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Abstract. An optical particle counter (OPC) is used in con- frozen at a radius of 0,8m, with cirrus clouds above 10 km
junction with lidar measurements to examine the characterisexhibiting similar features. On the other hand, enhancement
tics of the particle size distribution in cirrus cloud in the trop- in the particle size distribution at radii greater than Q8

ical tropopause layer (TTL) over Thailand where the TTL and a peak at around Qu8n in the ratio of the standard devi-

is defined as the height at which temperature is lower tharation of count values to that of the Poisson distribution of the
—75°C in this paper. Of 11 OPC launches, cirrus cloud wasaveraged count values are common features of cirrus clouds
detected at 10-15km high on 7 occasions, cirrus was dein the TTL, where the ratio shows the vertical homogeneity
tected in the TTL in 6 cases, and simultaneous OPC and lidaof the particle number. These typical features suggest that the
measurements were made on two occasions. Comparison afansition from liquid, sulfuric acid aerosol, to ice is more ob-
lidar and OPC measurements reveal that the cloud heightservable in the TTL and the timing of freezing may vary with
of cirrus in the TTL varies by several hundred meters overheight in the TTL.

distances of tens kilometers; hence the height is not always
horizontally uniform. The mode radii of particles constitut-
ing the clouds are estimated by lidar and OPC measurements

to be less than approximately &@n. The regression lines 1 Introduction

of the patrticle size distribution with and without cirrus cloud

exhibit similar features at equivalent radii e0.8um. En-  Cirrus cloud in the tropical tropopause layer (TTL; High-
hancement in the integrated number concentration at radivood and Hoskins, 1998), hereafter TTL cloud, generally

greater than 0.8m indicates that liquid particles tend to be €Xists at a height of around 17km in the TTL, where the
TTL cloud includes subvisual cirrus clouds (SVCs) which

Correspondence tdS. lwasaki are defined as cirrus with an optical thickness less than 0.03
(iwasaki@nda.ac.jp) (Sassen and Cho, 1992). Using data obtained in the second

Published by Copernicus Publications on behalf of the European Geosciences Union.
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sample air in: dimensional models. Their results suggest that the injection
50emis Y X, of water vapor by deep convection is required to explain the
| observed humidity in the TTL.

To improve the numerical models of SVC generation and
to validate computational results, observations of cloud con-
densation nuclei (CCN) and SVC particles are important.
However, few studies have investigated aerosol and cloud
particles at temperatures in the range-&0°C in the trop-

lfggin‘ﬁo‘le \ focusing lens ics. Peter et al. (2003) examined the microphysics of ultra-
pump

o filter
sheath air in

10 cm?/s

collimation lens

collecting lens thin tropical tropopause clouds by airborne lidar observations
_ and particle counter measurements over the Indian Ocean,
(cylindrical)~ air out and presented a summary of the cloud morphology. Kojima
' 1 60 cm/s et al. (2004) reported the chemical components of aerosols in
z the TTL based on transmission electron microscopy (TEM)
measurements. Both of these studies involved airborne mea-
Fig. 1. Schematic diagram of OPC. Transmitted laser beams aresurements, which are expensive to conduct and are not suit-
linear-polarized parallel to the x-y plane. The photo diode is on theable for measuring the vertical profiles of aerosol and cloud
x-y plane. particles. In this study, a balloon-borne optical particle
counter (OPC) is used to obtain more useful measurements,
coupled with simultaneous lidar measurements. The mea-
Stratospheric Aerosol and Gas Experiment (SAGE Il), Wangsurement campaign was conducted from April to June 2003
et al. (1996) showed the frequency of SVC occurrence cann Thailand (17.2N, 99.9 E).
exceed 50% over the warm water pool. Winker and Trepte The specifications of the OPCs and the lidar are described
(1998) examined SVCs observed in the Lidar In-space Techin Sect. 2. Our observational results are shown in Sect. 3 and

nology Experiment (LITE) mission and reported that the hor- discussed them in Sect. 4. Finally, we summarize the study
izontal scale of the SVCs was approximately 500 km. The ef-n Sect. 5.

