gravity-wave parameterization by McFarlane
(1987) to obtain a realistic large-scale circulation at mid to high latitudes. However,

non-stationary gravity wave parameterization is not included. Hence, the simulated



QBO is driven by explicitly resolved waves in the model.

We ran an 85-year control integration of the model with observed monthly
mean SSTs and sea ice from the HadISST climatology averaged from 1979 to 1998. An
85-year future climate integration was then run using monthly mean SSTs and sea ice
values incremented by the predicted changes from 1979-1998 to 2080-2099 in a CMIP3
multimodel ensemble of coupled ocean-atmosphere runs that were forced by the SRES
A1B atmospheric composition scenario. The CO, concentration in the control run was

taken to be 345 ppmv and this was doubled to 690 ppmv in our future climate run.

3. The QBO in the present and future climate

Fig. 1 shows a time-height cross-section of the monthly-mean zonal-mean
zonal wind over the equator in the present and future climates. The red and blue colors
correspond to westerlies and easterlies, respectively. In the present climate, an obvious
QBO-like oscillation with a period of approximately 2 years is apparent (Fig. 1a). The
period of the simulated QBO varies little from cycle to cycle, suggesting that the
simulated oscillation is phase locked to be annual cycle. The maximum speed of the
easterly is approximately -25 m s, and that of the westerly is 15 m s. In contrast,
Naujokat (1986) reported -35 and 20 m s for maximum speed of the easterly and
westerly winds, respectively. So the simulated oscillation has somewhat weaker
amplitude but the same east-west phase asymmetry as in observations. The QBO wind
variations extend down to approximately 60-80 hPa, but the amplitude in the lower
stratosphere is smaller than that in the real atmosphere. The downward propagation of
the westerly shear zones of zonal wind is faster than the downward propagation of
easterly shear zones, which agrees with observations.

The QBO in the future climate differs from that in the present climate (Fig. 1b).
It does not extend as far down into the lower stratosphere in the future climate. In the
future climate, the 0 ms™ lines of the westerly phase of the QBO extend down to ~50
hPa and sometimes to 20-30 hPa, but they extend down to ~70 hPa in the present
climate. The -5 ms™ lines of the easterly phase of the QBO extend down to ~80 hPa in
both the present and future climates, but the level of -10 ms™ lines in the future climate
are higher than those in the present climate. Consequently, the amplitude of the QBO in
the future climate becomes much smaller, especially in the lower stratosphere. The

periods of the QBO in the future climate become longer and more irregular.

4. Mechanism of future QBO changes
In the future climate, the period of the QBO becomes longer by about 14



months, and the amplitude becomes smaller, especially in the lower stratosphere,
despite the stronger mean precipitation in the equatorial region. Here, we could not
explain in detail (see Kawatani et al. 2010 for more details). The mechanisms of the
future QBO changes are as follows:
(1) A warming troposphere and cooling stratosphere cause stronger westerlies in the
mid-latitudes and an upward / equatorward shift of the 0 ms™ zonal wind line.
(2) Westward wave forcing due to large-scale waves (mostly due to mid-latitude Rossby
waves) shifts equatorward. Forcing due to parameterized mountain gravity waves shifts
upward at mid-latitudes.
(3) The residual vertical velocity increases 30—40% in the equatorial lower stratosphere
due to strengthened westward wave forcing at mid-latitude stratosphere in both
hemispheres. The vertical zonal wind shear becomes weaker in the equatorial region,
especially in the lower stratosphere.
(4) Increased equatorial moisture heating (convective heating plus large-scale
condensation heating) variance generates more waves. Wave momentum fluxes in the
equatorial lower stratosphere increase by 10-15%.
(5) However, the wave momentum fluxes with 2 < Cx <20 ms™ and -30 < Cx < -15
ms™', whose spectral ranges are relevant to the QBO forcing, do not increase.
(6) As a consequence, the QBO changes in the future climate are obvious in the
equatorial lower stratosphere. The period, amplitude and lowermost levels of the QBO
in the future climate become longer, smaller and higher.

Our model showed changes in the upward flux of waves into the stratosphere,
with increased amplitudes over almost all the spectrum. This is in response to a
simulated increase in the space-time variability in the tropical tropospheric latent
heating. The changes in the wave fluxes were quite modest in the range of zonal phase
speeds that significantly affect the QBO, but quite large for some other phase speeds,
particularly for the very high phase speed waves. These changes correspond to a
precipitation field in the warm climate that is heavier and more sporadic than in the
present climate. Whether this aspect of the climate projection can be considered robust
is a subject for further investigation, although at least the tendency for more short term
rainfall extremes in a warmer climate is a feature seen in other GCM studies and may
result from a robust mechanism (e.g. O'Gorman and Schneider, 2009a,b and references
therein).

The large increase in high-frequency wave flux predicted by the present model
in the warm climate should have important impacts on the mean circulation and tides in

the mesosphere and lower thermosphere. This is an aspect that we hope to examine



with a versions of the model that has an appropriate deep vertical domain.
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Figure 1: Time-height cross sections of zonal mean zonal wind at equator in (a) present
and (b) double CO, climates. The contour intervals are 5 ms™'. Westerly (eastward wind)
are shaded.

See Kawatani et al. (2010) for much more details and references.
Kawatani, Y., K. Hamilton, and S. Watanabe, The quasi-biennial oscillation in a double

CO; climate, J. Atmos. Sci., conditionally accepted
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O BEAMBINE T B DERBEMEEENTESZET, [TO7 - 47 =7 HillkoF
HRGME R >y N —7 | fEVcmidiciEma T,

3. BT

EAR % 2001 4 6 H 2> bRERKOEWEGEH 2 BRis L, ZivE CRAFE - FrE ik
ffge TRERR LTS HOMEHLMET oV =7 b E LI EREEZEA LT T
Too ARBFZEIX. BRI DBBLZ 10 £28%7- EAR O % TR&X) 75 IFHERA] I
JERLTATOFT KM T ey =7 b THDH, ZHE TOEBRMINIEHTH 5,
AT, T DOREDOEFEN D LAPAN 75 OFRVELIE L BEEE LS TN D 2 & A3
BLigoTWnWb, vy FOMKELTYH, MIEREEZEBRTIOLLLT, Aoy
K —8— N OFATKEER FICET 5 Z EREIfF SN TS, AIFSEEBLTA Y KRRV T
BT 2 FHREAMIEOAKER M EL, FEOFHERKQ T — ARG IS 2 & 2R
LTCW5, EEARFIEOKINT, 5725 EBEMER I ORBIZORNDLTHA I,

B3BBG

BLA SR BRI R [ R o 7 Pl KA FEDOHELE & (R EE )
http://www.rish.kyoto-u.ac.jp/isw/

ERFH KEA =7 7 4 7 (International Space Weather Initiative; ISWI)
http://www.iswi-secretariat.org/

E BT HBRBEE R Y — 2 A (International Space Environment Service; ISES)
http://www.ises-spaceweather.org/

JRIE K5 L — & — (Equatorial Atmosphere Radar; EAR)
http://rish.kyoto-u.ac.jp/EAR/

e KA A—V 7 AT A (Optical Mesosphere Thermosphere Imagers; OMTI)
http://stdb2.stelab.nagoya-u.ac.jp/omti/

W T YT BRI ELHHE (SouthEast Aaia Low-latitude 10nospheric Network; SEALION)
http://wdc.nict.go.jp/IONO2/SEALION/
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