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Editorial

This special issue contains a part of the material of the Tenth Inter-
national Conference on Condensation and Ice Nuclei, held at Hamburg,
F. R. G., 26—27 August 1981, on the occasion of the Third Scientific As-
sembly of the International Association of Meteorology and Atmospheric
Physics (IAMAP). The conference was organized by the Nucleation Com-
mittee of the International Commission on Cloud Physics of IAMAP.

The speakers presenting materials which had not been published else-
where were invited to submit their manuscripts to this journal. Of the
manuscripts received, 26 have been accepted by the referees for publica-
tion. The papers are published in the order of presentation at the meet-
ing. They givea good survey of our present knowledge of the physicaland
chemical properties of atmospheric particles and nuclei and their role in
the formation of liquid water and ice in the clouds.

E. Mészdros
Chairman of the Editorial Board

Olvaséinkhoz!

Folyéiratunk 86. kétetének ez az Gsszevont szdma, a 10. Nemzetkozi
Kondenziciés- és Jégmag Konferencia anyaganak egy részét tartalmazza.
A konferencidt 1981. augusztus 26—28. kozott Hamburgban (NSZK)
tartottdk a Nemzetkozi Meteorolégiai és Légkorfizikai Asszocidcié Har-
madik Tudomanyos Kozgy(ilése alkalmdbol. Szervez8je az asszocidcid
Nemzetkozi Felhéfizikai Bizottsdganak Nukledciés Albizottsiga volt. Az
el6addk, a mashol még nem publikdlt eredményeket bemutatd kéziratai-
kat — felhivdsunkra — folyéiratunkhoz nyujtotték be. A beérkezett kéz-
iratokbol huszonhatot fogadtak el a lektorok kézlésre. Ezeket a konferen-
cian valé bemutatdsuk sorrendjében publikidljuk. A cikkek jo dttekintést
nyuajtanak a légkori részecskék és magvak fizikai és kémiai tulajdonsagaira,
valamint felhéképzddésben jitszott szerepiikre vonatkozd jelen isme-
reteinkrél.

Mészdros Erné
a szerkesztébizottsag elncke
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The influence of aerosol particles
on radiation parameters of clouds

H. GRASSL, Max-Planck-Institut fiir Meteorologie *, Bundesstrasse 55, D—2000 Hamburg, Federal Republic
of Germany

Az aeroszol részecskék hatdasa a felhbk sugdrzdsi paramétereire. Az aeroszol részecskék
a globalis albedé kialakitasaban mind felhdtlen, mind felhés idSben szerepet jatszanak.
A felh6kben ezek a részecskék optikai tulajdonsagaik miatt koézvetleniil meghatarozzak
a felh6 optikai paramétereit, igy a felh-albedét és a sugarzasi aram divergenciajat. Kozve-
tett hatasuk is jelentds, mivel befolyasoljak a felh6k mikrostrukturajat. Koncentracidojuk
és a térésmutatét befolyasolé kémiai Gsszetételitk megvaltozasa a révid- és hosszihullamu
spektrumban az alabbi kévetkezményekkel jar: 1. Vékony felhGk esetén a légszennyezédés
novekedése noveli az albedot még akkor is, ha a részecskék egységnyi témegére vonatkoz-
tatott abszorpcids egylitthaté nagyobb lesz. Vastag felhoknél az albedé esak akkor né, ha
az abszorpcids egylitthaté valtozatlan marad vagy csokken. 2. Az aeroszol részecskék
koncentraciéjanak emelkedése a felh6 legfelsé rétegében nagyobb hiilési sebességgel jar.
3. A révidhullamu sugararam egyenlege a vékony felh6ket tartalmazo légréteg felsé hataran
jelentdsen csokken, ha a légszennyezddés erdsodik. Hosszahullamok esetén a valtozas kicsi.
Kimutathaté, hogy a koncentracié-névekedésnek a hatasa ennél sokkal bonyolultabb, ha
egyuttal a feliileti fesziiltség, a részecskék nagysag szerinti eloszlésa és a relativ nedvesség-
gel valé novekedés sebessége is megvaltozik.

7.5

The influence of aerosol particles on radiation parameters of clouds. Aerosocl particles
contribute to the global albedo in both clear and cloudy areas. Inside clouds, these particles
determine optical cloud parameters, such as cloud albedo and the radiative flux divergence,
directly through their optical characteristics, and indirectly through their influence on
the microphysics of the cloud. Calculated reactions to variations in the concentration and
chemical composition (determining refractive index) of aerosol particles in the short- and
longwave part of the spectrum are: 1. Increasing the atmospheric pollution increases the
albedo of thin clouds, even though the mass absorption coefficient of the aerosol particles
increases. Thick clouds will only have an increased albedo if there is no increase in the mass
absorption coefficient of aerosol particles. 2. Increasing the aerosol particle concentration
leads to larger cooling rates within the top layer of a cloud. 3. The net shortwave radiative
flux at the top of an atmosphere containing thin cloud layers decreases substantially with
increasing air pollution, while the net longwave radiative flux shows only small variations.
It is also shown that the above mentioned results for particle increase are oversimplifica-
tions, if concurrent variations in surface tension, aerosol particle size distribution and
growth rates with relative humidity are included.

*

Introduction. While the influence of aerosol particles on the clear sky
radiation field and radiation balance is rather well known theoretically, recent

work (Twomey, 1974, 1978 and Grassl, 1975, 1978, 1979) has now considered

the role of particles in determining optical cloud parameters, such as the cloud

* Present affiliation: Institut fiir Meereskunde an der Universitit Kiel, Diisternbrooker
Weg 20, D-2300 Kiel 1, F. R. G.
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albedo transmission, and absorption in the solar or shortwave (SW) interval
from 0.3 to 4.0 um. To the author’s knowledge no work except a first estimate
by T'womey (1978) has been reported on the effect of aerosol particles on radi-
ative transfer in clouds in the longwawe (LW) domain, i.e. whether the LW
emission of clouds depends on aerosol particle characteristics.

This paper tries to answer the following questions:

1. Are aerosol characteristics as important in changing the optical cloud
parameters in the LW part of the spectrum as they are in the solar part ?

2. Do more accurate calculations confirm previous (Twomey, 1978, Grassl,
1978, 1979) simple estimates based on crude approximations and on empirical
relations between aerosol particle number and mean cloud droplet size ?

3. Do LW radiation changes due to changes in aerosol characteristics
enhance or counteract the changes in solar radiation ?

To answer these questions, the first result section, after a short description
of the radiative transfer model and input data, presents SW and LW para-
meters for different cloud droplet size spectra. The second section tries to
confirm or abandon some simplifications already used for the SW region. The
third section presents changes of net radiative flux values due to changes in
aerosol particle concentration.

Radiative transfer model and cloud drop size spectra

The radiative transfer model adopted for both spectral regions (SW = 0.3 —
3.7 um, LW=4—-400 um) is the matrix operator theory, frequently
called ’adding and doubling’-method, as summarized by Plass et al. (1973)
together with the inhomogeneous source extension given by Wiscombe (1976a)
for the LW part of the spectrum. The infinitesimal generator initialization
(see Wiscombe, 1976b) is used to construct the starting matrices. Gaseous

absorption is included via the fitting of the transmission function 7', averaged
over a spectral interval Ay by a sum of exponentials
M
Fla)= L3 [exp(—kv-a)dv = 2 wy, exp(—ky-a)
_/]vJv n=1

. where w, and k, are the weights and mass absorption coefficients derived by
| the fitting procedure and a is the absorber amount in g em-2. Results for 30
| spectral intervals with M fixed to 6 have been reported elsewhere (Grassi,
| 1978). The extinction, scattering and absorption coefficient as well as the
- asymmetry factor g for each of the particle size distributions were calculated
| from the Mie theory. Since values of absorption of solar radiation calculated

with the exact form of the phase function differ only slightly from those using
| the approximate Henyey — Greenstein-function, which uses the g factor (see

Hansen and Travis, 1974), we have adopted only this latter approximation.

One should be sceptic when using this approximation for the calculation of

absolute values of cloud albedo; however the albedo changes are expected
. to agree with those obtained by applying the exact phase functions. As an

example spectral albedo values 4v=0.712 at 0.35 pm wavelength for a plane-
- parallel cloud with the C1 size distribution using the exact phase function

have to be compared to A»=0.706 using the Henyey — Greenstein approxi-

mation. Within the SW region only absorbing gases considered are water

vapour and ozone, in the LW region CO, is also introduced. The absorption

61




data for wavelength A=10 pm stem from Moskalenko (1969) and from
McClatchey et al. (1972) for A=10 pm.

All the size distributions used are listed in Table I. The inclusion of some
rather different measured size distributions in Table I might at a first glance
cause some confusion, however, will be shown to lead to optical cloud para-
meters which are very close to the results for the analytical size distribution.
This confirms the usefulness of the chosen analytical distributions. Some
related parameters of these size distributions like peak or mode radius, 7.,
mean square radius, r,s, mean volume radius, ry, are included in Table 1.

Radiative transfer calculations were performed for all the cloud drop size
distributions presented in Table I, integrating over 8 wavelength intervals
in the SW and 16 wavelength intervals in the LW region for a cloud layer from
1,000 to 1,500 m above the surface and the atmospheric variables shown in
Table 11. The main features of the model atmosphere chosen are US-Standard-
Atmosphere above 2,000 m, a temperature inversion of 3 K on top of the cloud,
wet adiabatic lapse rate within the cloud and constant water vapour density
below the cloud. ’

TABLE I
Cloud droplet size distributions and related parameters
| | W
1 i i L |
... .. | mn(r)=size distribution, T Seing e | P S
Identification | em~? pm-1 am um i pm Source
d, 3 \ 4l 0
i
Gl n(r)=2.373rfexp (—1.51) 4.00 4.98 5.30 Deirmendjian
(1969)
c2 n(r)=1.0851
10-2 r8 exp (—1/24 r3) 4.00 4.08 4.16 Deirmendjian
(1969)
C3 n(r) =5.5556
r8 exp (—0.3333 r?) 2.00 2.04 2.15 Deirmendjian
(1969)
C5 n(r)=0.5487
riexp (—0.6667 r) 6.00 8.21 8.92 Deirmendgian
(1969)
C6 n(r)=0.5
10-4 rzexp (—0.1r) 20.00 34.64 38.28 Deirmendjian
(1969)
M (Stratus) measured June 16, 1970 7.86 8.21 Ryan et al. (1972)
N (Stratus) measured June 16, 1970 6.35 6.63 Ryan et al. (1972)
O (Cumulus measured June 02, 1970 3.53 3.65 Ryan et al. (1972)
Continental)
StI measured 4.50 4.90 Stephens (1978)
| Stephensetal. (1978)
F1a (fog) measured Sept. 15, 1967 0.82 1.93 Garland (1971)
F1b (fog) measured Sept. 15, 1967 * 0.77 1.34 Garland (1971)
F2 (fog) measured Nov. 22, 1967 0.76 1.24 Garland (1971)
F3 (fog) measured Feb. 29, 1968 2.76 3.44 | Garland (1971)
F4 (fog) measured Oct. 21, 1968 1.61 2.95 | Garland (1971)

* Neglecting the biggest droplets which were at clearly separated particlé size in Garland’s
measurements : y
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TABLE I1

Height h, temperature T, pressure p,air density p, water vapour density pu,o, liquid water content
LWC of the model atmosphere, and optical depth T at 0.55 um wavelength due to aerosol particles and
cloud C1 counted from the top of the atmosphere; total ozone and solar constant

Om20, M7 \ LWC, g m~? T

I |

h, m ‘ P.X p,mbar | p, kgm3 F

| [

i | |
10,000 | 223.25 265.00 | 0.4135 ’ 0.009 | 0.000 I 0.000
9,000 1 229.73 ! 308.41 ; 0.4671 I 0.020 ‘ 0.000 0.002
8,000 236.21 356.52 ! 0.5258 0.090 0.000 0.004
7,000 | 242.70 411.05 | 0.5900 ’ 0.190 0.000 0.006
6,000 | 249.19 472.18 0.6601 0.420 | 0.000 | 0.008
5,500 ‘ 252.43 505.39 ’ 0.6975 ' 0.580 [ 0.000 1 0.010
5,000 255.68 540.48 0.7364 I 0.790 ‘ 0.000 0.020
4,500 258.92 577.52 0.7770 | 1.020 | 0.000 0.030
4,000 | 262.17 616.60 ~0.8193 1.250 |- 0.000 0.040
3,500 | 265.41 657.80 0.8634 1.580 | 0.000 0.050
3,000 268.66 701.27 0.9092 1.970 0.000 { 0.060
2,500 ! 271.91 746.92 0.9562 | 2.480 0.000 | 0.070
2,000 | 276.16 795.01 1.0066 [ 2.950 0.000 0.080
1,700 | 277.10 826.00 1.0379 [ 3.315 0.000 0.085
1,600 | 271.71 835.20 1.0475 i 3.437 0.000 0.090
1,500 274.71 845.60 1.0581 | 5.316 0.000 0.100
1,475 | 274.86 847.00 1.0599 | 5.374 0.150 0.610
1,450 | 275.01 850.09 1.0625 5.425 0.300 2.140
1,400 | 275.30 855.70 1.0680 5.631 0.282 6.090
1,300 ‘ 275.91 866.00 1.0790 | 5.767 0.243 13.190
1,200 | 276.52 877.90 1.0895 5.999 0.205 19.240
1,100 | 277.12 888.10 1.1010 6.249 ; 0.165 24.230
1,000 277.7Y 898.76 L RELT | 6.502 [ 0.000 26.470
500 | 282 71 954.61 1.1673 6.502 0.000 | 26.520
0 | 287.71 1,013.25 1.2250 | 6.502 |  0.000 - | . 26.570
Total ozone = 0.3 atm cm, solar constant = 1353 Wm—2

Optical characteristics of clouds with different drop size distributions

Since in this paper we want to determine cloud parameter changes caused
solely by variations in aerosol particle number and absorption, calculations
throughout the entire paper stick to a fixed mean liquid water content, thus
implying no change in circulation pattern when changing aerosol characteris-
tics. No feedbacks between changed cloud parameters and circulation are
included in the main section. As a first impression of the possible feedbacks,
some calculations using formulae given by Hinel (1981) are presented in the
section on possible feedbacks.

At fixed liquid water content the integral SW parameters like total
absorption within the cloud, albedo of the entire system, and net flux at the
ground (shown in Fig. 1 mainly for analytical distributions) differ strongly in
their dependence on size distribution. The variable optical depth 7 (at 0.55 um
wavelength), chosen for the abscissa in Fig. 1 and used without index
throughout this paper, is a result of the changing radius r,, of droplets, because
7 is propotional to r,s and the number of particles. At fixed liquid water
content (LWC) small droplet radius ry is equivalent to high optical depth 7.
Drawing smooth curves through five calculated points only—as done in
Fig. 1—would be a risky procedure were it not justified by calculations at
intermediate points even from different measured size distributions. The
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agreement between the results of using real size distributions versus the analyt-
ical size distributions for radiative transfer calculations is demonstrated by
comparing the St/ (open circles) and (dots) results to the analytical size distribu-
tion results (smooth curves) shown in Fig. 1. While absorption is rather
constant —if we neglect the size distribution C6 standing for an unrealistic
distribution with an extremely low droplet concentration and a very big droplet
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Fig. 1: Some optical parameters, integrated over the solar spectrum (0.3 — 3.7 um), for an atmos-
phere containing a vertically inhomogeneous stratus cloud between 1,000 and 1,500 m with
a mean LWC=0.2 gm?3. The parameters: albedo of the atmosphere—cloud—ground system,
fractional absorption within the cloud in 9% and net flux at the ground in W m? are shown for
4 analytical droplet size distributions as a function of the optical depth 7 at 0.55 ym wavelength.
The upper horizontal scale shows the corresponding 7, values. The cosine of the sun’s zenith
angle is 0.9, surface albedo A5=0.2. The open circles stand for the measured distribution St/, the
dots for distribution O, and crosses for N

size —system albedo and net flux at the ground change drastically with droplet
size. Albedo is highest and net flux lowest with lowest droplet size. This result
already shows the potential high influence of aerosol particles on cloud albedo,
if we generally expect a dependence of mean radius ., of droplets on particle
number. :

Table 111 contains fractional absorption A4 *, reflection or albedo 4 and
downward flux F} of the atmosphere-cloud-ground system together with these
parameters for the stratus cloud only. The table shows the tremendous variation
in cloud and system albedo at constant LWC' (as given in Table II) caused

only by variation in cloud droplet sizes. For the model cloud C1, the possible -

influence of absorbing aerosol particles is included, demonstrating their strong
albedo-reducing effect and an enhancement of the cloud’s fractional absorption
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A* roughly by a factor 2. The absorption coefficient of aerosol particles stems
from measurements in a polluted industrial area at Mainz, F. R. Germany
(Fischer, 1973), and possibly gives an upper limit on particle absorption. For
details of the method of incorporating absorbing aerosol particles into clouds
and the calculation of the resulting complex refractive index of the mixture of
droplets and unactivated aerosol particles, see Grassl (1975, 1978).

TABLE III

System albedo A, SW downward flux F, at the ground and fractional absorption A* given in 9

of the downward flux at the top of the atmosphere, for the model atmosphere containing a 500 m

stratus cloud from 1.0 to 1.5 km with vertically inhomogeneous LWC. All values are given for

4 different cloud drop size disiributions and 3 different zenith angles @ of incoming solar radiation.