fects of SVCs have been studied by many researchers. Wang

et al. (1996) also showed that SVCs significantly affect the

radiation budget, and Eguchi and Shiotani (2004) reported®? Instruments

that SVCs lead to the dehydration of air entering the strato-

sphere. Gettelman et al. (2004) reported on the basis of com2.1  Optical particle counter

putations that water vapor is the most important contributor . _ o

to the TTL radiation balance where the water vapor content isT he optical particle counter (OPC) employed in this study

affected by the presence of SVCs. Therefore, SVCs are conProvides 8 channels Qf detectlpn, corres'pon('dmg to radii from

sidered to play an important role in controlling radiation and 0-15 t0 3.5um assuming spherical sulfuric acid particles, and

water vapor content in the TTL. Historical and recent studiescounts particle number at each size. The data obtained are

on SVCs are summarized in the work of Lynch et al. (2002, integrated number concentratioNs(/m®). Figure 1 shows

Chapter 12) and Hasebe et al. (2005). a schematic diagram of the OPC instrument. Particles in
Boehm and Verlinde (2000) was the first to report an anal-the ambient air are guided by a pump through the beams of

ysis of SVCs on the basis of combined lidar and radiosondd@ser diodes transmitting at 780 nm. The detected light power

data, and concluded that SVCs are generated by negativ@Acgca (W), Wherelg denotes the incident laser intensity

temperature anomalies induced by Kelvin waves. ComstockW/m") and ACsca(m?) is defined in Eq. (1), is detected by

et al. (2002) analyzed the same data over 7 months, includ® Photodiode via two lenses.

ing the month analyzed by Boehm and Verlinde (2000), and dCeca

determined that high cirrus with a cloud base of greater tharACsca= f a0 dse, (1)

15km does not coincide with negative temperature anoma- Ag

lies as often as found by Boehm and Verlinde (2000). Iwasakiwhere2 and dG.,/d2 denote the solid angle (str) and the

et al. (2004) and Matsuura (2005) analyzed ship-borne lidadifferential scattering cross section of a particléfstr), re-

and radiosonde data and obtained similar findings to Comspectively, and the integral is implemented with scattering

stock et al. (2002). To evaluate these studies, extensive okangle of 60 and half solid angle of 39°2 The scattering at

servations and analyses of SVCs using lidar and radiosondthis angle is affected by less structural interference than other

instruments have been performed by many researchers.  angles. The result, particle count value, is obtained from a
Jensen et al. (1996) and Jensen and Pfister (2004) investieok-up table ofACscaandr. The table is pre-calculated by

gated the SVC generation mechanism through calculation$/ie theory assuming the particle whose refractive index is

of cloud microphysics in the TTL using Lagrangian one- 1.4+ 0 where it is corresponding to a sulfuric acid solution

focusing lens
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Table 1. Specification of balloon-borne optical particle counter.

Dimension (LxWxH):  25x38x31cm

Weight: 3.5kg (including battery)

Light source: Laser diode

wavelength 780 nm (70 mW of output)

Detection: Lateral scattering light with a photodiode

Angle of collecting axis
Width of collecting area
Sampling flow rate:
Particle counting:
Integrating duration:
Data transmission:
Carrier wave:
Modulation:

69 from source light

39%20f half solid angle

50 chis (at ground level condition)

8 channel parallel counter *

16s

Narrow FM (model RS-01G: MEISEI Elec. Co. Ltd)
400 MHz (model RS-01G, MEISEI Elec. Co. Ltd)
FSK (Bell103 2025/2225 Hz)

* In the case of spherical sulfuric acid particles, each channel counts the numbers of particles with radii greater than 0.15, 0.25, 0.42, 0.66,
0.97,1.73, 2.50, and 3.%4m (see Appendix A and Table 3).

with 40 wt% concentration (Baumardner et al., 1996; Steeletribution du/dr|,=35-52 . iS assumed to be 5/2m. There-
and Hamill, 1981). The measurement errors due to irregularfore, the accuracy ofriydr for the largest particle size is not
ities in particle shape are calculated by the finite-differenceknown.
time-domain (FDTD) method (e.g., Yang and Liou, 1995) as  Note that smaller particles<(l xm radius) are assumed as
discussed in Appendix A. The minimum detectableand  liquid particles, corresponding to the Junge layer, and parti-
the vertical resolution are approximately ¥50*/m3 and cles detected on channel 8 are assumed to be ice particles, as
50m in the TTL. The detailed OPC specifications are listedexplained in Appendix B. We do not assume that the other
in Table 1 and presented in Hayashi et al. (1998). particles are either liquid or solid. Therefore, “particles”
Note that the integrated number concentration changes inin this paper refer to both aerosols and cloud particles, as
duced by impaction on a wall and inside heat of OPC aredistinction between the two types is not possible with the
negligible for smaller than pBm in radius. This is because present OPC. Consequently, in presenting OPC data, we have

(1) the stokes number (Egs. 14-11 in Pruppacher and Klettapplied error bars to indicate this variation in size (see Ap-
2003) in the OPC flow system is 1 for a particle witp & in pendix A).

radius where a dimension of the stainless inlet tube is 4.5 mm

in diameter and 5cm in length and a flow rate of sample air2.2 Lidar

is 3m/s, and (2) shrink ratio of particle size is less than 0.01

for a particle with 0.5um in radius (details are not shown). The lidar used in the present study is based on a Nd:YAG
The all OPC are calibrated by using monodisperselaser (wavelengths are 1064 nm and 532 nm) with both trans-

polystyrene latex spherical particles (PSL) whose refractivemitted energy of 20 mJ per pulse at a pulse repetition fre-

index is 1.59+0. We compared detected light power by 7 quency of 10Hz. The lidar return signal is received by two

different sizes of the PSL particles from 0.127 to 28 in photomultiplier tubes at 532 nm to determine the depolariza-

radius and theoretical values calculated by the Mie theorytion ratio and an avalanche photodiode at 1064 nm through a

and checked the observational error of the OPCs is less thaR0 cm telescope. The laser was configured to fire beams for

5% in each size. Then each threshold of each channel is s&min then cool down for 10 min in order to prolong the life

to be ACsc0f the spherical particle whose radius and refrac- of the flashlamp that induces the laser pulse. Each datum was

tive index are 0.15, 0.25, 0.42, 0.66, 0.97, 1.7, 2.5,.3rb
and 1.4040, respectively (see Appendix A, Fig. Al).

The size distributional/dr (numberm/m®) is derived by
subtracting data on adjacent channels; esg/didat 0.2em,
from 0.15um and 0.25:m channels, is calculated from the
following equation.

dn

dn _ Nlr=025um = Nlr=015:m
dr

0.25-0.15

(2)

r=0.2um

obtained as the average over 5 min. The vertical resolution of
lidar measurements was set at 6 m. A range of temporal and
vertical resolutions could be set on the laptop computer con-
nected to the lidar instrument.

The lidar was able to detect backscattering coefficient by
gas at altitudes of up to 14 km high on a clear day at 532 nm
using the 5min average over a length of 100 m, where the
backscattering coefficierft (/m/str) is defined as Eq. (3).

As channel 8 of the OPC measures all particles larger than 1

dn
3.5.m radius, the maximum particle radius for the size dis-# = - / Cok (r) d_rdr’

www.atmos-chem-phys.net/7/3507/2007/
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30 w . 3 Observations

3.1 Observational period and site

$ W '_ F -]- The observation period was from March to June in 2003.
}' Lidar measurements were implemented throughout this pe-

L'|L i l_ ' riod at Sri Samrong (17.26N, 99.87 E) in Thailand. Ra-
S -' e - diosonde instruments were launched once a day adjacent to
Fadas L Apr 1 May S e the lidar site. A total of 3 one-week intensive observation pe-
Date riods (IOPs) were performed from March to June. The OPC
[— ! | —_— were launched in IOPs as listed in Table 2.
220 240 260 280 300
T, [K] 3.2 Tpp

Latitude [deg]

@)
Figure 2 shows (a) time-latitude and (b) time-longitude sec-
tions of Tgp (°K) centered on 17.160.5° N, 99.8A4-0.5 E
from 0° N to 30° N and from 70 E to 120 E, respectively,
whereTgp was measured with the geostational meteorolog-
ical satellite (GMS) and the geostationary operational envi-
ronmental satellite (GOES) since GMS was stopped the op-
eration after 22 May 2003. Figure 2a shows that the deep
convection (bluefl’zg) of the monsoon extended northward
into the Sri Samrong from late in May, with Fig. 2b indicat-
ing the horizontal scale in longitude is 1<20° km.

Of the 11 OPC launches, TTL clouds were detected on 6
occasions, among which 4 detections were from late in May.

. As the lifetime of TTL cloud is typically less than 1 day due

70 80 90 100110120 to its terminal velocity (Iwasaki et al., 2004, Fig. 3), each
OPC detected different clouds. Therefore, TTL clouds are
observed frequently in the vicinity of deep convective sys-

o . I tems.