Rows with label C pertain to the cloud only and percentage values are related to incoming flux at
the cloud top. Surface albedo Ag=0.2

‘ot e £ g

Size distribution | = CI (r,=4um) C3 (re =2um)® C5 (re =6um)b C6 (ro =20um)b

cos @ A F, A+ A F, . A% AREEEARE AL R A
|

P b < PRGN ‘ y

0.9 60.7 27.0 17.2 | 769 8.7 162 | 48.4 417 174 | 224 74.6 163
(a) | 56.6 23.4 24.3 |

0.9 C 68.6 29.3 6.6 | 86.9 9.3 52 | 545 454 6.8 | 25.1 81.9 5.4
(a) | 64.0 258 14.4

0.5 67.0 20.7 17.5 | 78.9 6.7 16.5 | 57.9 31.8 18.0 | 34.9 .59.7 19.Z
(a) | 635 17.8 23.3 ;

05 C 76.6 23.0 50 | 90.2 7.3 3.9 | 66.1 355 55 | 39.6 66.9 6.3
(@) | 72.7 19.8 11.4 | ‘

0.3 70.2 17.2 18.3 | 79.7 5.6 17.2 | 63.0 26.4 18.9 | 44.5 48.9 20.8
(@) | 67.3 14.8 22.9

0: 3l 81.0 19.8 92.1 6.3 3.1 | 724 304 46 | 50.5 56.8 6.0

4.1
(@ | 77.6 17.0 9.5 |

(a) Accounting for aerosol absorption using measured absorption coefficients from Mainz, F. R.
Germany (Fischer, 1973); the optical depth 7, of the dry aerosol particles from cloud top
to the ground has been assumed to be 0.2. All other values assume pure water droplets
using complex refractive index values given by Irvine and Pollack (1968).

(b) 7o = mode radius

While fractional absorption values for varying size distribution do not
differ strongly, corresponding heating rates at distinct heights within the
atmosphere differ considerably, since the vertical distribution of flux. diver-
gence is influenced by the changing phase function and the changing ratio
of the coefficients of scattering ks, to extinction key (frequently called single
scattering albedo w,). Figure 2 first indicates strong heating of the top layers
of a cloud by absorption of solar radiation and secondly shows an increasing
maximum heating rate (~40K/d for C1 and C3 cloud types) with decreasing
droplet size, accompanied by a small upward shift of the maximum heating.

- Results for different zenith angles © are very similar to those shown for

cos O =0.9.

In the LW region the strong cloud top cooling rates show the same
dependence on droplet size as solar heating rates; however the maxima within
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the uppermost 50 m are higher by approximately a factor of 4. The magnitude
of the cooling rates at cloud top by LW radiation will never be reached by
heating rates in the solar spectral region, even with the strong aerosol particle
absorption, as shown in Table III.

Solar radiation
cos8 =09

—— cloud top
cloud base
Fig. 2 : Heating rates within
the solar spectral region in
a stratus cloud (details see
(e 110 210 310 A]O 510 610 710 [Kl/d] Table II) with different
0 T T T droplet size distributions
0 1 2 3 [K/h] (see Table I) at small
¥ zenith distance of the sun
heating rate (cos ©=0.9)

If we combine SW and LW radiation for noon conditions (when SW has
the maximum possible influence), we still find a strong net cooling of the upper
80 m of a cloud, a moderate net heating within the cloud interior and an
increased, but still moderate net heating of the lower parts of the cloud.
The heating in the lower part of the cloud is mainly caused by the L W radiation
and is proportional to the temperature difference between ground and cloud
base.

Test of simplifications in the calculation of the optical
depth of a cloud from basic microphysical parameters

This section tests the accuracy of simple formulae already used (Twomey,
1978; Grassl, 1978) for the calculation of the aerosol particle influence on cloud-
albedo Since we postulate constant LWC (equivalent to constant volume V)
for different size distributions
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4n r, { n
LISt 73-n1(r)dr=-3—Nirvi3 (1)
with
rfz rin(r) dr
e
[ n(r)-dr=N

we find the ratio of total droplet numbers N, for two size distributions i and j

NI rv*3
& ’ (2)

]

The optical depth 7 of a cloud is proportional to ry, where

"ms = rq

If we want to use equation (2) for the derivation of a simple formula for
the optical depth ratio 7;/z; of two clouds with the same vertical extent only

9 = R T et a o il ARG TR ,
r c5 &
ms | M N,M = maritime cumulus
H o =continental cumulus
Hm STI =stratus
F  =ground fog (bimodal)
75 C =analytical size distrib. 5
|
5
4
L O
14 F°16 Fib ; -
F2 °
o
o l ] ' T ] T "[ T I g
1 ! 2 3 5

TTo

Fig. 3 : Mean square radius 7y as a function of relative optical depth 7/7,, normalized with the C5

cloud droplet size distribution, for strongly different analytical and measured distributions as

presented in Table I. The full curve follows equation (4) and therefore discards not only

differences of extinction efficiency Q¢ to the value 2 adopted in equation (3), but also the
differences 4r
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knowing the number of droplets, we should account for the difference between
the mean volume radius r, and the mean square radius 7,s. This value, 7,
is normally used for the approximation of the optical depth ratio.
S
Bt Taet (3)
Tj NJ 7'2msj
Equation (3) implies a constant extinction efficiency @Qey (= 2), which is a
justified approximation in the SW region for all droplet radii occuring. Within
the LW region this assumption no longer holds for small droplets with =10
pm. Neglecting the difference Ar =r, —ry,s and combining equations (2) and (3)

leads to
o e Db ®

Tj Nj ‘Cj "msi

The first part of equation (4) has been proposed by Twomey (1978) and used
by Grassl (1978, 1979). Ar depends strongly on size distribution (see Table IV)
and the broader the distribution the larger the radius difference Ar.

TABLE IV

Radius differences Ar In um between mean volume radius ry and the root-mean-square radius Ty
for all size distributions shown in Table I

| ‘ ‘
n (r) ‘ Ar Timaits e () ] Ar 2SS ; n (r) Ar e
i \
\ |
1 ; \ w |
Cl1 [ 0316 4988 | StI* | 0.40 4.51 Bila 7 1.11 0.829
C2 [ 0.075 | 4.085 | M T8 034 7.86 Flb [/ 057 | .10.F79
o3 [ 0088 2.042 N [50.28 6.35 F2 J 048 | 0.768
G5 | 10.690 8.215 | O | SEOs2 7 8:53 F3 [, 0.6 2.765
C6 | 3.646 34.641 | | F4 | 1.34 1.615

* All values for the measured size distributions may be slightly in error due to the graphical
interpolation of the size distributions.

Bimodal or even trimodal distributions measured by Garland (1971),
in ground fog show Ar values being of the same size as the ry, value. Using
equation (4) instead of equation (3) leads to an inaccurate optical depth ratio
Ti/,f'.

JFor the narrowest (C3, C2) and the broadest (Fla, F2) size spectra
errors in t;/r; at constant LWC, when using equation (4) instead of (3),
would be

A {@)=2.011—2.033 or — 1.1% and
Tgo!

A (’FZ]:1.186—1.930 or — 38.5%
TF1a

respectively. For all the size distributions, expect the ground -fog, with
Ar ~7ry,s/10, the error in 7;/t; calculated with equation (4) instead of (3) is
below 59, and thus tolerable. This allows us to proceed, as Twomey (1978),
for many size distributions, from equation (4) to
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o (llai 0:267 5)

7 Ny
using an empirical relation between N and the number of the aerosol particles N,
i i) 0.
Ly T '
N i N aj

derived from measurements reported by Warner and Twomey (1967). Equation
(5) relates to the optical depth 7 of a cloud directly to the number of aerosol
particles N,.
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Fig. 4: Asymmetry factor
g as a function of wave-
length for different size C2
distributions. The dashed
curve shows the asymptotic
very large nonabsorbing 075 T : T T .
sphere value (27r/A— <) for
the corresponding real parts 02 10 2.0 A 3.0
of the refractive index Wavelength A in pm

The test of the (z, 7,) relationship [equation (4)] is shown in Fig. 3, where
7 values relative to the C5-size distribution are displayed. Plotting the optical
depth

T2i

Ti :f Qext (13, A)rz-my(r)/dr (7)
Ty F

as caclculated exactly from the Mie-theory for the size distributions »;(r) as
a function of ryg we clearly see in Fig. 3 that for narrow size distributions
equations (4) and (5), which neglect Ar, are good approximations, while for
broad, bimodal or even trimodal (Fla) distributions the approximation is
very poor. The assumption that the mean extinction efficiency Qeyy=2, used
already for equation (3), shifts all exact results for small size distribution
to the right and thus above the curve in Fig. 6, since Qey;=2 and increases
with decreasing radius for all distributions used. This explains the rather
strong shift to the right for the narrow distribution C3 with small droplets.
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Many measurements of droplet size distribution omit small droplets
below approximately 1 pum radius, which in turn may have lead to the actual
analytical distributions proposed by previous investigators. Therefore the poor
approximations found in Fig. 4 for ground fog (as measured by Garland, 1971)
may apply to many cloud drop size distributions as well.

Up to now only two mechanisms for cloud albedo variations associated
with changes in aerosol particle characteristics have been discussed; we found
that increasing aerosol absorption reduces the cloud albedo and increasing

34.6 82 64 2.3 45
W | T 1l
O T 1L

|
79 5045 - TR

: 'ms in pm v

0.8
0T
0.6
0.5
0.4+
0.3
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0.1

0.0 T T
0.0 19

T T
60 Ty

Fig. 5 : Single scattering albedo w, at 833 em~! wavenumbers for analytical (@) and measured

drop size distributions as a function of 7/7, (A corresponds to bimodal ground fog and A to

monomodal stratus and cumulus drop size distributions). The upper horizontal scale shows
the corresponding rp,s values, the dashed curve o, values for 1,000 em-

I [ T
20 3.0 4.0

particle number may enhance cloud albedo. A third mechanism is albedo
enhancement due to a flattening of the scattering or phase function with
decreasing droplet size. This effect has already been shown by Grassl (1978,
1979), however it has been overestimated (see Fig. 5 in Grassl, 1979). Fig. 4
displays the asymmetry factor g (the cosine of scattering angle weighted
with the phase function—a measure for the steepness of the phase function
within the forward peak) for several size distributions. This figure clearly indi-
cates only small variations of ¢ in the visible spectral region, where the cloud
albedo values are mainly determined. An already asymptotic domain for ¢ is
reached by cloud droplets with several micrometers radius. For nonabsorbing
spheres that are very large with respect to wavelength, the dashed curve in
Fig. 7 is valid. The numbers for this curve were taken from a table in Van de
Hulst (1957, page 226). If there is absorption, the g-values for very large

70




spheres are increased and results should lie above the dashed curve in Fig. 4.
This is true for size distribution C6 with the largest droplets of all distribu-
tions. The general strong increase in absorption by liquid water at wavelength
A=>1 um, which should shift the C6 curve to still higher g-values, is compen-
sated by the reduction of the size parameter x=2zr/l governing the large
sphere asymptotic region. Increasing optical depth alone, i.e. retaining ¢
values for cloud C5, when calculating the albedo change due to a shift
from a C5 to a C1 cloud, and comparing it to a calculation with changes in g,
leaves a phase function influence on cloud albedo of 1.67, 1.45, 1.23, 0.999,
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Fig. 6 : Activated particles in 9, as a function of the liquid water mass mixing ratio for different
aerosol particle size distribution and number concentration changes at a supersaturation
(without feedback) of 5 10-3

for the cos O values 0.9, 0.7, 0.5 and 0.3, respectively. Despite the reduc-
tion of the phase function influence on albedo enhancement, the already
known general picture remains: Depending on the increase in the mass
absorption coefficient of aerosol particles the crossover from albedo enhance-
ment to albedo reduction for a pollution increase at constant liquid water
content will oceur at different optical depths of cloud (Grassl, 1979). However,
rather thin clouds with v=25 will always show an enhancement of albedo
with increasing particle number.

Possible influence on the number of activated particles by other parameters

Up to now neither changed chemical composition, nor variations in the
size distribution of aerosol particles have been considered. Also changes in
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liquid water content and maximum supersaturation, which would change
with aerosol particle characteristics, have been neglected. If variations of
surface tension, the water uptake with relative humidity and particle size
distribution, as well as the feedback on supersaturation and LWC' are included,
following formulae given by Hdanel (1981), the simple approach in previous
sections may be strongly modified. This is clearly demonsrated by Fig. 6,
which compares different changes of the parameters mentioned. The
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percentage of activated particles, which up to now has been parameterized
by the experimental result of Warner and Twomey (1967), changes drastically
especially with variations in size distribution, «, and «, being the power law
exponents of the 0.01—0.1 and 0.1 —10 pm size range. Variatons of surface
tension and the water uptake (expressed by the exponential mass increase
coefficient 1) are not shown directly, since, a 10%, increase in the particle num-
bers (n,, n,=1.1) is equivalent to a lowering of surface tension by 6%, and an
increase of 7 by 6.6 %,. Calculations for stronger parameter changes as those
snown, have to be avoided, since the assumption of only minor changes in
liquid water content for the basic and the changed state leading to Hinel's
formula would be stressed too much. In order to estimate the overall effect,
the standarad relation CCN,/CCN,=(N,/N,)y=(N,/N,) for sugar cane fires
in Australia, which is the result of all influences of all parameters, has to be
known for different areas and aerosol types.




Influence on radiation balance

All minor atmospheric constituents, as e.g. aerosol particles, influencing
radiative transfer will change the radiation balance and thus the climate.
The most interesting parameter in this context is the radiation balance at
the top of the atmosphere. While this parameter is strongly dependent in the
solar spectal region on the droplet size distribution for fixed liquid water
content and cloud height (see albedo values at top of the atmosphere in Table
III), the changes in the LW region are rather small and show no systematic
behaviour. One might expect that clouds with smaller droplets will emit less
radiation than those with bigger droplets because of an upward shift of the
main radiation layer of the cloud. This effect, however, is at least partly
compensated by the simultaneous decrease of single scattering albedo w, and
mean droplet size. This effect is obvious from Fig. 5 which displays the single
scattering albedo w, at wavenumbers 833 cm-! and 1,000 em™* for different size
distributions. Since the main radiative loss occurs in the 1,100 —800 cm-!
window region, these values at 833 ecm™ and 1,000 em™ are representative.
The smooth curves drawn through the w, values of the analytical size distribu-
tions are clearly justified by the w, values of the measured size distributions,
since even the bimodal ground fog F3 agrees with the smooth curve. The
decrease in net flux due to the low temperature at which the top layer of a
cloud with small droplets radiates, is compensated, or (as with cloud C3)
overcompensated by a reduction in w,. The increase in w, (1,000 ¢m-) when
changing from C6 to C5 (Fig. 5) points to a partial compensation of the effects
in the solar spectral region by the LW radiative transfer in this radius domain.
The total LW net flux variation for all size distributions at the top of the
atmosphere, at cloud top and at ground, is only 7.7, 9.0 and 11.0 Wm-2,
respectively. The last value is reduced to 1.3 Wm-2, if the results from the C6
cloud calculations are discarded. These LW variations have to be compared to
the SW variations, in order to assess the overall effect of changes in aerosol
particle concentration and imaginary refractive index (absorption). The SW
netflux changes at the top of the atmosphere for a shift from a C5 to a C1
size distribution similar to the maritime-continental transformation of a size
distribution, amounts to —62 Wm- (equivalent to a system albedo change
from 57.9 to 67.0%) at cos ©@=0.5 (Fig. 4). This number far outweighs the
—2 Wm=2 for the corresponding LW net flux variation. The big difference
between LW and SW effects generally holds for all zenith angles @ (Table I1T)
and a concomittant increase in the aerosol mass absorption coefficient, if
7=25. Thus the mean droplet size will, at least for clouds with 7 =25, have
a strong influence on the radiation balance (SW +LW) at the top of the
atmosphere. A compensation of SW and LW effects may be possible for thick
clouds with an increase in aerosol absorption coefficient simultaneously with
an increase in particle number.

First estimate of a change of global albedo with pollution level

The aerosol particles’ influence on the radiation balance and on albedo
in clear areas shows the same broad features as those derived for cloudy areas.
Depending on the amount of absorption of the particles, an increase in particle
number may enhance or reduce albedo in both areas. The crossover in clear
areas is a function of surface albedo and the absorption-to-backscattering ratio
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of the particles (Kellogg, 1978), while in cloudy areas it is a function of the
absorption coefficient and the optical depth of the clouds. These results
disregard for the present, possible influences on cloud parameters due to
changing solubility and surface tension (Hdnel, 1976, 1981), which may well
influence the cloud droplet size distribution. For the derivation for a possible
upper limit of the global albedo change caused by variations of cloud para-
meters, let us assume a fixed aerosol particle absorption coefficient, leading
to albedo enhancement only. With a cloud cover N,=0.5, a global albedo
value A,=0.3, a mean albedo, 4,=0.45 over cloudy areas and using d4,/dt =
=0.2/7, as given by Twomey (1978), A, for a doubling of aerosol particlenumber
will be 0.034 for rather thin clouds in the 10=7=30 range. This leads to
a global albedo change A44,=1.7%,. Since a doubling of aerosol particles
over the entire globe is highly improbable, a reduction of this doubling to only
10 %, of the cloudy areas leaves only +0.179%, change in global elbedo.

Conclusion

Referring to the questions listed in the introduction, our results suggest
a stronger influence of aerosol particles on optical cloud parameters for the
solar region than the corresponding results for L W region. In the latter spectral
region, increasing particle concentration steepens the gradient of the cloud
top cooling rates. However, this has only a small influence on the total emitted
radiation of an atmosphere containing a stratus cloud layer because of con-
gruent relations between the optical depth and the single scattering albedo for
changing particle concentrations. If we increase particle number while
maintaining a constant LWC (thus fixing the circulation pattern), we increase
optical depth. This will cause a shift of the layer with radiation losses upward
to lower temperatures which (at constant single scattering albedo) would lead
to a reduced emission. However, at the same time the single scattering albedo
is lowered, causing a higher emissivity and thereby compensating for the
lower temperatures.

Simplifications introduced for estimating cloud albedo changes for
variations of the aerosol particle charecteristics will only hold, if the cloud drop
size distributions are rather narrow. Since many drop size measurements omit
droplets with r=3 um, bimodal or even trimodal distributions may be more
probable than had been considered in previous cloud studies. This would raise
doubts with regard to the applicability of the simplifications partly used in
this study.

The changes in optical parameters of clouds in the LW spectral region
caused by corresponding changes in aerosol characteristics may damp in parts
of a layer cloud the strong changes in the SW region if looking at heating
and cooling rates. However, these changes in particle number and thus mean
droplet size may even modestly amplify the solar contributions to the net flux
changes at the top of the atmosphere.