220 240 260 280 300
Table 2 summaries the particle numbers and maxinfum
in the TTL cloud. Two simultaneous observations by lidar
Fig. 2. Black body temperatureT§ ) measured with GMS and and OPC were conducted on 24 April and 29 May. Figure 3
GOES.(a) Time-latitude andb) time-longitude sections centered Shows the vertical integrated number concentration and tem-
on the observation site (17.46.5° N, 99.870.5° E) from ° N to perature measured with OPC and the time-height section of
30°N and from 70 E to 120 E, respectively where dashed line [idar backscattering coefficient on (a, b) 24 April and (c, d)
denotes the site and bluer denotes deeper convection. The deem May where black arrows in Figs. 3a, ¢ and yellow arrows
convectlon of the monsoon, whose horizontal scale in longitude isj, Figs. 3b, d denote TTL cloud and the time that OPC ex-
1-2x103 km, extended northward into the Sri Samrong from late in isted in the TTL, respectively, where data of the channel 1 on
May. 24 April is not shown due to noise (Fig. 3a) and lidar data are
masked due to rain at 03:00-06:00 UT on 29 May (Fig. 3d).
where Cpi(r) denotes the backscattering cross sectionTable 2 shows cloud heights measured by lidar are hundreds
(m?).The sensitivity of the instrument at 532 nm is therefore of meters higher than those measured by the OPC, probably
approximately %10~ //m/str. due to spatial variation in cloud height as the OPC moves
Due to noise at 1064 nm, we analyze backscattering cotens kilometers from the launch site by wind. Note that this
efficient at 532nm g(532)). To calibrate the data, the li- height difference is not due to the instrumental error because
dar return was fitted t@(532) calculated from the pressure lidar measurements of cloud heights below 15 km are not al-
and temperature measured by the OPC at heights of 10 km tways higher than those recorded by the OPC; e.g., Fig. 4
13 km without cloud below. Hence, the calibration corrects shows vertical profiles of backscattering coefficient and ac-
the attenuation below 10km. The depolarization ratio wascumulated particle number measured on 26 March; the cloud
also fitted to the values estimated by the OPC at a height oheights of which integrated number concentration measured
approximately 4 km. by OPC is the maximum are higher than the heights wigose

1 Jun.

1 May

Date

1 Apr

Longitude [deg]

3.3 Comparison of lidar and OPC data

Atmos. Chem. Phys., 7, 3503518 2007 www.atmos-chem-phys.net/7/3507/2007/
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Fig. 3. (a, c)The vertical integrated number concentration and temperature measured with OB dphtime-height section of lidar
backscattering coefficient on (a, b) 24 April and (c, d) 29 May where a black arrow in (a, ¢) denotes TTL cloud and yellow one in (b, d)
denotes the time that OPC existed in the TTL. The lidar data are masked due to rain at 03:00-06:00 UT on 29 May (d).

measured by lidar is the maximum at around 6.5 km, whichtens km even though the cloud was geometrically thin cir-
implies that there is no height bias between OPC and lidar. Irrus. Therefore, TTL cloud height is not always horizontally
addition, Fig. 5 of Peter et al. (2003) and Fig. 7 of Martucci et uniform.

aII. (Zdoﬁﬁ) T]how an Ialr—za);ne Ildarbmea;urzmznt that the.Tr?_'L Itis assumed for the present purposes that the cloud micro-
cloud height was also ditierent about hundreds meter wit Inphysics measured simultaneously by the lidar and OPC in the

www.atmos-chem-phys.net/7/3507/2007/ Atmos. Chem. Phys., 7, 35082007
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Table 2. Particle numbers anfiax (532) measured with the OPCs and the lidar in TTL.

S. lwasaki et al.: Particle size distributions in the tropical tropopause layer

OPC

Lidar

Launched time (UT)

Number on channel 8 fin
Height [km], Temperature’[C]

Bmax (532) [/m/str]
Height [km]

06:46, 26 March
22:00, 26 March
03:50, 27 March

06:14, 23 April
03:17, 24 April

18:23, 25 April
14:17, 26 April
06:59, 29 May
12:26, 30 May
00:22, 1 June

07:15, 4 June

4.5103/m3
17.7km,—77.PC

3.x10%m3
16.9km,—78.6°C

5.103/m3

16.5-16.9 km,~80.0 to—82.C°C
4.210°/m3

16.8-18.3km;-78.3 to—83.2C
6.810%/m3

16.1-16.3km;-77.0 to—77.#C
6.5104m3

16.6-17.3km;-79.3t0—82.6°C

2.4x 10~ /m/str
17.1-17.3km

4.0x10" 7 /m/str
17.0-17.2km
X

X

X

No entry indicates that no TTL cloud was detected. X denotes cases in which lidar observation in the TTL was not possible due to optically

dense clouds below the TTBpmax (532) denotes the maximughat 532 nmin TTL clouds and is averaged for 1 h and 100 m.

TTL are the same; hence, the microphysical values presented(532) is 2.4<10~7 and 4.0<10~//m/str in the TTL, respec-

below are estimates.

tively.

Because the cloud number concentratin is given by

the OPC for particle radii greater than 3.81, andg is given

by lidar, the mode radius, or standard deviation, of the _ _
particle size distribution can be obtained assuming the sizéigure 5 shows the averaged integrated number concentra-

distribution of cloud particles to be log-normal as follows.

dn Nel 1 Inr —Inr,
«/élnag

— =X
dr  V2rlno, r P

3.4 OPC results I: integrated number concentration

tion <N > obtained by OPC measurements. At first, we di-

vided one OPC vertical number profile into the data at 10—

)2 @) 15km (a, b) and the height at which temperature is lower

than—75°C, Hy - _75¢, (¢, d). We then divided the two pro-
files into the data with and without clouds. Therefore, e.g.,
Mie theory (Bohren and Huffman, 1998) is applied for the 4 graphs are drawn from one launching on 1 Jurgs°C is

analysis and the reason is as follows: It is impossible atused as an empirical value with which to distinguish between
present to calculate the backscattering cross section front TL cloud and usual cirrus clouds, such as anvil clouds. This
an irregularly shaped particle with size parameteri{z2., is because there appears to be no temperature and height
radiusr and wavelength.) of greater than approximately threshold at which TTL cloud appears. For example, Ta-
50 due to the limitations of computer power. Therefore, ble 12.1in Lynch et al. (2002) shows that TTL cloud appears
an approximation is required for the analysis. Iwasaki andfrom —40°C to —90°C. However, this temperature is not ap-
Okamoto (2001) estimated backscattering on the basis oplicable as it is not possible to distinguish between TTL and
Kirchhoff's diffraction theory, and showed that the backscat- anvil clouds in the tropics.
tering of 20um plate-like particles with horizontally random  The error bars at equivalent raditsg are calculated by the
orientation is expected to be one order of magnitude largescattering of irregularly shaped particles and different refrac-
than for spherical particles. However, as this orientation istive indices as explained in Appendix A and those<d{ >
rare, and randomly oriented particles produce similar signalsire the standard deviation of Poisson distribution.
as spheres. Without clouds (Figs. 5a and cx N> decreases mono-
Assumingo, of 1.6, the maximunr, is estimated to be tonically with regression lines of 1:710%~34/m3 (10—
3.6um for the TTL clouds detected on 24 April, and 1 15km) and 5.k 107 —38/m3 (H; -_75c), where the radius
for 29 May, whereN,; is 3.2x10* and 5.%<10%/m3, and  r is in micrometers. On the other hand N > with clouds

Atmos. Chem. Phys., 7, 3503518 2007 www.atmos-chem-phys.net/7/3507/2007/
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(b, d) also decreases, but it departs from #w¥> without Number [;"1113]

clouds (a, c) at radii greater than approximately/0n8 re-

spectively; the regression lines are plotted to facilitate com- 001 0.1 | 10 100

parison in Figs. 5a, ¢ and 5b, d. Therefore, the enhancemen 10 ; ey ;

of integrated number is the common feature of a cloud at 10— E (gas) —

15km andHT<_75c. (532)
o Ch.6 -

3.5 OPC results Il: size distribution g | Ch.7 i

Figure 6 is the same as Fig. 5 but the averaged particle e Ch.8

size distributions d/dr. The regressions line afrvdr for ---_.s_-..s_-..:.uwww&w:!:#ﬂm'w-'-*-"-

the vertical size profile of background aerosols (Figs. 6a, ¢) __ st s (£ com———

are 8.210°3—*1 at 10-15 km high and 2:8010%—*7/m? at = 0 y

Hr - _75¢, respectively. Aerosols in the TTL are known to ==,

form the Junge layer, primarily consisting of sulfuric acid =

and ammonium sulfate solution (e.g., Hobbs, 2000; Kojima .%‘”

et al., 2004, Table 2)dn/dr from 10 to 15 km high and that T 4 i! .

in TTL (Figs. 6b and d) show that mostAir for smaller
particles decreases monotonically, with the regression lines
fitting up to 2.0um and 0.um, respectively.