Since no data exist on the distribution of optical depth of clouds, a first
estimate of the sign of a global albedo change for changing pollution levels
can only be given for pollution changes that do not affect the mass absorption

coefficient of the aerosol particles. In this case increasing turbidity or pollution -

will lead to an increase in the mean shortwave cloud albedo and this energy
loss for the atmosphere-earth system is not compensated by a concomittant
reduction of emission in the LW region. If the mass absorption coefficient
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k in the SW region and the number of aerosol particles increase simultaneously
—and this is confirmed by measurements (#ischer, 1973) from remote and in-
dustrialized areas —there may well be no effect at all, depending on the ratio
(z/7,)/(k|k,) which determines the crossover from an albedo increase to an albedo
decrease.

The above results may be questionable if the relation between conden-
sation nuclei and total particle concentration deviates strongly from

(OCN-I/CCNO) =2 (N-I/NO) ¥
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An evaluation of the possible effect of anthropogenic sulfate
particles on the precipitation ability of clouds
over Europe

E. MESZAROS and G. VARHELYI, Institute for Atmospheric Physics, H—1675 Budapest, P.0.B. 39,
y Hungary

Az antropogén szulfat részecskélk hatasa a csapadékképzidésre Eurdpa folott. Eurdpa
folott a kénvegyiiletek légkori korforgalmaban a szulfat részecskék kb. 809, -a antropogén.
Mivel ezek a részecskék aktiv kondenzéciés magvak, valészind, hogy az ipari forradalom
el6tt a csapadékmennyiség kiillonbozott a jelenlegi értéktsl. Huszonkilenc eurépai allomés
1871 — 1970 kozotti adatai szerint azonban a csapadékmennyiség idébeli véaltozdsai nem
egyértelmuek. Valdszinti ezért, hogy a kondenzéciés magvak szaméanak 6tszoros novekedése
nem befolyasolja alapvetéen a csapadékképzodést.

K

An evaluation of the possible effect of anthropogenic sulfate particles on the precipitation
ability of clouds over Europe. It is shown by atmospheric sulfur budget calculation that
about 809, of sulfate particles are man-made over Europe. Considering that these particles
are supposed to be effective cloud condensation nuclei, it is reasonable to suppose that
before the industrial revolution the quantity of precipitation was different from the present
value. However, no unambiguous trend is found in the amount of precipitation between
1871 and 1970 by using the data of 29 European stations. Hence, it is possible that a five-fold
increase in the number of condensation nuclei does not influence essentially the precip-
itation formation.

*

Introduction. The study of the effects of air pollution on atmospheric
phenomena is one of the most important tasks of atmospheric science at present.
Such an effect can be caused by anthropogenic aerosol particles influencing the
microphysical processes in clouds and subsequently the formation of precip-
itation which depends, among other parameters, on the initial cloud structure.
Thus, a smaller number of cloud condensation nuclei (CCN) result in a lower
droplet concentration and larger average droplet size and vice versa (see e.g.
Fletcher, 1962). This means that, according to the coalescence theory of
precipitation formation, an increase in the CCN concentration decreases the
amount of precipitation.

Different measurements on the physical properties of CCN (e.g. Twomey,
1968 and 1971; Dinger et al., 1970) as well as on the chemical composition
and size distribution of aerosol particles (e.g. Mészdros, 1968; Mészdros and
Vissy, 1974) show that the majority of condensation nuclei consist mostly
of fine sulfate particles formed in the air by gas-to-particle conversion.

It is reasonable to suppose that in industrialized areas, where sulfur .
dioxide emission is important, the precipitation regime has substantially been
modified by sulfate particles attributable to human activity. The aim of this
paper is to discuss this problem in the case of the European continent by
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determining the anthropogenic fraction of sulfate particles on the basis of
atmospheric sulfur budget calculations as well as by analyzing the trend of
precipitation amount at different European stations between 1871 and 1970.

1. The European sulfur budget

The atmospheric sulfur budget presented is based on a previous paper
dealing with the continental cycle of sulfur species (sulfur dioxide and sulfate)
in oxidized form (Mészdros et al., 1978). The results of this previous work are
completed now with estimates on the continental source strength of hydrogen
sulfide, carbonyl sulfide, carbon disulfide and dimethyl sulfide emitted by
the biosphere.
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-———+ Anthropogenic sources and sinks [: Tropospheric reservoirs

Fig. 1: Scheme of atmospheric sulfur budget (for further details see the text)

Briefly, it is assumed that over Europe there is a box, with an impermeable

lid at the tropopause. The sulfur input into the box is due partly to advection

- and partly to surface emissions, while the output is determined by the wet and

dry deposition and advection. In the box gaseous sulfur species transform

chemically into a more oxidized state and the loss by advection is in sulfate
form (Fig. 1).

The source and sink terms in the budget of sulfur dioxide-sulfur over
Europe are summarized in Table I. The anthropogenic source strength has
been taken from Semb’s paper (Semb, 1978), while SO, advection has been
caleulated from the results of atmospheric concentration measurements over
the Atlantic by using a 25 km h-! mean tropospheric wind speed (M észdiros

et al., 1978). Further, the atmospheric H,S burden has been determined from
. data published by Jaeschke et al. (1978). This burden was divided by a resi-
dence time of 12 hours to obtain the emission given in Table I. The emission
of other biogenie gases, for lack of published observations made in the European
air, has been estimated in the following manner. The natural emission rates
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for these materials have been compiled by Vdrhelyi and Gravenhorst (1981).
Their compilation gives the release of biogenic sulfur gases for different soils
as well as for estuarine marshes. It should be noted that the area of estuarine
marshes and intertidal flats around Europe (equal to 0.14 X 10¢ km?) was con-
sidered to be within the box. By taking into account the extent of the source
areas of different types and the emission rates given by the authors mentioned,
the European biogenic source strengths of DMS, CS, and COS are calculated
to be 0.56, 0.10 and 0.04 Tg S yr—1, respectively.

TABLE I
The SO, —S budget in the atmosphere over Europe. The values are r’r:pre.swd m T_/ yrt sulfur

Source Strength Sink Strength
Anthropogenic SO, 25 Wet and dry dep. 17
SO, advection 1.1 Transformation to SO, 10.3
Biogenic H,S 0.8 (from balance equation)

Biogenic CS, 0.1
Biogenic COS 0.04
Biogenic DMS 0.28
2 27.32 27.3

Relative anthropogenic source strength: 929

The deposition terms in the SO, budget are based on precipitation chem-
istry studies and vertical flux calculations (Mészdaros et al., 1978), while the
transformation term is determined by balancing the SO, cycle.

It should be noted that the H,S and DMS input by advection into the
box is neglected as compared to the emission. This neglect is justified by
horizontal flux estimations made partly on the basis of the hydrogen sulfide
data of Slatt et al. (1978) gained over the oceans and partly by using DMS
data reported by Maroulis and Bandy (1977) for the Atlantic Coast. In these
estimations a scale height of 1 km was assumed for both species (see Sze and
Ko, 1980). On the other hand, since, according to the results of atmospheric
measurements reviewed by Bandy and Maroulis (1980), COS and CS, concen-
trations are practically the same over oceanic and continental locations (over
continents they are a bit higher), we supposed that the input by advection

TABLE I1
The SO, —S budget in the atmoephere over Europe The values are erpres.sed n Tg yr=1 sulfur

Source : Strength Sink Strength
From anthropogenic SO, 9.48 Wet and dry dep. 5.3
SO, advection 1.0 SO, advection 6.3
From biogenic SO, 0.82 (from balance equation)
From biogenic DMS 0.28
z _ LL5B " ' 11.6

Relative anthropogenic source strength: 829,

78




is at least equal to the output by advection. For this reason these terms were
not taken into account in further considerations.

It follows from data given in Table I that 929, of the sulfur dioxide
input into our box is due to anthropogenic emissions. Subsequently, the same
fraction is man-made in the part of SO, transformed to sulfate particles.

Table II contains the European budget of sulfate—sulfur in the air.
The SO, —S advection is taken from our previous work (Mészdros et al., 1978),
while the biogenic DMS source strength is based on the assumption that the
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half of the DMS emission is transformed directly to sulfate (see Sze and Ko,
1980). The deposition term in Table II is mostly inferred from precipitation
analyses, while the output by advection is obtained by balancing the atmos-
pheric SO, budget over Europe. An important consequence of values in
Table IT is that 829, of sulfate particles come from sulfur gases emitted by
anthropogenic sources. Thus, it is reasonable to suppose that before the
industrial revolution the number of sulfate particles in the atmosphere over
Europe was about five times less than at present provided that the size distri-
bution of these particles was similar to the present average spectrum.

2. The trend of precipitation amount over Kurope

It follows from the above discussion that theoretically there is a possibility
that the precipitation formation ability of clouds over Europe has been modified
due to the increase of the concentration of anthropogenic sulfate particles.
To study this possibility the trend of the precipitation amount between 1871
and 1970 was caleulated for 29 European meteorological stations (Koflanovits,
1974). The results of this calculation are plotted in Fig. 2. This figure shows
the ratio expressed in %, yr! of the absolute linear trend to the average
precipitation amount. One can see from this figure that in NW Europe the
precipitation amount slightly increased, while it decreased to a certain extent
over the south-eastern part of the continent during the time interval consid-
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ered. Except the rather high value for one station (Oslo) the increase of
the amount of precipitation is maximum around 209%, per 100 yr. The
maximum decrease observed in Sibiu (Rumania) is only 119, per 100 yr.
Thus we can conclude that, on the one hand, the variation in the amount of
precipitation during the last hundred years over Europe is not consistent and,
on the other hand, it can be neglected as compared to the change of the number
of CCN from sulfate. ;

3. Discussion

One can state that the precipitation amount over Europe has not changed
practically in spite of the fact that the number of anthropogenic sulfate
particles has increased considerably. This statement seems to be in disagree-
ment with our present knowledge of the cloud and precipitation physics.
However, the discrepancy between the results of sulfur budget and precipita-
tion trend calculations can be explained if

(a) the sulfur budget calculations are incorrect;

(b) the majority of CCN are composed of other than sulfate species;

(c) five-fold increase in the number of CCN is not important from the

point of view of precipitation formation.

The main problem with budget calculations presented is that the biogenic
source terms in Table I are very uncertain. Much more research is needed in
the future to obtain more acceptable values. It should be noted in this respect
that biogenic emission rates used in these calculations for different source
areas are the maximum values found in the literature. Further, we can expect
that some H,S, COS and CS, are released from anthropogenic sources (see
Fig. 1) and a part of sulfur input by advection into the box over Europe is also
man-made. Even we cannot exclude the possibility that a part of biogenic
carbonyl sulfide is transported into the stratosphere and lost for tropospheuc
sulfate particle formation. It follows from this discussion that the five-fold
increase of sulfate burden calculated is likely a lower limit.

On the other hand it is probably also correct that CCN consist mostly of
sulfate particles. First, one can demonstrate that the concentration of large
particles, which can be activated at supersaturations occuring in the clouds, is
much smaller than the concentration of cloud droplets (Mészdaros, 1969).
Moreover, it follows from thermodynamic calculations that Aitken-sized
particles can be activated under atmospheric conditions only if they are
composed of water soluble substances. According to chemical measurements
made in different parts of the world, sulfate particles give the most important
fraction of soluble materials in the atmospheric aerosol (for further details see
Mészaros, 1981).

This discussion points into the direction that a five-fold increase in the
quantity of CCN does not influence substantially the precipitation release
from the clouds. In other words this means that changes in cloud-microphysics
due to such a variation in nucleus population are not determinant concerning
the formation of precipitation.
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Heterogeneous SO,-oxidation:
Its contribution to the cloud condensation nuclei formation
process

R. DLUGI and S. JORDAN, Kernforschungszentrum Karlsruhe Gmbh, Laboratorium fir Aerosolphysik und
Filtertechnik I. D—7500 Karlsruhe 1, P.O.B. 3640 F. R. G.

A kén-dioxid heterogén oxidacidjanak szerepe a felhémagvak keletkezésében. A légkori
felhémagvak keletkezésének egyik lehetséges mechanizmusa a gazok heterogén reakcidja
szaraz vagy nedves aeroszol részecskék feliiletén. Jelen munkédban a szerzék a kén-dioxid

b6z6 aeroszolokra (pl. korom, pernye, vulkdni hamu, cement) vonatkozé eredményeik
szerint a részecskék feliiletén képzédé H,S0, és szulfatok mennyisége erésen fligg a relativ
nedvességtél, a pH értékétdl, a feluleten 1évs vegytiletektdl és a részecske formajatol.
Az ionok k6zétti vonzds elmélete alapjan kiszamithaté a killonbéz6 ésszetétel részecskék
kritikus tultelitettsége. Az eredmények szerint a SO,-vel reagalt részecskékhez tartozo
tultelitettség 2 —50-szer kisebb, mint az oxidaciéban részt nem vevé részecskéké.

*

Heterogeneous SO,-oxidation : Its contribution to the cloud condensation nucler formation
process. One of the possible mechanisms for the cloud nuclei formation in the atmosphere
is the process of heterogeneous reactions on dry or wetted aerosol particles. Experiments
to study the heterogeneous SO,-oxidation were performed in a reaction chamber on airborne
particles. The results for different aerosols (e. g. soots, fly ash, vulcanic ash, cement dust)
show that the amount of H,S0, and sulfates being formed on the particle surface is
strongly dependent on relative humidity, pH-value, surface compounds and particle
morphology. A theory based on the interionic attraction theory is used to calculate the
critical supersaturation for the different particles from the knowledge of their chemical
composition. The supersaturation for particles reacted with SO, is reduced by a factor
of 2—50 compared with particles before the reaction with SO,.

*

Introduction. Recently it was shown that heterogeneous reactions of SO,
in the atmosphere can lead to considerable amounts of sulfuric acid and sulfate
containing aerosol particles and droplets (ISSA, 1978). The heterogeneous
oxidation on solid particles can be catalyzed by transition-metal compounds
but also by acid or basic centers on their surfaces (e. g. Britton and Clarke,
1979; Cofer III et al., 1981; Haury et al., 1978; Liberti et al., 1978;
Judeikis et al., 1978). As mentioned by some authors (Britton and Clarke, 1979 ;
Dlugi et al., 1981) the results of these experiments may be influenced by the
geometric arrangement of the different reactors used during these studies. The
particle properties can vary remarkably and therefore have a large influence
on the reaction rates and the total amount of sulfate or sulfuric acid being
formed. The oxidation of SO, in aqueous solutions can be catalyzed by
transition-metal compounds or take place by a reaction with oxidants as O,
or H,0, (e. g. Barrie and Georgii, 1976; Beilke and Gravenhorst, 1978; Hegg
and Hobbs, 1978 ; Penkelt et al., 1979). Also for these reactions a large scatter
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of experimental data was found, which can be possibly explained by different
mass transfer conditions during these experiments. On the other hand ionic
strength effects were neglected when the reaction constants were calculated
from experimental data as discussed by Clarke (1980). Hence an estimation:
which reaction pathway will be more important in the atmosphere, can give
only qualitative results at present. As aerosol particles take up water with
increasing relative humidity (e. g. Winkler and Junge, 1972; Hinel, 1976),
the two types of reactions on particles and inside droplets are only different
by the amount of water in an activated particle —being a droplet —or a non
activated particle being a particle with concentrated electrolyte solution
possibly containing insoluble nuclei. It was discussed, for example by
Kortiom (1972) and Clarke (1980) that ionic parameters can remarkably
enhance or reduce the reaction velocity in those electrolyte solutions. So the
water uptake of salt containing particles and their chemical reactivity should
be controlled by the same physical and chemical quantities.

When aerosol particles are released into the atmosphere, they usually
contain different amounts of soluble compounds. If mainly insoluble particles
are present, they act as condensation nucleiif the actual supersaturation is
larger than for a soluble particle of the same size (Pruppacher and Klett, 1978).
Heterogeneous reactions can produce soluble compounds on insoluble particles.
Hence these particles can act as condensation nuclei at lower supersaturations
than before the reaction with trace gases.

Some results are presented of an experimental study on the heterogeneous
S0,-oxidation on the surface of coal fly ash particles, cement dusts, vulcanic
fly ash and soots. From these experiments and the chemical analysis of reaction
products the critical supersaturation is calculated by a theory which is based
on the interionic attraction theory (e. g. Hdinel, 1976 ; Thudium, 1978).

1. The SO,-oxidation on solid particles

The S0O,-oxidation on the surface of different types of airborne aerosol
particles was studied in a temperature and humidity controlled reaction cham-
ber (Dlugi et al., 1981 ; Haury et al., 1978). A description of the other experi-
mental techmqueq used for these examinations can be found in a preceding
article (Dlugi et al., 1981). So only the theoretical approximation used to
calculate a reaction velomty @o[in(gs07 ) (Lomes) (Min)~1] should be shortly
discussed again. Equation (1) is used which describes the increasing

- surface coverage by the formation of a reaction product (see Britton and
Clarke, 1979; Dlugi et al., 1981).
4 2—
L2 et (0 = g, [1_7’1_??:*_“))2 , a=kSOJ: (1)
mso; ;

with the mass of aerosol mgeros01, the mass of sulfate produced as a function
of time msgoj; (£), the mass of sulfate being produced at time ¢ mgoi () and the

~ mass of sulfate at the end of the reaction mg?: (¢). For low relative humidities

L, m is about 0.5 — 0.8, while for r.h.>0.75m =1. In this notation a, is a function

- of all parameters which effect a gas-solid reaction, e. g. the mass transfer condi-
tions the chemical (surface-) properties of the particles and the influence
of ionic strength effeets on the reaction velocity.
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To characterize the acid or basic properties of the different types of
aerosol particles, the pH-value of a suspension of 1 g aerosol substance in
30 ml H,Opigest (PH=7) was used. As the amount of acids like H,SO, on these
particles was very small or neglible before the reaction with SO, the change
of the pH-value is mainly due to the adsorption of H,O+ or HO~ on the dust
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surfaces. So these measurements give a classification of the aerosol properties
as a function of pH-value without a detailed analysis of possible mechanisms.
All the experiments on the sulfate formation as a function of time were
performed for SO,concentrations between 0.05—5 mg m™, temperatures of
8 °C to 35 °C, and relative humidities of 25%, to 929, for coal fly ash,
cement dust, vuleanic ash and soots. Typical results are presented in Figs.
1—2. In both cases the sulfate mass per mass of aerosol substance increases
until a saturation value (the capacity) for these special thermodynamic .
conditions is reached. For fly ash the capacity increases remarkably with
increasing relative humidity. For soot particles this is not observed, but
a heating of particles before the reaction with SO, causes an increase of the
capacity. The sulfate formation for cement dusts and vuleanic ash from St.
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Helens shows a behaviour comparable to this of coal fly ash particles. Some
results of the capacities per m? of specific surface area for these aerosol particles
are shown in Fig. 3. While for airborne basic soots the results from different
experiments agree well, the capacities per m? for the other types of particles
are larger by a factor of about 102 —10? than values published by Liberti et al.
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(1978) and Judeikis et al. (1978). This can be caused as well by the type of
chemical reactor used for these measurements as by the different properties
of aerosol particles studied (Britton and Clarke, 1979; Dlugi et al., 1981). But
in all cases for fly ash and cement dusts the capamty increases w1th mcreasmg
relative humidity. The “influence of the pH-value” on the capacity is shown
in Fig. 4. For neutral or slightly acid particles the capacity is maximal, but
the reaction proceeds somewhat differently compared with the results from
Fig. 1. For the experimental conditions (pH=7, r. h.=809% or 60 %,
[SO,;Jo=4 mg m~2) the sulfate production is small for about 60 minutes, and
only a value of 0.1 ggo} gaerosol is measured. Then—on the more acid
particles —the rate increases and the maximum capacity is reached for a
reaction time of about 3 h. So the maximum of the reaction velocity is calculat-
ed for pH=5.5 and not for pH=7 (Dlugi et al., 1981). The a, values also
increase with increasing relative humidity for all particles without soots.
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2. The calculation of the equilibrium water wptake of aerosol particles .