Of the 7 OPCs detected between 10km and 15km, only
one (1 June) involved an enhancement fromudrg while no
particles at 2.9%m were detected at 10-15 km on three occa-
sions. Figure 6d shows 6 results for TTL clouds, of which
4 cases exhibit the enhancement from 09 (24 April, 30 0 . TECE P B
May, 1 June, 4 June) while Fig. 6b shows 1 case exhibits the
enhancement at 1,8n at 10-15km high (29 May). Note le-08 le-07 le06 le-05 le-04
that enhancements at 4/ in Figs. 6b and d are not reli- B(532) [1/m/str]
able because the values of /dlr at 4.5um are not accurate
(see Sect. 2.1). Therefore, the enhancement from@$a  Fig. 4. Vertical profiles of backscattering coefficiept(532) andg
typical feature of the TTL cloud. (gas), and integrated particle number, Ch.6, 7, and 8 of OPC, mea-

sured on 26 March. The cloud heights of which integrated number
3.6 OPC results llI: ratio of standard deviations of count concentration is the maximum are higher than the heights whose
value to Poisson distribution is the maximum at around 6.5 km; hence, cloud heights measured
by lidar are not always higher than those by the OPC.

I~d

26 March

Figure 7 is a ratio ofo(counts) ando (Poisson), where

o(counts) denotes standard deviation of particle count val-

uesNraw, raw data of OPC, at each channel, ar{@oisson)  over the 10-15km altitude (a, b) is greater than that in the

denotes that of the Poisson distribution, as defined in Eg. (5 TL (c, d). This is because the variation of height is different,

in the case at{r . _75¢c. that is, 5km depth in Figs. 7a, b and approximately 3 km

= depth in Figs. 7c, d, and because the ice nucleation in Fig. 7b
. 2 is more active than that in Fig. 7d due to deep convection and

o(counts =, /v T<Z_75 (Nraw = (Nrawd I <—7)°" (5)  higher temperature. In addition, there are peaks at around

o (Poisson = \/m 0.8um when the TTL clouds exist (d) while there is no peak

. . ) at 10-15 km high (b); hence, the peak is also a typical feature
In this case, we calculate two ratios by using one OPC data ajf the TTL cloud.

10-15km (a, c) and &y -_75c (b, d), and classified the ra-

tios when cloud exist (b, d) or not (a, c), respectively. There-

fore, e.g., one profile is divided into 2 graphs on 1 June. This4 Discussion

ratio becomes one for a vertically homogeneous cloud, and

represents a useful indicator of the vertical homogeneity ofFigure 5 shows that cirrus clouds at 10-15 km were detected

the particle number. on 7 OPC launches, and in 6 cases TTL clouds were de-
Figure 7 shows that the ratio is lower in cases when notected. Since smaller particlesc{um radius) are liquid

cloud was detected (a, c) than when cloud was present (tparticles, corresponding to the known Junge layer, while

d), respectively. Hence, the vertical profiles of backgroundparticles larger than @m in radius are ice particles (Ap-

aerosols are relatively uniform. In addition, the average ratiopendix B), it is considered that liquid particles are frozen in

1
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Fig. 5. Integrated number of particléa, b) at 10-15 km andc, d) atH; - _75¢ under conditions of (a, c) no cloud (background aerosols)
and (b, d) cloud. Regression lines arex10%~34/m3 in (a, b), and 5.%¥10%-~38/m3 in (c, d). Integrated number with clouds (b, d)

is departs from that without clouds (a, c) at approximately.@Bor larger, and this is the common feature of a cloud at 10-15km and
Hr _75¢C

the intermediate size range. Hayashi et al. (1998) showed Figure 7 shows the ratio af (counts) too (Poisson) for
that enhancement in the integrated number of particles orice clouds is different from that in cloud-free cases where the
the largest channet £1.8um) indicates polar stratospheric ratio reflects the vertical homogeneity of the particle number
clouds (PSCs) consisting of ice particles. By analogy withconcentration. Thus it is a good indicator of the presence
the PSC study, the results in Fig. 5 suggest that liquid parof ice particles. In addition, this ratio has a peak at around
ticles tend to be frozen at approximately0.8um above  0.8um when the TTL clouds are present (Fig. 7d), but not at
10 km high, and smaller liquid particles in TTL cloud are en- heights of 10-15km (Fig. 7b). This characteristic is thus a
able to be frozen compared with those in PSC. typical feature of the TTL cloud. The non-uniformity implies
Figure 6 shows only once was an enhancement in the sizéhat particles in this size range are actively frozen, so that the
distribution at 0.9«m detected at 10-15 km, while in 4 cases timing of freezing may vary with height in the TTL.
the enhancement was observed in the TTL; hence this is a
typical feature in TTL cloud. This result suggests that the
speed of cloud growth below 15 km is much higher than thats Summary
at Hy - _75¢, and the transition from liquid to ice is less ob-
servable since the mixing ratio is higher at warmer temper-A total of 11 OPC launches were conducted in Thailand from
atures. For example, the growth times of ice particles in theMay to June 2003. On 6 occasions, cirrus clouds were de-
0.1-3um size range at-60 and—8C°C are 40s and 13 min tected in the tropical tropopause layer, 4 of which were de-
under a relative humidity with respect to ice (RHi) of 120% tected around deep convection; TTL clouds were observed
(see Appendix B). Once liquid particles are frozen, a gapfrequently in the vicinity of deep convective systems. The
forms in the size distribution due to the Bergeron-Findeisenparticle sizes measured by the OPC were re-calculated by
process (e.g., Emanuel, 1994); This gap is observed at 1.9 dhe FDTD method in order to account for observation er-
2.9um on three launches at 10-15km (27 March, 26 April, ror induced by irregularly shaped particles and different re-
29 May) and two launches in TTL (27 March, 24 April). fractive indexes. Lidar observations were conducted simul-
taneously, and comparison of the lidar cloud heights with
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Fig. 6. The same as Fig. 5 but averaged particle size distributions. Regression lii@s by and (c, d) are 8.%103—41 and
2.9x10% ~47/m3, respectively. These figures show the enhancement atr®.8ompared with aerosol size distribution is a typical fea-
ture of the TTL cloud.

the OPC results indicates that the TTL cloud heights variesbution will be presented as part of future validation of the
by several hundred meters over distances of tens kilometergresent results.

hence the height is not horizontally uniform, despite the huge

horizontal scale 4500 km; Winker and Trepte, 1998) and

geometrical thinness of such clouds. The mode radius of parAppendix A

ticles in clouds was estimated to be less than approximately

10..m on the basis of both OPC and lidar data. For exampleSize error in OPC data

the maximum mode radii for clouds detected on 24 April and

29 May are estimated to be 3:6n and 11.2:m assuming a  1he OPC counts particle number at each size whéRca
standard deviation as 1.6n. measured by a photo diode (see Fig. 1) is greater than each

) . . threshold as shown in Fig. Al, whereCs¢yis proportional
Enhancements in the integrated number concentrationy jetected light power and calculated by Mie theory and the
greater than around Ou8n are common feature of cloud EpTp method (e.g., Yang and Liou 1995); e.g., channel 1

a_boye 1Q km high, while an enhancements in the pc_';\rticle SiZ@yunts particles when Cscais greater than 0.002m? and
distribution at 0.9:m and the peak of (counts)é (POiSSON)  channel 2 counts when it is greater than 0.06#. The size
ataround 0.g:m are typical feature in TTL cloud. error introduced by the various irregularly shaped particles
As these features are common and particular to cirrusand the difference in refractive index is estimated as follows.
clouds, the characteristic size distributions for particle radii Four shapes of particles are examined. In Fig. Al,
of 0.5-3.0um obtained in this study should also be seen“Sphere” denotes spherical particles with refractive indexes
in ice nucleation studies and computer simulations of TTL of 1.4+ 0 and 1.3+0, corresponding to sulfuric acid solu-
clouds. The present study thus yields some interesting resultson with 40 wt% concentration (Baumardner et al., 1996;
pertaining to ice nucleation, and demonstrates that OPCs&teele and Hamill, 1981) and water ice (Warren, 1984), re-
are effective for observing both aerosols and the generatiospectively. Model A denotes an 8-hexagonal aggregate de-
mechanism of cirrus clouds in the TTL. A comparison of fined in Yang and Liou (1998), model B is the same but with
OPC data with a model which includes particle size distri- all distances of barycenters half that of model A, as defined

www.atmos-chem-phys.net/7/3507/2007/ Atmos. Chem. Phys., 7, 35082007
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Fig. 7. Ratio of standard deviation of counts (raw data) to that of the Poisson distribution of average(epbhtst 10—15km andc, d)
at Hy __75¢ under conditions of (a, ¢) no cloud (background aerosols) and (b, d) cloud. Figures show the vertical profiles of background
aerosols (a, ¢) are relatively uniform and peaks at around. the TTL clouds (d) is a typical feature of the TTL cloud.