The water uptake of aerosol particles which had reacted with SO, was
calculated following the theoretical way proposed by Hinel (1976), Thudium
(1978) and Hdinel and Lehmann (1981). The relative humidity f over a particle
surface and therefore also the critical supersaturation f, are calculated according
to equation (6.4) from Hanel (1976)

: mg M,
. 2Vy [ow(To)+a(Ty—T)+b sy m, (2)
Te=exp, Jod NI SRR T e v SRRl =
Vi A r My

In this equation the exponential mass increase coefficient 7 for the
electrolyte mixture on the particles after the chemical reaction can be computed
from practical osmotic coefficients @ as tabulated e. g. by Robinson and Stokes

(1959). To calculate mean values @, Thudium’s mixing rule (ZThudium, 1978)
was used. From these values it is also possible to calculate 5. The somewhat
critical extrapolation of these values from water activities a,=0.965 up to
aw=1 was performed according to the way described by Hinel and Lehmann
(1981). From the chemical analysis of particle samples a mean composition
for each type of particles was determined. For coal, fly ash, vulcanic ash and
cement dust the soluble fraction contains mainly H,SO,, K,SO,, Na,SO,,
MgSO0,, FeSO, and CaSO0,, while for soots only H,S0, should control the water
uptake. Since the exponential mass increase coefficient, the term m/m,, the
radius r and ¢ are functions of the chemical composition, also f, depends on
these parameters. The amount of water-soluble mass for the different aerosols
before and after reaction is shown in Z'able I. For soot particles about 25— 809,
of the total sulfate is H,SO,, while for the other particles this amount is
about 8 —15%,.

TABLE I

The amount of water-soluble compounds before and
after reaction

Aerosol ] (mg/m,) before (ms/m,) after

| reaction reaction

| |

| B VE W)
Soot | 0.001-0.01 | 0.01-0.06
Fly ash | 0.01-0.12 | 0.05—0.55
Cement | 0. 02—0.06 ‘i 0.04-0.13
Voleanic ash | 0. 02—0.03 | 0.05—0.08

The critical supersaturation is calculated for soots and for fly ash, cements
and volcanic ash. Including the experimental errors, one can estimate a sta-
tistical error of about =+ 20 9%, for the values of critical supersaturation. The
maximum value is presented. For basic soots, from our experiments only a
reduction of the critical supersaturation is obtained by a factor of 2—10
( Fig. 5). A value for soot particles before reaction with SO, with about 0.5%,
of soluble mass was deduced from microbalance measurements (Hinel and
Zankl, 1980). This value agrees with data calculated only from chemical
analysis to about 30%,. The critical supersaturation for acid soots (Cofer 111 .
et al., 1981) is sometimes lower. So — as a function of soot formation processes —
these particles, which are often found in the accumulation mode of the size
distribution, need a supersaturation of about 0.05 %, or more to be activated.
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Other particles (fly ash, cement, volcanic ash) react with SO, to a larger
extent. So the range of the critical supersaturation shows a reduction by
a factor of 10—50 compared with insoluble particles and about a factor of
7—25 (sometimes 40) compared with particles before the reaction (Fig. 6).
The larger the capacity, the larger the reduction of supersaturation. For
different single fly ash particle samples in plumes (Mamane and Pueschel, 1979)
and near the ground (Andre et al., 1981) a reduction of f, was calculated
comparable to aerosols from laboratory experiments.

10’4  Maximum critical supersaturation 10’1 Maximum critical supersaturation
for soot particles
(%) (%) Range for fly ash
cement dust
y —ange for soot reacted A\ volcanic ash
1074 with S0,(0.2-2.0ppm) 10° \ \reacted with S0,(0.2-2ppm)
107, N 10 N
4 \)
Y \\\ Ts/mo ) R ms/mo
{ o} \| N A b
10 \f\ M \\*0,0 | Range for N N\ \oo
Range for ~ 5 \ 001 109 pure salts [\ !
pure salts N \ g W\ 001
L S N N
: ey NN
10 P}\ 0.1 10°] e Mamane and : 01
| N 4% Pueschel (1979), \"
SR fly ash particles | 3
d“«l‘.‘\ Y04 ® Volcanic ash as NG 04
10 o CoferII et al.(1981) \| ) 10 received NP
e Britton and Clarke (1979) ﬂ\r\ + Volcanic ash after AN
+ From microbalance \( ;ﬁlcgggnpomdes el \J\i\
Hanel & :
{Finel, a0l Zanid.1960] background station (FR.G)
102 T 2 T 1. . ” 102 . s :
10° ; 10 101 10° 108 10°° 10 1073
Radius of dry particle , e¢m Radius of dry particle , cm
Fig. 5: The critical supersaturation f. for Fig. 6 : The critical supersaturation f,. for
different types of soot particles coal fly ash, cement dust and volcanic ash

3. Conclusions

It is shown that SO, is oxidized on different aerosol particles to sulfuric
acid and sulfates. The amount of sulfate and H,SO, is dependent on relative
humidity, amount of basic and acid compounds, amount of water-
soluble compounds and solar radiation (Dlugi et al., 1981). Additionally, the
reaction velocity is dependent on the SO, concentration. So—as a conse-
quence—the critical supersaturation being necessary to activate a particle,
is reduced by a factor of about 2—50 during a chemical reaction with SO,.

Soots are very important for the light absorption of aerosols in the free
atmosphere and inside clouds. As they are not so reactive, they need a larger
supersaturation than particles of the same size to grow to a droplet. This
explains the results found by Andre et al. (1981) that the light absorption
of visible radiation for non-activited particles is larger compared with large
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particles due to the large soot content of these samples Additionally, Puabaum
(1979) and Dlugi (1978) found that soot particles in wet air are collected by
impactors in the same manner as in dry air, while sulfate partlcles show a
water uptake with increasing relative humidity.

Further on, it can be concluded that for some types of aerosols the reaction
rate with SO, may be largest in non-activated particles and not in droplets.
This may be due to the limited solubility of catalysts and also an increasing
reaction velocity with increasing water acthltv (Clarke, 1980).-
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A laboratory study of the influence of surfactants on the CCN
production from NaCl solutions
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Feliletaktiv anyagok hatdisa az NaCl oldatokbdl szarmazé felhémagvak keletkezésére, labora-
tériuma megfigyelések alapjan. A szerz6k NaCl oldatok feliiletén buborékokat létrehozé
berendezést termikus diffuziés kamraval kapesoltak éssze, amely a felhémagvakat 0,1 és
1,09;-o0s tultelitettségek kozott szamolta Gssze. Az oldatokhoz kiil6nb6z6 old6dé (anionokat
és kationokat tartalmazod, illetve ionokat nem tartalmazé) és oldhatatlan feliilletaktiv
anyagokat adva tanulmanyozhaté a részecskék képzddésére gyakorolt hatésuk. A végzett
vizsgalatok szerint a feliilletaktiv anyagok csokkentik (vagy novelik) az aeroszol részecskék
keletkezési sebességét és befolyasoljak a keletkezé magvak kondenzéciés hatékonysagat.
Az eredmények nem teszik lehet6vé annak megitélését, hogy elsésorban melyik hatéds
érvényesiil. Azt azonban vilagosan mutatjak, hogy ha az old6d6 higroszképos feliiletaktiv
anyagokkal kezelt oldatokbdl szirmazé magvak szdma csokken, akkor a feliiletaktiv
anyagok mindig a buborékok képzdédését befolyasoljak. Ez a megallapitis anionokat tar-
talmazé felilletaktiv anyagokkal végzett kisérleteken alapul. Az ellenkez6 eset, nevezetesen
a magvak szamanak novekedése egyértelmiien nem mutathaté ki olyan feliiletaktiv
anyagokat alkalmazva, amelyek késleltetik a magvak névekedését.

*

A laboratory study of the influence of surfactants on the CCN production from NaCl
solutions. A device producing bubbles at the surface of NaCl solutions was coupled with
a static thermal diffusion chamber for counting the CCN at supersaturations between
0.19% and 1.0%. Different types of surfactants —among them water-soluble (anionic,
cationic, non-ionic) and -insoluble ones —were added to the solutions. The results were
compared with those obtained when a superficially clean saline solution was supplied to
the bubbling device. It appears that the surfactants decrease or increase the rate of
production of aerosol particles and affect the ability of these particles to act as CCN. The
present experiments cannot usually determine which of these effects predominates. How-
ever, when a decrease of the CCN count is noticed in an aerosol generated by a solution
in the presence of a soluble hygroscopic surfactant, it seems obvious that this effect must
occur at the bubble formation level. This results from the use of anionic surfactants such
as sodium dodecyl sulfate or sodium dodecylbenzenesulfonate. The opposite case, an
increase of CCN count for an aerosol originating in the presence of a surfactant which
retards the growth of nuclei has never been clearly observed in these experiments.

*

Introduction. The influence of surfactants on the growth rate of isolated
Na(l crystals under conditions very close to saturation with respect to water
vapour was presented last year in a paper during the International Confer-
ence on Cloud Physics in Clermont-Ferrand (Thaveau et al., 1980).

In an attempt to clarify the behaviour of the tested surfactants, the latter
have been classified into water-insolube and -solube ones and, within the second
class, into anionic, cationic and non-ionic surfactants (ZTable I, 1st column).

The main results may be summarized as follows (Table I, 2nd column):

89



— insoluble surfactants generally reduce the growth rate of the crystal,
essentially during the first stage of the growth — that is to say until the
crystal has completely disappeared into the growning droplet of salt
solution.

— some soluble surfactants of the anionic and the cationic type unexpectedly
increase the crystal growth rate. These surfactants have been found to
assume a hygroscopic feature and to act as condensation nuclei just
beneath the saturation.

TABLE I

Influence of various surfactants (1st column) on (a) the growth rate of a NaCl crystal (2nd column),
(b) the CON mumber produced by bubbling from a NaCl solution (3rd colummn). The behaviour o
a polluted crystal (or a polluted solution) is compared with a pure one (or a superficially clean one

| SOLUBLE SURFACTANTS |

Non-ionic : Tween 20
Cemulsol NP 23
Tertiary amine

Anidonic: Sodium dodecyl sulfate
Sodium dodecylbenzenesulfonate

Cationic: Quaternary ammonium compound
Dodecylpiperazione hydrochloride

INSOLUBLE SURFACTANTS |

Glycerol monostearate
Octadecanol
Oleic acid

Growth rate

Effect on CCN

i number N produced

by bubbling

Decrease
Not very sensible
Decrease

Increase
Increase

Not very sensible
Increase

Decrease
Decrease
Not very sensible

Decrease
Not very sensible
Not very sensible

Decrease
Decrease

Increase
Increase

Decrease
Decrease
Increase

The present study is based upon the consideration that bubbling at the
sea surface is one of the major processes in bubbling at the sea surface is one
the major processes in producing natural hygroscopic aerosols and that this
is responsible for a not negligible part of the enrichment of the atmosphere
in surfactants resulting from biological mechanisms or human activities
(Blanchard, 1964 ; Barger and Garrett, 1970). That is why the bubbling process
has been reproduced in the laboratory with superficially clean NaCl solutions
gradually polluted by the same surfactants as those used during the above
mentioned work and classified in the same way. Immediately after generation,
the aerosols were tested inside a thermal diffusion chamber for CCN counting.

In the recent past, some authors have used such an experimental method
consisting in coupling a bubbling device with a condensation nuclei counter
(CNC) operating at high supersaturation (Day and Lease, 1968; Paterson and
Spillane, 1969). Our experimentation is somewhat different from theirs in the
type of the bubbling device —which includes a teflon membrane instead of a
filter plate (Quichard and Lamauve, 1980)—and in.the type of the counter
chosen. In fact, our interest does not lie in the whole amount of the nuclei
produced by bubbling, but only in those which can be activated as cloud
condensation nuclei (CCN), i.e. at a supersaturation beneath 1.09%;.
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Deseription of the bubblfi,ng device

The bubbling device is composed of three parts (Fig. 1). The lower one
is a first chamber into which filtered air is introduced under a slight over-
pressure and passes through a teflon membrane supporting ‘a layer of saline
solution. The bubbling process is achieved at that level. The aerosol so produced
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fills a second chamber into which filtered air is admitted to carry away the
aerosol into the drying tube which completes the device. The simulation of
- bubbling made in such a way has been found closer to the natural process
than when the air is passed through a fritted glass filter plate.

The air intake of the CCN counter is directly connected to the drying tube
of the bubbling device.
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The thermal diffusion chamber (CCN counter) is of the static type. The
same model has been used during the International Workshop on CCN in Reno

(1980) (Serpolay, 1981).

Experimental procedure

The concentration of the NaCl solutions used equals that of the sea-water
The surfactants tested in our work are the same as those previously
represented in Table I. They were added to the salt solutions to obtain concen-
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trations between 2 ppm and 10 ppm. For the most soluble surfactants these
concentrations are not far from the critical micellar concentration (CMC)
corresponding to the concentration threshold beyond which the supplementary
molecules of the soluble surfactants are grouping in the aqueous phase in order
to form clusters or micelles, the corresponding surface tension of the solution
remaining constant. It can be noticed that for saline solutions the CMC is lower
than for pure water.

The water-insoluble surfactants are introduced in the NaCl solution from
a concentrated solution in ethanol. In spite of this precaution, it has been
found that a homogeneous surface layer is more easily obtained with soluble
surfactants than with insoluble ones.

Before a series of experiments with a given surfactant, the whole of the
bubbling device —comprising the teflon membrane —is carefully cleaned in
order to remove traces of the previous surfactant. The surface tension is
measured and controlled with a tensiometer (Dognon — Abribat type) before
and after every experiment. By such a procedure it has been verified that
increasing quantities of surfactant diminish the surface tension, and that at
the end of the experiment the surface tension is very sligthly higher than at
the beginning.

Results

(1) For a superficially clean NaCl solution, the curve represented in
Fig. 2 as a log S vs. log N diagram, where S =supersaturation and N =number
of activated nuclei, has been obtained.
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For S values between 0.049%, and 0.2%,, N remains constant. This may
mean that no more CCN are activated between 0.04%, and 0.29, than at
0.04%, or beneath this value, for which the calculated critical radius (dry salt
particles) is about 0.33 um.

Above an § value of 0.29, —0.39%,, corresponding to a critical nuclei radius
of 0.1 um, the number N is increasing with the degree of supersaturation.
So it appears that the size distribution spectrum of the aerosol produced by
bubbling is bimodal with a first maximum located above 0.33 um, and a second
one beneath 0.1 ym. In fact, a peak centred on the value of 0.5 um in radius
has been detected by sampling the aerosol with a cascade impactor.
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Fig. 3—4: On the graphs here presented, one can see in each column — corresponding to a given
supersaturation —the results of N for increasing concentrations of surfactant,the first one being
for the superficially clean solution (concentration zero)

(2) With aerosols produced from salt solutions superficially polluted by
surfactants, the measurements have been carried out at supersaturations of
§=0.04%, 0.16%, and 0.65%,. The supersaturation curves N =f(8S) obtained are
similar to that resulting from a superficially clean solution, the two first dots
(for §=0.04%, and 0.16%,) generally pertaining to a first horizontal straight
line, while the third dot belongs to an oblique straight line. The difference
lies only at the level of the N values.

Three kinds of results may be distinguished:

(a) The N values are lower than for a superficially clean solution with Tween
20 (non-ionic), sodium dodecyl sulfate and sodium dodecylbenzenesulfonate
(anionic), glycerol monostearate and octadecanol (insoluble). The decreas-
ing of N appears more important at the highest supersaturation, that is to
say for the smallest sizes of CCN, as it can be seen in Fig. 3.
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(b) The N values are higher than for a superficially clean solution with solu-
tions of quaternary ammonium compound (Fig. 4), dodecylplperazmone
hydrochloride (cationic) and oleic acid (insoluble).

(c) No sensible modification with respect to the superficially clean solution is
observed with non-ionic surfactants such as Cemulsol NP 23 (Fig. 5)
and tertiary amine.

The complete results of this study are summarized in the 3rd column
of Table I.

Cemulsol NP 23
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Fig. 5: (see Figs. 3 and 4)

Discussion of the results

~ As the experimental method has combined two main phenomena, the
results have to be analyzed according to the following aspects:

Particle production. The surface state of the solution is modified by the
surfactant. This modification is causing a change in the size spectrum of
the nuclei produced by bubbling.

Particle activation in the CON counter. Traces of surfactant are carried
away upon the aerosol particles when the bubbles burst, and may change the
growth rate of the resulting nuclei, as it has been said before. For the insoluble
surfactants this behaviour is well explained by a change of the value of the
condensation coefficient in the theoretical growth equation (7haveau, 1981).

By confronting the results in columns 2 and 3 of Table I, an attempt at
their interpretation can be made:

(a) When a decrease of the N values and an increase of the growth rate
—or no sensible effect on this growth rate —are simultaneously observed
for a given surfactant (e.g. sodium dodecylbenzenesulfonate), the lowering
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of N has likely to be located at the level of the nuclei production by
bubbling because of a larger proportion of small nuclei, or because of an
actual reduction of N. This consideration seems to be quite well supported
by the conclusions of Garrett’s studies (1967, 1968) and a number of
Russian works based upon laboratory experiments (Bakhanova et al.,
1974).

(b) A similar conclusion can be drawn when an increase of N and an increase
of the growth rate—or no detectable effect on this growth rate —occur

Superficial layers
of surfactant

Fig. 6 : The bubble film
consists . of a solution /
layer comprised between

¢

t ficial 1 f / > / / / / /
i mineslhi DA iﬁﬁg. Solution O—=O Air bubble
rium, the internal over- /
pressure in the bubble 7 /

is approximately p = 30/r

at once (e.g. dodecylpiperazinone hydrochloride). In fact, it is not reason-
able to suppose that a surfactant, even if it assumes some marked hygro-
scopic feature, would enlarge the condensation activity of particles such
as NaCl nuclei when the latter are placed under supersaturation condi-
tions.

(c¢) On the contrary, when a decrease of N is associated with a descrease of the
growth rate, it is difficult to conclude whether the failing particles have
been deactivated or have not been produced at all. Such a case occurs
with Tween 20, glycerol monostearate and octadecanol.

Whatever is the class of the surfactant, it is verified that the surface tension
of the polluted salt solution is lowered with respect to that of a superficially
clean one. For the same excess of pressure P inside the bubble, this lowering

- of the surface tension ¢ results in diminishing the bubble radius r —according to

the formula: P=3¢/r—as well as its life-time. Consequently, the reduction of
the area of the film producing the film-drops ought to lead to a modification
of the number and size of CCN. Such a remark is likewise derived from the
laboratory works of Garrett (1967, 1968) and Blanchard and Syzdek (1972).

In order to arrive at a better understanding of the initimate process, it
should be very helpful to determine the rate of bubble production and the size
distribution for each surfactant and for a given bubbling device. With a high
rate of bubble production for instance, the clustering of several bubbles is
frequently observed, which enlarges the bubble size before bursting.

However, it seems that the mechanism responsible for the change of N at

the bubbling level is more complicated, and closely related to the structure of
the surfactant.
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In fact, it must be emphasized that the film producing the film-drops
consists of a thin film of salt solution, comprised between two layers of sur-
factant (Fig. 6). Consequently it seems obvious that the ratio of the mass
of surfactant to the mass of salt must be higher for the smallest particles.
This opinion proceeds also from a lot of works (Blanchard, 1971; Podzimek
etal., 1978 ; Jaenicke, 1978) and the hypothesis of a more important deactivation
of the smallest particles by the surfactant is consistent whith it.

It is probable that the bubble film assumes a structure —i.e. physical prop-
erties and behaviour — differing according to the surfactant used. Our results
indicate that the way by which the number of CCN produced by bubbling is
affected by a surfactant probably depends upon the nature of the latter.

Conclusion

Using a device which reproduces a bubbling process similar to that
generating an important fraction of natural marine aerosol, it has been dem-
onstrated that the different classes of surfactants can probably modlfy the
production rate of the aerosol particles, as well as the particle sizes, and
change the ability of an aerosol produced by bubbling to condense water
vapour.

However, surfactants belonging to a same class may behave differently,
the nature of the surfactant being probably decisive for the way in which the
modification occurs.

An extension of the results to natural conditions seems difficult because
the chemicals capable of modifying the surface tension of the sea surface prob-
ably consist of mixtures of different natural and industrial surfactants.
Nevertheless one has to keep in mind the possibility that the spectrum of the
cloud droplets produced from marine aerosol can be changed by the effect of
admixed surfactants on the CCN. The influence of such a change on the cloud
and fog development and the precipitation inducement have been clearly
expressed in previous papers (Morachevsky and Kiriukhin, 1968 ; Garrett, 1978).
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Ice nucleation mechanisms and ice nucleus
measurements

N. FUKUTA, Debartment of Meteorology, University of Utah, Salt Lake City, Utah 84112, U. S. A.

Jégkeletkezési folyamatok és a jégmagvak mérése. A tanulméany a jégképzédés mechani
musaira vonatkozé ujabb ismeretek fényében Attekinti a jégmagvak mérésére jelenle,
hasznéalatos médszereket és analizdlja a felmeriild problémdkat. Szerzé véleménye szerint
értékesebb és hasznalhatobb adatok eléréséhez a meglévé eljarisok kombindcidja és egy-
mds kozotti hitelesitése sziikséges. Azt javasolja, hogy definidljuk a jég keletkezésének
hérom alapveté modjat, és a nukleacios elméleteket hasznaljuk fel a legfontosabb para-
méterek meghatarozasara. Végiil olyan médszert mutat be, amelynek segitségével a kérnye-
zeti feltételekre vonatkozé nukledciés adatok nyerhetdk.

*

Ice nucleation mechanisms and ice nucleus measurements. The current methods of
ice nucleus measurement are reviewed with the help of the knowledge gained recently for
the mechanisms of ice nucleation on aerosol particles and the problems are analyzed.
To obtain more meaningful and useful data, combination and calibration among existing
methods are suggested. The suggested method involves separation and identification of
three basic mechanisms of ice nucleation and their analysis for key parameter determination
using the corresponding nucleation theories. A method of reconstructing the nucleation
data under the environmental conditions of the natural clouds 1s described.

*

Introduction. Ice nuclei are particles that assist formation of ice crystals
in the atmosphere. Due to this ability, they are considered to be important in
understanding as well as in controlling the ice phase cloud processes. In order
to determine the activity of ice nuclei, a great deal of effort has been expended
in design and development of the nucleus counters and in their operations,
i.e., ice nucleus measurements. Recent studies of ice nucleation have revealed,
however, that there exist at least three basic mechanisms of atmospheric ice
nucleus activation, viz., the deposition, the condensation- (or immersion-)
freezing, and the contact-freezing nucleations, and their relationships under
different combinations of environmental variables and nucleus parameters
(Schaller and Fukuta, 1979 ; Tomlinson, 1980). The existence of three different
mechanisms has casted a serious doubt on the past approaches of merely

comparing data of ice nucleus counters based on different operation principles

in the workshops. It is therefore the purpose of this paper to re-examine the
problems of ice nucleus measurement in the light of basic ice nucleation
mechanisms and subsequently to suggest its future possible direction, as well
as to show a method of applying such data to the natural clouds.

98

Y N P O




1. Activation mechanisms of ice nuclei

Since all the present ice nucleus measuring methods deliberately let the ice
nucleation take place in their own environments, it is important to understand
the nucleations mechanisms. Heterogeneous ice nucleation requires interaction
between an ice nucleus particle and the surrounding environment, as shown
in Fig. 1. Although two modes of ice nucleation, i.e., deposition and freezing,
are thermodynamically possible, recent studies suggest that there are two
distinctly different modes of freezing nucleation, viz., condensation- (or immer-
sion-) freezing and contact-freezing.

ICE NUCLEI
T.ry
2. Shape.
3. m=cos@
: 4. Others
w
y
MEASUREMENT ; BASIC MECHANISMS ATMOS.PHENOMENA
1. Methods b DepositiorT . ; 1. Ice nuclei
2. Mechanism separation 2. Condensation (immersion- natural & artificial
. N s freezing) -
3. Transient & unnatural condi- 4 2. Ice nucleation
tions 3. Contact-freezing interpretation, ,
: . i i rediction j models
4. Generation of basic constants * Forms of interaction P
5. Special applications 3. Special nucleus applications

{

NUCLEATION ENVIRONMENTS

Y

2.(S-1)

3. N(r) (droplets)
2%V, 2

5. Others

Fig. 1: The relationship among factors involved in ice nucleus measurements

The deposition nucleation is a single process where the probability of
nucleation for monodisperse particles P is shown as
T (1)
0
where & is the number of particles nucleated, N, that of total active particles,
Jp the deposition nucleation rate and ¢ the time.

The probabilities of freezing nucleations P,p are, on the other hand,
always expressed by the product of the probability of bringing the required
liquid water to the nucleus surface P,, and that of the particular freezing
nucleation Py, either ordinary freezing or contact-freezing:

PAB:PA'PB- : (2)

For condensation-freezing nucleation of a monodisperse aerosol, the probability
of the nucleation is given as (Fukuta and Schaller, to be published)
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Pop=14 =
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where J is the rate of condensation nucleation, and J that of freeiing nuclea-
tion. When ¢ is small, Eq. (3) becomes

PCF =%J0JFt2. (4)r

[JF-e_JC’ - Jc~e_'1”J (3)

For contact-freezing nucleation, P, becomes the probability of an ice nu-
cleus particle to collide with a supercooled cloud droplet, and Py that of
contact-freezing which involves the rate of contact-freezing instead of that of
ordinary freezing. _

For polydisperse system, the deposition nucleation probability may be
expressed as ‘

1 oo
[ P(rx)n(ry)dry, (5)
NO,P 0
where N, p is the total number of active deposition nuclei, n(ryx) the number
of nucleus particles in the size range between ry and ry+dry. Likewise, this
concept is also applicable to both freezing nucleations.

PP:

2. Environmental conditions

When one of such ice nucleation mechanisms takes place, the ice nucleus,
being specified by r, shape, m=cos @ where O is the contact angle between
ice and nucleus surface in the mother phase, etc., interacts with the surrounding
environment, which, as the nucleation theories describe, is represented by 7',
the temperature, (S—1) the supersaturation with respect to ice, N(r) the
droplet size distribution, and their time and space variation. Of course, the
set of 7' and (S—1) immediately leads to the corresponding value of super-
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Fig. 2: Computed ice nucleation isopleths for silver iodide particles with average radius 0.14 um
(based on data reported by Schaller and Fukuta, 1979)
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Fig. 3: Behavior of ice nucleants as a function of temperature and ice supersaturation. The
curves represent nucleation of 1.39%, of smoke particles in 1 min (Schaller and Fukuta, 1979 )

saturation with respect to water (Sw—1)at the 7'. It is extremely important
to realize that the three different mechanisms of heterogeneous ice nucleation
appear in the different domains of the space involving these environmental
parameters. Figure 2 shows the domains of deposition and condensation-
freezing nucleations on pure silver iodide particles of average radius 0.14 um.
In addition to these two mechanisms, the contact-freezing nucleation can pro-
ceed as a function of 7" and N(r). The domains of the deposition and conden-
sation-freezing, though observed with all the compounds, vary from compound
to compound (see Fig. 3).

In natural clouds, supersaturation with respect to water develops while
the clouds are growing. Since the supersaturation level is controlled by the

10r

Fig. 4: Comparison of Maxwellian (M) and
non-Maxwellian (NM) competitive droplet
growth theories (¢f. Fukutaand Walter,1970).
Initial conditions: 100 CCN/cm?, each con-
taining 10-15 g NaCl, growing in a 10 cm/s
updraft. The critical supersaturation for
these nuclei, (Sy-1)*, is reached in time ¢* as
' shown; »* ig the critical radius for continued

droplet growth. The non-Maxwellian theory 15 A

(dashed curves) predicts a retardation of ; TR - : T
droplet growth (lower curves) and a greater S g A T S i
maximum supersaturation (upper curves) t (s)

101



balance between its generation due to adiabatic cooling and the depletion due
to droplet growth, the level depends on the droplet growth model employed
(see Flig. 4). Therefore, in order to apply the ice nucleation data to clouds,
accurate droplet growth theory is required. Unusually high transient super-
saturations may develop if supercooled droplets suddenly freeze by contact-
freezing nucleation or by impaction on graupel or hail. Figure 5 shows an

T

SUPERSATURATION (%)

2 L 5 1 - bl
| o i 2

log [(r-r) /rg] log [(r-rg)/rg]

Fig. 5: Development of transient water-supersaturations in the vicinity of a freezing droplet
in a water-saturated environment. =50 um and 7'= —15°C (Niz and Fukula, 1974)

example of water-supersaturation as high as 159, spreading into a considerable
volume surrounding the droplet. However, as this transient effect disappears,
the ice supersaturation gradually decreases. The system of growing ice crystals,
once developed, thus reduces the supersaturation and therefore the subsequent
chance of ice nucleation.

3. Ice nucleus measurements

It should be clear from the above discussions that the term “ice nuclei’”
really implies three different nuclei, respectively corresponding to deposition,
condensation- (immersion-) freezing and contact-freezing mechanisms. Hence
the term may and should be used only in the general sense. Comparison of
ice nucleation data without distinguishing the mechanisms involved, as were
cases in the past ice nucleus counter workshops, is for this reason clearly
inappropriate. As can be seen in Fig. 3, these three mechanisms occur in
different domains of space consisting of environmental variables depending
on the nucleus compound and the physical conditions. So, the only possible
way to describe the entire ice nucleation process under an arbitrary environ-
mental condition is to separate individual mechanisms, identify and reconstruct
them under the condition in question with the help of proper nucleation
theories. The identification of individual mechanisms requires determination
of a set of key parameters in the corresponding basic nucleation theories with
the help of the nucleation probability expressions (1) through (5) in data
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analysis. The most important parameter to be determined is m in this regard.
The activity of a given population of ice nucleus particles therefore cannot
be expressed as a function of 7' alone. Instead, it requires a set of three
equations corresponding to the three basic mechanisms with the key para-
meters determined experimentally. If this were done, the number of ice
nucleation, possibly as a function of time, could be obtained, quickly with
the help of an electronic computer, for a particular set of environmental
parameters.

The methods of ice nucleus measurement presently used belong to the
following five categories: (i) expansion chambers, (ii) mixing chambers, (iii)
filter method including precipitated aerosol samples on substrates, (iv) ice-
thermal diffusion chambers, and (v) drop freezing. The expansion chamber
method suffers from rather short duration of supersaturation, particularly
above water saturation. As to the mixing chamber method, it basically allows
the supersaturation level only at the water saturation and there exists a danger
of transient supersaturation during the sample introduction. The filter method
including precipitated particles on substrates suffers from the substrate
effect. The thermal diffusion chamber method, although the ice crystal detec-
tion is the main problem, does provide a good control of (S—1) and 7'. The
drop freezing method requires an independent estimation of P, as described
above. Although every one of these methods has its own problems, the thermal
diffusion chamber method gives a stable (S—1) and 7 fields and therefore is
suitable for mechanism identifiaction and calibration without substrate and
other effects. However, other methods may find specific uses if properly
calibrated against a reliable method, such as the ice-thermal diffusion chamber.
For example, if the filter method with the possible substrate effect were
checked against a thermal diffusion chamber, not against a mixing chamber,
it could be utilized with its specific advantages, such as portability and
ability to sample a large volume.

In measuring ice nuclei, it is important first to understand the features and
limitations of the method used with respect to the three nucleation mecha-
nisms. Secondly, considering the difficulties and advantages of different
methods available, proper combination and calibration should be made to
identify and separate the mechanisms involved so as to determine the key
parameters of ice nucleation in them. Thirdly, it is essential to reconsider the
method of data presentation after analysis as discussed above, so that the data
can lead to the number of nucleation under the environmental condition
predicted in natural clouds. For deposition and condensation-freezing nuclea-

- tions, the data for a given population of nuclei must be presented as a function

of (S—1) and 7.
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Aerosols, description and descriptors

O. PREINING and G. REISCHL, Institut fir Experimentalphysik, University of Vienna, Strudlhofgasse 4,
A—1090 Wien, Austria

Aeroszolok, leirdsok és leirék. Az aeroszolok gazkézegben szuszpendalt részecskék
komplex rendszerei. A leirasok rendszerint figyelmen kiviil hagyjak a komplexitds aspek-
tusait, egyszerien megadva.a szamszeri vagy témegkoncentraciét, vagy legfeljebb a nagy-
sag szerinti eloszlast. A részecskefelh6k inhomogenitasait, valamint a szabdlytalan alakn
részecskék komplex geometriajat vagy kémidjat ezidaig alig vették figyelembe. A nem-
linearis folyamatok azonban, mint pl. a koagulacié vagy a részecskék feliiletén végbemend
kémiai reakecidk igen nagy mértékben fiiggnek ezektdl az inhomogenitéasoktol. Ezért az
aeroszol felhé térbeli inhomogenitéasait, valamint a részecskefelszin és a kémiai Gsszetétel
részletes szerkezetét feltétleniil le kell irni. Az ilyen jellegii leirashoz igen jol felhasznalhato
a ,fractal’-ok fogalma, melyet Mandelbrot vezetett be a tudomanyba 1977-ben. Ennél
egyszeru szamok — fractal dimenziok — irjak le a komplex strukturat, amelyek csupan
sziikségesek, de nem elégségesek az adott szerkezet minden részletének leirasara. A koncep-
ciot jelen munkaban szél adatokra alkalmazva mutatjuk be.

*

Aerosols, description and descriptors. Aerosols are inherently complex systems of
particles suspended in gases. Descriptions usually neglect some aspects of the complexity,
merely giving mass or number concentrations or, at the most, size distributions. The
inhomogeneities of particulate clouds as well as the complex geometry and chemistry of
irregularly shaped particles have so far been hardly discussed. However, essentially non-
linear processes like coagulation and chemical reactions on particle surfaces are highly
dependent on these inhomogeneities. Hence it is necessary to describe spatial inhomo-
geneities of aerosol clouds, as well as the detailed structure of particle surfaces and chemical
composition. An appropriate tool for such a description is the concept of fractals as
introduced by B. B. Mandelbrot into science in 1977. Simple numbers — fractal dimensions —,
are used to describe complex structures; they are only necessary but not sufficient to
describe all the details of a given structure. The concept is applied to describe wind data.