Table Al. Radius thresholds in each OPC channel.

H,SO;, Waterice ModelA ModelB ModelC Average o

Ch.l 0.15 0.17 0.18 0.17 0.17 0.17 0.01
Ch.2 0.25 0.30 0.36 0.31 0.31 0.31 0.03
Ch.3 042 0.51 0.60 0.52 0.51 0.51 0.06
Ch.4 0.66 0.81 0.80 0.78 0.77 0.76 0.06
Ch.5 0.97 1.08 1.01 1.04 1.08 1.03 0.04
Ch6 1.73 1.60 1.34 1.39 1.46 151 0.15
Ch.7 2.50 2.99 1.98 2.35 2.58 2.48 0.33
Ch.8 3.54 3.71 2.65 3.22 3.54 3.33 0.37

Each channel counts particles whose radius is greater than numbers described in the table (see Appendix A). Avecg®tndverage
and standard deviation frompl30, solution to model C.

in Ishimoto and Kobayashi (2006), and model C denotes a Ishimoto and Kobayashi (2006) showed that scattering

hexagonal column with aspect ratio of 1.7, where the aspecby model A is similar to the average scattering by individ-

ratio is defined as R/L with R and L being the lengths of ual hexagonal columns of the aggregate, while scattering

one side of the hexagon and the column. Each irregularlyby model B contains lots of interference of scattering by

shaped particle is randomly oriented and the refractive indeX8 hexagonal columns. That is, models A and B not only

is set to that of water ice. show the scattering by themselves but also represent the aver-
age scattering related to variously shaped hexagonal columns
(model A) and complex-shaped particles (model B).
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Fig. AL. Radius threshold in OPG,, denotes the equivalent ra- Fig. B1. Growth time for particles of radii 0.1-3m at —80°C

dius defined as (B/47)Y/3 whereV is particle volume.ACscais where RHi and ambient temperature are assumed to be constant.
proportional to detected light power (Eq. 1). Each curve is calcu-The dashed curves denote sulfuric acid solution (liquid) whose mo-
lated by Mie theory and the FDTD method. OPC counts particle lalities are 0.1 and 10, respectively, and the solid one denotes water
number at each size (channel) when dete&t€dcais greater than  ice. The graphs show liquid particles of the Junge layer cannot grow
each threshold, where channel numbers are shown in right handp to 3..m without freezing since the condition of RH195 % is

side; e.g.z, channel 1 counts a particle whe€sca is greater than  not realistic; hence, particles withy@n must be ice particles.
0.002um=.

are 0.1 and 10, respectively. Because RHi and the ambient
To obtain modified- and the error bars in, we average temperature are assumed to be constants, the graph shows the

radius at each channel and calculate the standard deviationgstest growing rates. From Fig. B1, liquid particles can grow
as summarized in Table 3. Moreover, since there are errojvhen RHi is greater than 195%, since the relative humidity
bars in each radiugin/dr also has error bars. To determine with respect to water RHw is lower than RHi. The results
modifieddn/dr and its error bar, we average eamidrand  for (NH4)»SO4 solution also show similar results (data not
the standard deviations. shown). However, the value is not realistic (e.g., Jensen etal.,
2001, Fig. 5). Hence, liquid particles of the Junge layer, can-
not grow up to 3um without freezing, indicating that such

Appendix B large particles must be ice particles.

Growth rates of liquid and ice AcknowledgementsParts of this study were supported by the
Research Institute for Humanity and Nature (RIHN), Kyoto,
The liquid and ice particle growth rates are calculated byjapan and by the Core Research for Evolutional Science and
the following equations, wherg, andr; denote the radii  Technology (CREST) program of Japan Science and Technology
of liquid and ice particles anddenotes time. All symbols Agency (JST). The data used in this study were obtained as a
are the same as those described in the Appendix of Spice giart of the Coordinated Enhanced Observing Period (CEOP)

al. (1999). activity. The weather satellite (GMS and GOES) images were
provided by T. Kikuchi, Kochi University, from the Web site at
dry 1 b cmyg http://weather.is.kochi-u.ac.jp/
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