*

Aerosols are inherently complex systems of particles suspended in gases.
Descriptions usually neglect some aspects of the complexity, merely giving
mass or number concentrations or distributions. The inhomogeneities of partic-
ulate clouds as well as the complex geometry and chemistry of irregularly
shaped particles have so far been hardly discussed. However, essentially non-
linear processes like coagulation and chemical reactions on particle surfaces
are highly dependent on these inhomogeneities. Hence it is essential to
describe spatial inhomogeneities of aerosol clouds. An appropriate tool for

such a description is the concept of fractals as introduced by Mandelbrot (1977)

into science. Simple numbers — fractal dimensions —are used as descriptors of
complex sutructures. They are only necessary but never sufficient to describe
all the details of a given structure, vet they are more efficient than any
other method used so far.
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The here used inherent property of a complex system is to reveal the
structures in greater detail, with increasing resolution of the observations.
The fluctuating wind speed in the lower troposphere is an obvious example
of the internal structures of a large system. The fluctuations indicated by
the measuring device depend strongly on the time averaging process. If the
momentary wind speed is registered for a certain length of time, the total length
of the registration curve for a given period increases with decreasing averaging
time. This is a simple example of a method of determining fractal dimensions
(actually: relative similarity dimensions: Mandelbrot, 1977). Generally, if a pa-
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Fig. 1: The distribution of particles in a cloud  Fig. 2: The distribution of particles in a

chamber at two different particle concentra- cloud chamber: Derived from the same data

tions, averaged over 30 individual experiments.  set, sensing volume (internal length) twice as

Upper curve: approx. 1,800 particles/em3, large as in Fig. 1. A. upper curve: approx.

lower curve: approx. 3,000 particles/cm? 1,800 particles/em?; B. lower curve: approx.
3,000 particles/em?

tameter of a system increases with increasing resolution, a corresponding plot
of the logarithm of the parameter »s. the logarithm of the resolution is called
a “Richardson plot” (e.g., Kaye, 1978). The slope of the usually linear plot
yields directly the fractal dimension by adding 1 to its absolute value.

An example is the distribution of particles in a cloud chamber shortly
after an expansion. Particles in an expansion cloud chamber grow as a mono-
disperse system, i.e. all particles have at any given time the same size (within
a rather narrow size interval) (Preining et. al., 1981). To obtain an answer
to the question how homogeneously the monodispersed particles— droplets
in an expansion cloud chamber are distributed within the chamber, photo-
graphs of the particles were taken approx. 100 ms after expansion. The cylin-
drical volume lit by the laser beam contained a small number of particles
(50 —100), so that the probability of two particles being aligned in the direction
to the camera was negligible. Therefore the particle number concentration
could be obtained simply by counting the number of spots on the photograph
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within a given length interval representing the cylindrical volume element
defined by a section of a certain length of the laser beam. The sensing volume
was divided into 18 sections of equal length. Figure 1 shows the number of
counted particles within such volume elements averaged over 30 individual
experiments (i.e. expansion of the cloud chamber) for two different concentra-
tions. One would expect a horizontal line and only minor fluctuations caused
by the statistical concentration fluctuations. But Fig. 1 shows a different
behavior; the variation in concentration is systematic indicating that different
sections within the sensing volume, i.e. the laser beam, have different efficien-
cies in activating or collecting nuclei. This indicates that different elements
of the sensing volume do have a different “sensitivity’” and contribute differ-
ently to the gross signal of a cloud chamber. Since this behavior is very likely
a unique property of the individual cloud chamber, such differences may
explain calibration discrepancies between different instruments of the same
kind and make, and operation. They could be described by a structural para-
meter directly derived from such a data set.

The fractal dimension derived from the data could be chosen as such a
structural parameter.

To get an estimate of this parameter, from the given data of Fig. 1 one has
to derive more similar diagrams based on larger length sections, i.e. volume
elements. Figure 2 gives the fluctuations for volume elements twice as large as in
Fig.1 The logarithms of the sums of the absolute differences of adjacent
volume elements have then to be formed and plotted vs. the logarithm of the
size of the volume element (length). This plot which, according to Kaye (1978),
is called a Richardson plot (Richardson was the first to use this kind of
presentation for lengths of coastlines and land frontiers) gives a decreasing
sum of differences with increasing size of the volume elements. The absolute
value of the slope of this “curve” —see Flig. 3—added to one (unity) yields
the fractal dimension, the proposed structural parameter of the instrument
(Kaye, 1978).

Another example is the wind speed measured on top of the physics build-
ing of the University of Vienna, demonstrated in Fig. 4. In the upper part
of the graph the one-minute average of the wind speed is plotted versus the time.
The lower part shows 5-minute averages calculated from the same data set.
As one can easily understand, the curve becomes less structured with increasing
averaging time. The second of these qualitative examples was selected to be the
subject of more detailed studies and an attempt was made to derive the fractal
dimension of parameters of the wind field using measurements of wind
direction and wind velocities. ‘

The wind data were obtained on the top of a 5-m tower mounted on the
roof of a 6-story building approx. 45 m above street level. The building is
located close to the center of Vienna city on a little elevation, the measuring
site being some 15 m above the average height of the roof tops of the surrounding
buildings.

The signals from the wind speed sensor (a current generator type anemo-
meter sensor, Nr. 1467 Wilhelm Lambrecht KG, Gottingen) and the wind |
direction sensor (a ring potentiometer type sensor, Nr. 1456, Wilhelm Lam-.
brecht KG, Gottingen) are decoded, amplified and finally encoded into a pulse
train suitable to be fed directly into a 1024-channel pulse-height analyzer
(TN 1705 Traicor Northern Ine., Wisconsin). The coding was performed in the |
following way: each revolution of the anemometer wheel produces a certain
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number of pulses, the pulse frequency is, in good approximation, proportional
to the wind speed. Therefore the number of pulses within a time interval
corresponds to a wind path. With the anemometer used, the smallest detectable
wind path (equivalent to 1 pulse) is about 8.5 cm. The wind direction signal
is encoded into the pulse height so that finally one single pulse is equivalent to
a wind path of 8.5 cm in the direction given by the pulse height, hence it
vields the dimension of an elementary vector. In the pulse-height analyzer
these pulses are sampled in 40 channels, each channel containing the sum of
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Fig. 3: Richardson plots obtained from the Fig. 4: Wind velocity versus time. Upper

distribution of particles in a cloud chamber at  curve: l-minute averaging time interval, lower

different particle concentrations. A. upper curve: 5-minute averaging time interval, both

curve: approx. 1,800 particles/cm3, B. lower curves calculated from the same data set
curve: approx. 3,000 particles/em?

the wind paths in a certain wind direction interval with the width of nine
degrees. : -

Furthermore, pulses with a constant frequency of 1 kHz, coded with the
voltage level proportional to the wind direction are sampled in 40 adjacent
channels of the PHA. Each channel contains the time when the wind was blow-
ing in the wind direction interval represented by the channel number.
Figure 5 shows a three-minute sample of the primary wind data obtained by
this method, 7'(x) denotes the total time the wind was blowing in the wind
direction interval «, and S(x) is the total wind path in the wind direction inter-
val «. From this set of data various parameters can be derived, like the average
wind velocity, given by
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V (t)=4. Z8(x)/4t
a ‘

A being a constant factor, proportional to the resolution of the wind-speed
sensor, and A¢ is the sampling time interval ; the angular variation ¢ is defined by
e(t)=2-arctan(X|S(ec*)-sin o *|/2- Z8(e *) - cos  *)

o : a* i
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The concept of fractal dimensions can be applied to these parameters to

obtain a simple number describing the complex structure of the data. Let us
select & for analysis. The specific procedure is as follows: first the values
&g, i.e. the angular variation for 4¢=3-minute samples, are arranged consecu-
tively, k=1, 2. .. m denoting the specific time interval. Then the values ¢; are
defined by averaging e, over ¢ time intervals Ai:
d
— Ep — & e
B 151 k=&, (-1)+1

j=1... integer (m/[)

Then the sum SU (A7) of all absolute differences of adjacent ey is calculated

for the averaging interval Az =1i-A4¢
(/i)
SU('i'At) ol Sk Ejj4+1— &ij |
j=1
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The fractal dimension is approximately given by
FR(e)=1+ |d[log (SU(47))]/d [log (47))] |

Figure 6 shows an example of the Richardson plot log [SU(A%)] versus
log (47) for the angular variation &(t) for i=1, 2, 3, 4, 6, 7, 8, 9, 10, 15, 20, 30.
The data points almost perfectly fit a straight line with the slope of —1.35,
representing the relative fractal dimension FR(e)=2.35.

Figure 7 shows 3-hour averages of the wind velocity versus time of day.
The average fractal dimension (calculated as discribed above) is plotted as
a dotted line. The average wind velocity shows great variation over the period
of one day; the corresponding fractal dimensions do not seem to be correlated
to the absolute magnitude of the wind velocity and vary between 2 and 3 with
an average value of FR(V)=2.38. The daily average of FR(V) was found to
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Fig. 6 : Richardson plot obtained from values  Fig. 7 : 3-hour averages of the wind velocity
of the angular variation &(t) of a wind field wversus time of day (solid line) and the corre-
sponding fractal dimension (dotted line)

vary only very little around the same value. The fractal dimensions of all
the parameters obtained from the wind speed and wind velocity were found
to be 2.410.1.

, The fractal dimension derived seems to be a convenient measure of the
local structure of the atmosphere in the vinicity of a measuring station. One
may speculate that this parameter correlates with the Turner classes and
would give an experimentally derived measure of the structure of turbulences
of the local atmosphere, but this could be proved only by further investigations.
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The membrane filter method combined with dialysis to detect
ice nuclei; an application to the study of ice nucleation mode
of volcanic ash

T. TANAKA, Meteorological Research Institute, Tsukuba 305, Japan

Jégmaguak kimutatdsa dializissel kombindlt membransziirés modszer segitségével. —
A médszer alkalmazdsa vulkdni hamu nukledciés hatdsmechanizmusdanak tanulmanyozasara.
A szerz8 a jégmagvak kimutatdsdra szolgdlé membransziirs eljardst a dializises techni-
kéval kombinalta. fgy kikiiszobolte azon higroszképos anyagok hatdsat, amelyek a jég-
képz8dést kornyezetiikben erdsen befolyasoljak. A moédszert a vulkanikus hamu jégképzd
hatékonysaganak, illetve a hatdsmechanizmus természetének tanulményozésira hasznalta.
A dializises vizsgalatok szerint a vulkéni hamubdl 4ll6 részecskék vegyes magvak, amelyek
mind oldédé, mind oldhatatlan anyagokat tartalmaznak. A jégképzé-hatékonysdg vizsgala-
tok kimutattik, hogy dializis utdn ezek a részecskék kiilénb6z6 moédokon hatnak tal-
telitettség alatt és f6lott. Telitetlen levegében kizdrdlag depoziciés, mig telitett levegében
egyarént depoziciés és fagydsi magvakat szolgaltatnak. Tekintve, hogy a vulkanikus hamu
eredetileg oldédé komponenseket is tartalmaz, valészinfi, hogy a légkérben a vulkanikus
részecskék elsGsorban fagyési magvakat alkotnak.

*

The membrane filter method combined with dialysis to detect ice nuclei; an application
to the study of ice mucleation mode of volcanic ash. An improved membrane filter method
combined with dialysis has been developed to detect ice nuclei on a specimen filter without
being affected by hygroscopic materials, which act as a strong vapour sink and supress
the ice nucleation of neighboring particles. The method was applied to the study of the
nature and the mode of action of volcanic ash as ice nuclei. Dialysis of the specimen filter
loaded with volcanic ash revealed ash particles to be mixed nuclei which consist of solid
particles and water-soluble components. The temperature and humidity dependence of the
ice nucleating activity also revealed a difference in activation mode between below and
above water saturation; below water saturation, the volcanic ash particles act as ice nuclei
in the deposition mode, whereas above water saturation they act in both the modes of dep-
osition and condensation-freezing. Taking into account the nature of mixed nuclei of vol-
canic ash, the mode of action is presumed to be primarily a condensation-freezing mechanism
in the atmosphere.

*

Introduction. The membrane filter method for detecting ice nuclei has
been widely used because of simplicity of the sampling technique of specimen
filters (Bigg, et al., 1963; Gagin and Aroyo, 1963 ; Stevenson, 1968). However,
when specimen filters are processed in a diffusion chamber, a couple of
problems arise concerning the humidity in the diffusion chamber: (@) ‘Volume

effect’, caused by hygroscopic materials on the specimen filter (Mossop and:

Thorndike, 1966; Huffman and Vali, 1973), (b) ‘Degree of Supersaturation’
achieved in a diffusion chamber (Lala and Jiusto, 1972). In this study, these
problems have been solved by the membrane filter method combined with
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dialysis. The method was applied to the specimen filter loaded with volcanic
ash from Mt. Usu in Hokkaido, and the mode of action as ice nuclei was
examined.

1. Dialysis-technigque of removal of water-soluble components

To observe the removing process of hygroscopic materials from the filter,
a test filter was prepared by loading it with sodium chloride particles as
hygroscopic material and floated on the surface of a 29, solution of silver
nitrate as shown in Fig. Ia and b. The removal takes place by the precipitation
of silver chloride (Fig. Ic). After a few precipitates of AgCl were found,
the filter was carefully picked up and dried in a dark room. Silver chloride
particles formed on the filter were detected under irradiation of light ( Fig. 1d ).
Their positions coincided with that of the sodium chloride particles, where
the lJatter had been. The result shows that water-soluble materials, such as
sodium chloride, can be removed from specimen filters at their position. This

Fig. 1: Removal of sodium chloride particles as a water-soluble component from the surface
of a Millipore filter floated on the surface of a 2% solution of silver nitrate
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technique of removal was applied to the specimen filter of voleanic ash. In this
case distilled water was used in place of the silver nitrate solution, and the
filter was floated for 12 hours.

2. Volcanic ash as mixed nuclei

After dialysis, no morphological variation of volcanic ash was observed
by electron microscopy, and a lot of chemical components were detected in
the solution used for dialysis. The total quantity of water-soluble components
was calculated as amounting to 1,250 mg per kg of ash. This amount of soluble
components corresponds to 1.6X 10715 gram per ash particle of 1 um in di-
ameter, assuming a particle density of 2.5 g cm~3. From these results, volcanic
ash was presumed to be mixed nuclei which consist of solid particles and
water-soluble components.

3. Supersaturation relative to water in the diffusion chamber

The diffusion chamber used consists of two parallel brass plates spaced
apart by 15 mm, as shown in Fig. 2 (Bigg, 1971; Gagin, 1971). The ice plate
and the specimen filters are spaced at 5 mm distance, and their temperatures
are controlled independently with a precision of +0.1°C. The corresponding
error in supersaturation is not more than +29%,. This chamber was placed and
used in a freezer controlled at about —15°C, to avoid the intrusion of water
vapour from the outer space. To establish whether water saturation in the
diffusion chamber can be achieved or not, the dialyzed specimen filters loaded
with volcanic ash were processed at —15°C under three different humidity
conditions. At 989, relative humidity, i.e., 2%, subsaturation over water, ice
crystals alone grew on the filter as can be seen in Fig. 3a. On the contrary, at
1029, and 110%, RH, i.e., 29 and 109, supersaturation over water, water
droplets surrounding the crystals can be seen in Fig. 3b. In addition, the
freezing of water films was observed when the photograph was taken as shown
in Fig. 3c. With the use of this diffusion chamber ice nuclei can be detected
under the desired conditions of temperature and supersaturation relative to
ice or water.

é%efﬁlféﬁ thermocouple fecordar
light beam \ A -
[tp | 7\ e DC  controller
amplifier
mirror |
DC4V 20A
T ‘ power source
brine -
membrane filters ca. -10°C

Fig. 2: Thermal diffusion chamber used for the processing of specimen filters
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Fig. 3: Ice crystals grown on the filter at 29,

subsaturation relative to water (a), water droplets

formed to surround ice crystals at 29, supersat-

uration (b), and 109, supersaturation (c)in the

diffusion chamber. The water film on (c) froze
when the photograph was taken

4. Preparation of specimen filters

Specimen filters of volcanic ash were obtained by a device with a dispersion
system as shown in Fig. 4a and b. A few milligrams of volcanic ash was weighed
and put into a sample holder (1). The ash sample was blown off into a flask (4)
by compressed aerosol-free air. Ash particles larger than 10 uym in diameter
collided to the inner wall of the flask and were trapped there. Only fine particles
passed on into a chamber (5), well-dispersed by dry and aerosol-free air driven
from a compressor (6). They were finally captured by filters in a sampling
device (13) which is shown in Fig. 4b in more detail. The number of particles
captured was estimated from the result of measurement by an optical aerosol
counter (11 —12) set in the outlet of the chamber. Ten specimen filters were
prepared simultaneously under the same conditions. Te check the same
number of particles on each filter, the ten filters were subjected to the test of
activation of ice nuclei. The numbers of ice nuclei detected on each filter were
equal within an accuracy of 7%,.

Of the ten filters sampled for each dispersion of volcanic ash, five filters
were dialyzed and the others were used as controls. A set of five pairs of speci-
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Fig. 4: Schematic diagram of the dispersion system of ice nuclei samples (a), and & filter holder

capable of taking simultaneously ten sheets of the specimen filters under the same conditions (b).

1. Sample holder, 2. compressor, 3. filter, 4. dispersion device, 5. chamber, 100L, 6. compressor,

7. silicagel, 8. flow meter, 9. filter, 10. cock, 11. air flow brancher, 12. aerosol counter, 13. sampling
device, 14. gas meter, 15. silencer

men filters, dialyzed and control, were obtained in this manner. A number of
sets of the specimen filters were used in the experiment.

5. Modes of action of volcanic ash

Both the control and dialyzed specimen filters loaded with volcanic ash
were subjected to the test of temperature- and humidity-dependence of ice
nucleating activity. The results are shown in Fig. 5a, b, and Fig. 6. The
numbers of ice nuclei detected on the dialyzed specimen filters are larger than
those on the control filters, in both temperature and humidity spectra. No
difference in the morphology between the control and dialyzed specimens
leads us to the conclusion that water-soluble components decrease the ice
nucleating ability. Two mechanisms are proposed to account for the causes:
the clogging of active sites and the lowering of the freezing point. These figures,
especially Fig. 6, also show the humidity dependence of ice nucleating ability.
In the figure, full lines represent the case of the processing temperature

—20°C, and dashed lines represent —15°C; D and C stand for dialyzed and -

control specimens, respectively, and two shaded columns are inserted in each
place relating to the water saturation. One of the pronounced features of the
humidity spectra is that the number of ice nuclei detected on each spectrum
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Fig. 5: Ice nucleating activity of Usu volcanic ash as a function of temperature (temperature
spectra). Full lines represent control specimens, dashed lines the dialyzed ones

increased with increasing supersaturation and varied remarkably at about wa-
ter saturation. The remarkable variation at about water saturation suggests
a difference of activation mechanism between below and above water satura-
tion: the deposition mode proceeded under the condition of subsaturation
relative to water, whereas under supersaturation conditions, both the modes
of deposition and condensation-freezing proceeded.

6. Conclusions

A simple technique, a kind of dialysis, has been developed to remove
water-soluble components from the specimen filter, and the achievement of
supersaturation in the diffusion chamber was also confirmed by the processing
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of dialyzed specimens. From the experiments using voleanic ash as specimen,
the following points are confirmed. (1) Volcanic ash consists of mixed nuclei.
Water soluble materials decrease the ice nucleating ability. (2) Humidity
dependence of the ice-nucleating activity of ash varies remarkably at about
water saturation. The mode of action of volcanic ash differs between below and
above water saturation.
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Light, silver iodide, and the size effect

R. G. LAYTON, Physics Department, Northern Arizona University, P.O.B. 6010 Flagstaff, AZ 86011,
U.S.A. g

A fény hatdsa eziist-jodid részecskékre a részecske-nagysdg figgvényében. A fény hatisa
vékony eziist-jodid rétegek jégképzd hatékonysigara a hullimhosszisag és a réteg eredeti
hémérsékleti kiiszobértékének fliggvénye. Nagyobb hullimhosszi ibolyantali sugarzdis
noveli a kiiszobhémérsékletet, mig a voros fény hatésa a kezdeti feltételektél fiigg. Ezek
az eredmények a réteg feliletén, illetve ennek koézelében kialakulé hossza élettartamu
toltésesapdak és a vizmolekuldk kélesonhatasaval magyardazhatok. A toltésesapdak ugyanis
befolyasoljak a feliileti energiat, amelytd6l a jég nukleicidja fiigg. Az eredmények tovabbi
megerésitik a részecskenagysag hatésat, amelyet elGzetesen eziist-jodiddal figyeltek meg.
Az elmélet val6szintivé teszi, hogy vannak olyan anyagok, amelyeknél a részecskenagysig
hatdsa a jégképzé hatékonysig novekedését eredményezi. Ez a hatis szerves jégképzé
anyagok esetén jelentéktelen.

*

Light, silver iodide, and the size effect. The effect of light on the ice nucleating ability
of thin films of silver iodide is a function of both the wavelength of the light and the initial
threshold temperature of the film. Long-wavelength ultraviolet light has a tendency to
increase the threshold temperature, but red light will lower or raise the threshold temper-
ature depending on the initial conditions. These results can be explained theoretically
in terms of increases and decreases in the population of long-lived charge traps near or on
the surface of the films. The interaction between the trapped charge and the water molecules
varies the interfacial energy which affects the ice nucleation characteristics. These results
further confirm the cause of the previously observed size effect in silver iodide. Although
this particular effect has only been demonstrared in silver iodide, the theory suggests that
substances may exist for which the size effect . would result in an enhancement rather than
a degradation of ice nucleating ability. It is also evident that this size effect should not be
significant in most organic nucleators.

*

Introduction. Several experimenters have demonstrated that the first effect
of light on ice nucleation by silver iodide is an increase in threshold temperature
(Bryant and Mason 1960 ; Papee et al., 1964 ; Rowland et al., 1964 ; Hallet and
Shrivastava, 1972 and Gravey, 1973). Further exposure results in a decrease
of ice nucleation ability, which has been attributed by Fletcher (1959) to an
increase in metallic silver at the surface. Subsequently Federer (1968) and
Pruppacher and Pfloum (1975) demonstrated that electric properties were
important in the case of ice nucleation on substrates. Recently Layton (1973a)
found that the amount of charge trapped in surface states had an effect on the
ice nucleating ability of thin films of silver iodide. The experlments described
in this paper extend these studies.

/A Procédure and results

Silver iodide was vacuum evaporated onto chemically cleaned glass
microscope slides which for some tests were coated with Drifilm-88, a silicone
varnish. Direct illumination of the films by incandescant light, and any expo-
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sure to sun or flouorescent. light was avoided. Crystal structure analysis by
X-ray powder pattern techniques of material scraped from a slide showed
that these films were predominately in a wurtzite structure, fAgl, with a small
amount in zincblende structure, pAgl.
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Fig. 1: The transmittance of a Agl thin film at liquid nitrogen temperature, of the red filter
and transmittance times ten of the UV filter

The optical transmittance of some of the evaporated films at liquid
nitrogen temperature was measured using a Cary 15 spectrophotometer for
wavelengths between 350 nm and 500 nm. The films, which were deposited
on unheated substrates, had large absorption peaks at 421.0 nm and 415.5 nm
plus an additional small peak or shoulder at 425.0 nm (Fig. 1). Cardona (1963)
has shown that the two main peaks at 421.0 and 415.5 nm are exction peaks
associated with the wurtzite structure and the small peak or shoulder at
425.0 nm corresponds to the exction peak in the zincblende structure, thus
confirming the X-ray data. The thickness of the films, around 300 nm, was
measured using an interference microscope.

The experiments were done using two light sources: A high pressure mer-

cury lamp (hereafter designated “UV”) with a filter whose transmission |

centered around the 366 nm line with a half-width of 30 nm and a quartz—
iodine incandescent lamp with a red plastic broadband filter. The red filter
freely transmitted yellow, red and infrared, but absorbed strongly in the blue
and green regions of the spectrum (Fig. 1). At the slide’s surface the irradiance
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- as measured by a thermopile was, for the UV and red sources, 4.9 mW/em? and
- 52 mW/em?, respectively. The exposure times were determined experimentally
' to give approximately the same effect and were 9 minutes for UV light

and 2.5 minutes for red light.

Fig. 2: The change in supercooling v»s. the

original supercooling for AgI films deposited

on a silicone varnish substrate and exposed

UV light; the line shown is the least
squares fit
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Millimeter-sized drops of distilled water (30/run), which had been passed
through activated carbon, deionized and filtered (pleated membrane 0.2 pm
pore size), were placed on the silver iodide-coated slides, which were in thermal
contact with a thermoelectric cooler. The slide was then covered with a box
made of polarizing material and the drops were observed using light from
a microscope illuminator on its lowest range. The light was directed from
the side to the water drops with only scattered light striking the silver iodide
film. The cooling rate did not exceed 1°C/min. Temperature was measured to
the nearest 0.1°C using a thermocouple in good contact with the upper
surface of the slide and the temperature at which each drop froze was noted.
A typical standard deviation of the temperature spread about the mean freezing
temperature was 0.2°C. The slide was then warmed and exposed to UV or red
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Fig. 3—4: The change in supercooling »s. the original supercooling for AgI films deposited on
r a glass substrate and exposed to UV light (Fig. 3) and to red light (Fig. 4); the line shown is

119



light with the cover removed. Additional drops were placed on the slide in
positions adjacent to the original drops and the initial procedure was repeated.
A typical standard deviation of the freezing temperature was 0.6°C for these
cases. Experiments were also run using pairs of slides, one exposed and one
not exposed, or by exposing the slide to light while taking care not to allow the
first drops to evaporate, and using them again. No significant differences
between the pairs of slides were observed.

The data are similar to those of a previous report (Layton, 1973&) and are,
therefore, presented on the same type of plot, i.e., 4(47,) is the change in A7,
as the result of exposure to bright light (Figs. 2, 3, 4).

2. Theory

Following the derivation of Layton (1973a) it can be shown that for a
disc-shaped embryo of height %

i {
— __I{ZY _“éae___ s 2‘7“'" ,,U (1)
AH,T, | ET1n(2)J) S,

where V is the molecular volume, A4H,,, the heat of fusion, £, Boltzman’s
constant, o,, the interfacial energy for the cylindrical face, ojy, the plane
ice-water interfacial energy, and U is the free energy of interaction across the
ice-silver iodide interface.

Let us assume a surface which has NV active sites per unit area such that U
is linearly dependent on N plus other constant surface characteristics.

U=CN+M (2)

where C and M are constants. For small temperature changes we will assume
all quantities are constant except A7, and U; we can then group constant
and approximately constant quantities and name them 4, and B.

AT .=A,+ BCN (3)
A change in N of AN changes AT, by
A(AT,)= BCAN (4)

To evaluate AN we assume each unit area contains N, sites N of which are
active, hence

aN

dat
where K is the irradiance, 4 the activation coefficient, and D the deactivation
coefficient (Fig. 5). For steady state

an
dt

—EA(N,—N)—EDN (5)

=0 ' (6)

giving from Eq. (5)
4 ]
=iV, ; 7
s A+D / (7)

where N, is the steady state site density.
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Rewriting Eq. (5) in terms of N gives
L =B+ D) (N~ 1) (5)
which can be integrated to obtain
AN =(N,— I, (e BasDt 1) (9)
where AN is the difference between the densities of active sites at times 0 and ¢.
Combining Egs. (3), (4) and (9) we obtain
A(AT ) =(AT—AT,) (e EA+DIt—1) (10)

_where A(A47',) is the change in supercooling due to the action of light, A7 is
the supercooling obtained at N =N, and therefore is the intercept on a
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Fig. 5 : Two-state site model

MNAT,) vs. AT, curve, and AT, is the initial supercooling before the silver
iodide slide is exposed to bright light. ]

Consideration of Egs. (1) and (3) shows that A7"; depends only on the steady
state density of active sites which from Eq. (7) is

A
AR
while the slope depends on E, 4, D, and t. The slopes, intercepts, standard

deviations, and multiple correlation coefficients (r2) for the data are given in
Table 1.

N,=N,

3. Discussion

The two-state theory as presented predicts a linear relationship between
the change in supercooling and the initial supercooling as appears on the data
graphs. Although the present data are not extensive enough, the possibility
exists of obtaining numerical values for the constants involved from future

TABLE I

Regression analysis of data

- ' ' [ ‘ ‘

I ]
mination | Substrate i AT intercept .0} 1 Slope | Us 1 73
i | \ |
‘ ‘ — o % g
uv | Drifilm —g210°¢ | o2c | o0s9°c | oosc | e6.59
OV ' | *Glags 6200 0.2°C 0.63°C | 0.15°C | 47.09,
Red Glass | —=2.68°C |  0.06°C \ =1.279C | 1°0.58°C | 29/49,
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experiments. Comparison of Egs. (7) and (10) reveal that the intercept depends
on N,, 4, and D, but not on the time or exposure; the slope depends on
exposure, 4, and D, but not on N, or Ny. Thus, when comparing the two
UV tests where the substrate changed but the exposure and wavelength were
the same, if we compare the slope it is evident that the change in substrate
resulted in a change in 4 or D, since they are the only terms in the exponential
that were not held constant. The change in the coefficients could be due to
the change in internal electric field due to the change in boundary conditions
or to a change in energy states at the Agl—slide interface.

For the case involving the UV and red light and the glass substrate, the
structure and the interface did not change implying a constant N, Eq. (7)
implies a clear wavelength dependence for the term involving the activation
and deactivation coefficients due to the change in intercept. The change in
slope is less useful for this case, as the exposures differed for the UV and the
red light. However, in light of the fact that the exposures were determined
to give approximately the same experimenteal effect, it is interesting to note
that when corrected for the differences in absorptance of light for the different
wavelengths, the effective exposures (irradiance X time X absorptance) are
quite comparable being 2.4 J/ecm? and 3.3 J/em? for UV and red light,
respectively.

What is actually happening when a site is activated or deactivated ? Since
photons can only interact with matter through the changing energy of charges,
it seems clear that this must be the mechanism involved. The persistence of
the effect after the illumination has been removed implies that the charge is
trapped in long-lived states which may persist for extended periods of time
—hours to months —depending on the ambient conditions. This change in

charge distribution results in a change of the surface electrostatic field which

in turn changes the free energy of interaction, U, which results in the change
of nucleation characteristics. The redistribution of charge also results in changes
in the optical constants of the silver iodide surface which have been measured
by ellipsometry (Layton, 1977). The preceding theory also more fully explains
our previous results regarding the effect of electric fields on ice nucleation by
silver iodide (Layton, 1973a).

4. Significance for atmospheric nucleation

The preceding data and theory provide an increased insight into the |

nature of the interactions which affect nucleation. A specific application can be
made regarding the effect of particle size on nucleation. The data and theory
reported in this paper reinforce those presented in a previous report which
demonstrated the existence of a size effect for thin films of silver iodide, pre-
dicted to occur due to change in the ratio of surface states to the total volume
as film thickness (or particle radius) decreased (Layton, 1973b).

This size does not depend on the specific geometry of the particle, but
does depend on the effect of trapped charge such as that demonstrated in

silver iodide. Some organic nucleators interact through hydrogen bonding and |

should not exhibit this particular effect.

The present experiment also reminds us that there may be enchancement |

as well as degradation of the nucleation process through changes in the free
energy of interaction. Most experimental and theoretical treatments have
a built-in bias toward negative effects since it is common to consider how
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a good nucleator behaves as the particle size decreases. The fact that a sub-
stance is a good nucleator indicates that the free energy of interaction is near
optimum and any change in either direction will degrade its performance.
If, however, the interaction energy is not optimum for good nucleation, then
a good possibility exists that any changes in U which occur as the radius of
the particle becomes smaller will result in a value which is closer to the opti-
mum, hence resulting in a better nucleator. The work reported here combined
with previous work on the size effect implies that it would be quite surprising
if this did not happen in the atmosphere.
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Investigation on the saturation spectra of ice nuclei

D. STEIN and H.-W. GEORGII, Universitdatsinstitut fiir Meteorologie und Geophysik, Feldbergstrasse 47,
* D—6000 Frankfurt/Main — 1

Jégmagvak tultelitettségi spektrumanak vizsgalata. A légkori jégmagvak hatékonysiga
nemcsak az aktivéciés h6mérséklettdl, hanem a folyékony viz-, illetve jégfelszinre vonat-
koztatott telitettség mértékétdl is fiigg. A szerzdk kiillonbozé hémérsékleteken a jégkoncent-
racié és a telitettség Osszefiiggését tanulmanyoztak alacsony nyomasi difftiziés kamrak
segitségével. A berendezéssel ugyanazon sziiré kiilonb6z6 hémérsékletekre vonatkozo teli-
tettségi spektruma hatérozhaté meg. T6bb sziirvel azonos kérilmények kozott végzett
mérések Gsszehasonlitédsa szerint az eljéras reprodukéalhatésaga elfogadhat6. A mérésekhez
az aeroszol-mintakat a svajei Alpokban, illetve Frankfurt am Main kézelében gyiijtétték.
Az eredmények azt mutatjak, hogy a jégre vonatkoztatott tultelitettségi spektrumok,
illetve a hémérsékleti spektrumok délésének aranya éallandoé.

*

Investigation on the saturation spectra of ice nuclei. The activity of atmospheric ice
nuclei is dependent not only on the activation temperature, but also on the environmen-
saturation ratios over water and ice. The relation between the ice-nuclei contal
centration and the saturation at different temperatures was investigated with a low-
pressure diffusion chamber. With this instrument it is possible to measure the saturation
spectra at different temperatures on the same filter. A comparison of the saturation spectra
obtained with parallel filters showed good reproducibility. Aerosol samples taken in the
Swiss Alps and in the environment of Frankfurt/Main were analysed. A constant ratio
was found between the slopes of the ice supersaturation spectra and the respective slopes
of the temperature spectra.

*

Introduction. Previous measurements of ice nuclei contentrations per-
formed at a temperature of —18°C and water saturation gave a concentra-
tion range from 0.01 ice nuclei/L to 10 ice nuclei/L (Georgii and Stein, 1981).

Measurements of ice nuclei saturation spectra, made by Gagin (1972),
Huffman (1973) and during the Third Internat. Workshop on Ice Nucleus
Measurements 1975, (Vali, 1976), yielded a saturation dependency of the ice
nuclei concentration at a constant activation temperature, which had a
maximum range of three orders of magnitude.

This wide range shows the importance to investigate not only the tempera-
ture spectra of ice nuclei but also the saturation spectra.

The aim of our present work was the measurement of the activation of
atmospheric ice-nuclei dependence of supersaturation and temperature.

A necessary condition for these measurements is the very accurate

control of activation temperature and vapour pressure. The filter method offers
good conditions to carry out such measurements, because the filters sampled
at different sampling sites can be developed under controlled and comparable
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conditions in a laboratory. The disadvantage of this method, the well known
volume effect, was reduced so far that a detection in the range of the sampled
volumes was not possible when a low-pressure diffusion chamber was used.
This type of chamber, first designed at our Institute and presented at the
Third Internat. Workshop on Ice Nucleus Measurements in 1975 (Meyer and
Gravenhorst, 1976), shows no volume effect, because the diffusion velocity
is enhanced in the low-pressure system.
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With the experience obtained by using this chamber, a new low-pressure
diffusion chamber was built to attain the necessary reproducibility for these
measurements by improving the closeness in the low-pressure system, the
temperature control- and measuring system, and the preparation of the filters.
(A description of this new chamber is being prepared for publication). This
new chamber permits the measurement of saturation spectra of ice nuclei at
different temperatures of activation with single exposed filter. A repetition
of these measurements with the same filter shows no change in the activation
behaviour of the ice nuclei.

Experimental results

An example of the results is shown in Fig. 1. In this case, the ice nuclei of
the first and second filter of a set of four parallel exposed filters were activated
five times at —18°C and 19, water supersaturation marked by two points.
The variation of these measurements is shown by a vertical bar. The ice nuclei
of the third filter, marked with dashed lines, were activated at —18°C at five
different increasing humidities. The ice nuclei of the fourth filter, here marked
with full lines, were activated also at five different increasing humidities, but
also at three different temperatures, at —12°C, —15°C and: —18°C.

To avoid a memory effect, the filter surface was heated up to +15°C at
a remaining relative humidity < 19, for some minutes be‘trween the subsequent
measurements of the single saturation spectra.

A comparison of the ice nuclei concentration at —18°C and 19, water
 supersaturation shows that there is no change in the activation behaviour
‘ when the activation is repeated at different humidities and temperatures.

‘ Usually, two parallel exposed filters were developed to control the varia-
{tions of such a set and to recognize possible errors of single measurements.
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Figure 2 shows the saturation spectra at three different temperatures of
two simultaneously exposed filters, plotted with dashed lines. The full lines
between them correspond to the computed means of the single spectra of both
filters. These means are used in the further treatment of our results.

Plotting the mean spectra of Fig. 2 in relation to ice supersaturation,
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Fig. 2 : Saturation spectra of two simultane-
ously sampled filters at —12°C, —15°C and

10° e LT A T L e B B L 5
90% 95% 100% 105% — 18°C (dashed line) and the mean spectra
REL HUMIDITY (WATER) of both filters (solid line)

the three spectra taken at —12°C, —15°C and —18°C lie on one line. Only
the values measured at water supersaturation deviate from this line. The
deviation can clearly be seen in a double logarithmic diagram (#ig. 3). In this
figure the water saturation for each temperature is marked by two vertical
bars.
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In many cases there was no further increase in the ice-nuclei concentra-
tion after exceeding water saturation; in other cases there was a smaller
increase when water saturation was exceeded. Measurements made up to now
did not reveal a clear relationship to a specific parameter of the constitution
of the aerosols, the environmental conditions, or the sampled volume.
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Fig. 4 : Atypical ice supersatu-
ration spectrum of St. Moritz o3 - et
s
(Switzerland) and of Frankfurt/ L Sl 3 T r”]o 3 o o o !
Main (FRG) 10% 20% 10% 20%

SUPERSATURATION (ICE)

In the evaluation of our measurements we did not regard results gained
at supersaturations above water saturation.

As shown by Huffman (1973) it is possible to describe the increase of the
ice-nuclei concentration at increasing ice supersaturation by the function
N=C-8p, where S; is the supersaturation over ice, C is a constant, b the
slope factor and N the number of ice nuclei per liter. To compute the slope b,
the three spectra measured at different temperatures were combined into one
ice supersaturation spectrum. The straight line in Fig. 3 corresponds to the
computed ice supersaturation spectrum of the three plotted single spectra.
The good correlation shown in this example is generally existent, the mean
72 of all ice supersaturation spectra measured up to now yield 0.93. The results
~of the slopes measured at different sampling sites varied between 3.1 and 12.5.

Samples from St.Moritz, Switzerland, had a mean slope of 4.3; samples
from Mt. Kleiner Feldberg near Frankfurt, F. R.Germany, had a mean slope
of 6.0 and in Frankfurt the mean slope was 6.8. These results point to an in-
crease of the slope from unpolluted to polluted regions.
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The first filters exposed airborne at an altitude of 4,000 ft above the
souther part of the FRG gave a mean slope of 6.4 which was also found at
a mountain station at 3,000 ft. The trajectories showed that the air masses
during the flight period moved slowly within two days over North-Western
Europe, and the simultaneously measured sulfate concentrations confirmed
the polluted condition of these air masses. At higher altitudes, up to 18,000 ft,
the mean slope was 4.9. :

Figure 4 shows an ice supersaturation spectrum of a sample, collected
at St. Moritz, with a flat slope of 3.11 and a spectrum of Frankfurt with
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S 2 P ST persaturation spectra and two
- SUPERSATURATION (ICE), TEMPERATURE temperature spectra

a steep slope of 6.26, for comparison. While there is only a small difference in
concentration at high ice supersaturations, the difference increases towards low
supersaturations.

The mean concentration at —18°C and water saturation measured in
Frankfurt was 0.6 ice nuclei/L and in St. Moritz, Switzerland, 0.55 ice
nuclei/L. The mean concentration at —12°C and water saturation in Frankfurt

was 0.04 ice nuclei/L and in St. Moritz 0.1 ice nuclei/L. Taking —18°C as refer-

ence, the concentration was too high in St. Moritz and too low in Frankfurt
at high temperatures respectively at low ice supersaturations.

Parallel measurements of the aerosol spectra have shown that neither
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the concentration nor the size distribution has a major influence on the ice-
nuclei saturation spectra. The chemical composition and surface of the aerosol
seems to be decisive.

The relation between supersaturation and temperature spectra

Taking, as demonstrated in Fig. 5§ for the extreme slopes b=2 and 8 of
an ice supersaturation spectrum, the concentrations at water saturation and
at different temperatures, a temperature spectrum may be computed.

98% REL.HUMIDITY

(WATER) et
0.84 >
061 ”';"‘
4 7 e + StMoritz (Summer)
il o StMoritz (Winter)
0.41 gl
Fae. . + KLFeldberg
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021 L e e ~ HPeifenberg
% ~ Flight
Fig. 6 : Computed ratio of slope b to
B at 989% rel. humidity (dashed line) 0+—F——F——F—T——T—T—T—TT—T T b
and the measured slopes b and 8 0 2 & 6 8 10 12

For comparison with former published values, the exponential function
N=N,-exp [f(T,—T)], where 8 is the slope factor, N, a numerical factor,
(T,—T) the degree of supercooling, and N the number of ice nuclei per liter,
is fitted to the increase of ice-nuclei concentration with decreasing temperature,
according to Fletcher (1962). For each slope b of the ice-supersaturation
spectra a respective slope 8 of the temperature spectra is obtained. In the
investigated range between — 10°C and — 20°C the computed ratio b/ was 12.78
for all slopes b from 1 to 10 by taking the ice-nuclei concentrations at water
saturation for each temperature. Taking the ice-nuclei concentration at 989,
rel. humidity, the quotient was 10.92. The ratio of both slopes of the ice-nuclei
concentration at 989, is plotted as a dashed line in Fig. 6.

The symbols in Fig. 6 correspond to the measured slopes b of the ice
supersaturation spectra and the respective measured slopes f of the temper-
ature spectra of different sampling sites.

Conclusions

(1) The results of the investigations show that the low-pressure diffusion
chamber permits to measure saturation spectra of ice nuclei with the same
filter at different temperatures. The results are reproducible.

(2) The relation between humidity and the activity of ice nuclei leads to an
increase of the ice-nuclei concentration according to a power-law. This
increase is independent of the temperature as long as water saturation is
not exceeded.
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(3) The slope of the ice supersaturation spectra becomes smaller at water
supersaturation, independently of the actual concentration of nuclei on
the filter. This is in confirmation of the results obtained by 7Tanaka
(1980).

(4) The change of the slope at water saturation shows that the computed
water saturation is in agreement with the actual water saturation on the
filter surface. :

(5) The concentrations of activated ice nuclei on the filter at different water
subsaturations but at equal ice supersaturations coincide. Therefore the
rel. humidity below 1009, water saturation does not play a dominant
role in the activation process of ice nuclei.

(6) The inclination of the slope increases from unpolluted to polluted areas in
agreement. with Huffman (1973). The inclination of the slope decreases
with increasing altitude in the free atmosphere.

(7) There is a close correlation between the measured and computed ratio of
ice supersaturation- and temperature-spectra only in unpolluted air.

(8) At low supersaturation the concentration of activated ice nuclei is relatively
low in polluted air. Foilowing a hypotheses by Georgii (1963) and Georgii
and Kaller (1970), it is assumed that surface poisoning leads to a partial
deactivation of ice nuclei by trace-gas adsorption or coagulation with
inactive Aitkennuclei. This mechanism may also influence the ice super-
saturation spectrum.

-
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Lead-bearing exhaust aerosol and inadvertent
weather modification

B. D. O'REGAN*, A. F. RODDY and C. M. MORAN, University College Galway, Ireland

Kipufogo gazokbol szarmazé, élomtartalmi aeroszol idbjardst médosité hatdsa. Szimos
kutaté tapasztalta, hogy ha a gépjarmivek kipufogé gézai éltal szennyezett levegébe
jodgézt juttatnak, igen nagyszamu jégmag keletkezik. Egyesek arra a konklaziéra jutottak,
hogy a kipufogé gazban lévé élomvegyiiletek reakeiéba lépve a joddal élom-jodidot alkot-
nak, ami tudvalevéleg igen aktiv jégmagvasité anyag. Jelen munka a fenti kérdéssel
foglalkozé atfogé kutatas egy részét képezi. Ebben a tanulmanyban az délomtartalmit
részecskék kémiai természetét, valamint az el6fordulé jédkoncentracié-értékeket tekintjiik
at. Tanulmanyozzuk a Pbl, képzédési feltételeit a légkdrben. Vizsgaljuk a jédvegyiiletek
és a részecske forméaju élom kozt, vizeseppekben végbemend reakcidkat. A kipufogé gazok-
ban talalhaté 6lomvegyiiletekbdl monodiszperz aeroszolokat hoztunk létre. A kereskedelem -
ben be nem szerezhet6 6lomvegyiileteket laboratériumban allitottuk eld, melyek tisztasagit
és szerkezetét rontgendiffrakeid technikaval ellendriztiik. Az eléallitott aeroszolok jégképzé
aktivitasat termal difftiziés kamra segitségével tanulmanyoztuk. Hat vizsgilt aeroszolnak
volt jégképz6é aktivitdsa —20°C-néal és viztelitettségen. Ezek az aktivitasok kozelitéleg
egy nagysagrenddel alacsonyabbak voltak, mint a Pbl, aktivitdsa. :

*

Lead-bearing exhaust aerosol and inadvertent weather modification. Several researchers
have found that the addition of iodine vapour to air polluted by vehicular exhaust led to
the production of large numbers of ice nuclei. Some have concluded that lead compounds
in the exhaust reacted with iodine to form lead iodide, a well-known ice nucleant. This
work is part of a comprehensive study of that phenomenon. The composition and chemistry
of lead-bearing particles in the atmosphere is reviewed, in this context. There is also a brief
review of iodine levels in the atmosphere. The possibility of the production of Pbl, in the
atmosphere is discussed in some detail. Among processes considered are reactions of iodine
compounds with particulate lead in a water droplet environment. Monodisperse aerosols
of lead compounds reported in motor vehicle exhaust were prepared. Lead compounds
not available commercially were synthesised in the laboratory and examined with regard
to purity and structure using X-ray diffraction techniques. The ice nucleation activities
of some of these aerosols were investigated using a thermal diffusion chamber. Six aerosols
tested had ice nucleation activities at —20°C and nominal water saturation, which were
about an order of magnitude less than for Pbl,.

*

Introduction. The work reported in this paper is the first effort in a major
investigation of a phenomenon originally discovered by Schaefer (1966, 1968).
He found that the introduction of iodine vapour into air polluted by vehicular

-exhaust lead, produced vast numbers of ice nuclei. He inferred that the lead
comlpounds reacted with iodine to form lead iodide (Pbl,) a well-known ice
nucleant. -

* Present affiliation: Regional Technical College, Carlow, Ireland
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The composition of lead-bearing particles

It is worth examining briefly the reports in the literature on the chemistry
of lead-bearing exhaust particles in the atmosphere.

Commercial anti-knock fluids contain alkyl lead compounds (formerly
tetraethyl lead but more recently also tetramethyl lead). During combustion
the Pb additives form halide particulates by combining with ethylene dihalides
(bromides and chlorides) which are added to the petrol as lead ‘‘scavengers”.
According to Hirschler et al. (1957) the chief constituents of inorganic lead
compounds leaving the exhaust system are PbCIBr, NH,Cl.2PbCIBr and
2NH,C1.PbClBr.. Habibi- (1970) found PbClBr, 2PbO.PbCIBr and small amounts
of PbSO, and Pby(PQ,), in fresh exhaust particles larger than*200 um. In the
2—10 um range the principal component was PbCIBr, while the submicron
particles contain PbCIBr and 2NH,Cl.PbCIBr. Ter Haar and Bayard (1971)
reported other populous lead-containing species as (Pb0O),PbCIBr, PbCl, and
PbBr, in fresh exhaust; and PbCO,, (PbO),PbCO, and lead oxides PbO, in
aged or rural samples. Biggins and Harrison (1979), using powder X-ray
diffraction techniques found the predominant lead compound at four out of
five sites to be PbSO,.(NH,),SO,. At only one site did they find 2PbBrCl.NH,CI
and PbBrCl.2NH,CI. PbSO, and PbBrClL(NH,),BrCl were also observed. In
laboratory experiments the very small vehicle generated PbCIBr particles
coagulated rapidly with neutral and acid sulphate droplets in the atmosphere
to form PbSO,(NH,),SO,, PbSO,, PbBrCl.(NH,),BrCl and other unidentified
lead ammonium halides. According to Harrison and Perry (1977) approximately
1—49, of atmospheric lead is present as vapour phase tetraalkyl compounds.
This arises from evaporation of the antiknock additives in petrol in the vicinity
of petrol stations and incomplete combustion within engines. Some of the
organolead compounds may be sorbed onto atmospheric particles; generally
their fate is little understood.

Lead concentrations and particle sizes

Atmospheric lead levels vary enormously in space and time. Thus to take
the more extreme values, Dams and De Jonge (1976) found mean Pb concen-
tration at the Jungfraujoch (3,752 m altitude) in Switzerland to be 4.4 ng m—
whereas levels of 400— 3,700 ng m—2 were found for Cambridge, Mass., U.S.A.
by Moyers et al. (1972).

Chamberlain et al. (1978) have shown that primary vehicle exhaust lead
particulate is approximately 0.015 ym in diameter, but grows rapidly by
coagulation, especially in an urban environment. In a rural area in Urbana-
Champaign, Illinois, Hudson et al. (1975) found that 809, of the particles
were less than 2 um with a mean median value of 0.42 pm.

Iodine in the atmosphere

Moyers et al. (1971) give an average value of 8+ 3.5 ng m=2 for gaseous

iodine I(g) in an unpolluted marine atmosphere. Moyers and Duce (1972) have .

discussed the enrichment of I relative to Cl in sea-salt particles and rain
samples in maritime air, by factors of 102—10% as compared with sea-water.
Two possible explanations are that (1) I, gas escapes from the sea surface or
(2) organic matter on the sea surface is enriched in iodine. Garland and Curtis
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(1981) have found evidence that ozone causes the release of iodine vapour
from the sea surface. Moyers and Duce found mean values of I(g) and particu-
late iodine I(p) at a Hawaii site to be respectively 5.84 ng m—2 and 2.33 ng m~3.
They calculated that I,(g) should be taken up by sea-salt particles, provided
105 is formed,

I,(aq.) + H,O + gOz = 2I0; (aq.) +2H*

However, there is also an argument that says that I,(g) is volatilized from
the particles.
The gaseous iodine species in the atmosphere may be I,, HI, CH,I, C,H,I.
Moyers et al. (1971) give values of 10--18 ng m~3 for I(g) and 2—15 ng m~3
for I(p) in polluted urban air.

The possible production of Pbl, in the atmosphere

Morgan (1967) and Hogan (1967), in addition to Schaefer (1966, 1968)
concluded that the ice nucleation they observed was produced by lead iodide,
formed as a result of reaction between particulate exhaust lead and iodine in
the atmosphere.

Grant and Corrin (1973) calculated that the conversion of PbBrCl to Pbl,
is thermodynamically unfavourable. They also found that the addition of
iodine to exhaust products from unleaded gasoline produced more ice nuclei
than when leaded gasoline was used, thus casting doubt on Pbl, as the “exhaust
nucleant”’.

Langer (1970) found some evidence, though not conlusive, that lead oxide
produced by the photolytic decomposition of PbBr, could be the nucleant.

Much attention has been given to the question of halogen loss as the
exhaust particles age (Pierrard 1969, Martens et al. 1973, and many others).

Parungo and Rhea (1970) found large increases in the ice nuclei content
of Denver air when passed through an iodine chamber. The I, concentration
used was not stated, but since a saturated I, solution was used, there probably
was a large excess of I, over Pb2t.

Moyers et al. (1971) conclude that the levels of I(g) and I(p) they found
in polluted air, 10—18 ng m=3 and 2—15 ng m=3, respectively, should be
sufficient to activate all the lead aerosol particles there. But this is doubtful,
because it is hardly likely that exhaust particles are all in a reactive form.

Also, Moyers et al. (1971) state that the reaction of Pb and I, to form Pbl,
as performed by Schaefer, under laboratory conditions, had reactant concen-
trations much in excess of even a polluted atmosphere. Therefore from reaction
kinetics alone, the time required to form measurable numbers of ‘“‘latent ice
nuclei” under ‘normal’ conditions of atmospheric pollution would be long.

. This is a possible reason why the clouds of ice crystals observed by Schaefer
and attributed to Pbl, nucleation appear downwind of polluted cities and not
immediately overhead.

Borys and Duce (1979) found a weak positive correlation between lead and

’ ice nuclei in a study over a one-year period in Providence, Rhode Island.
- However, this may have been due to lead and ice nuclei both being involved

with the fine sub-micron particle mode. The main conclusion drawn from the
i study was that the greatest effect on the ice nuclei concentrations in Providence
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was due to the difference in the ice nuclei concentrations existing in the
contrasting air masses of continental and marine origin which are advected to
the site. The sampling site was located essentially at the point where ma rine
air masses encounter pollution sources. If the gaseous iodine existed largely as
CH,I, then its photodissociation in the atmosphere providing a more reactive
source of iodine such as I,, could, according to Borys and Duce, lead to the
reaction necessary to produce PbI, occurrlng further downwind of the sampling
site.

Drop freezing experiments

Reischel (1975) investigated the possibility that interaction between lead
aerosols and iodine may not occur until both have become incorporated into
liquid water. In drop freezing experiments he found that the presence of
NH,I caused about two orders of magnitude increase in numbers of active
nuclei with six lead salts: PbO,, PbO, PbCrO,, PbS, [Pb(CO,),Pb(OH),] and
PbSO,. Additional experiments with PbO and NH,I showed that best results
were obtained when the [NH,*]/[I-] ratio was at least 0.5. Such a ratio is
certainly present in natural precipitation (Junge, 1963; Winchester and Duce,
1966). The chemical nature of the apparently highly active reaction produce
of PbO and NH,I was not known. This combination (at 0.1 NH,I) showed
better ice nucleation activity than Pbl, itself.

Reactions of PbCl,, PbBr, and PbCIBr in droplets

I,, Br,, Cl, are all thermodynamically able to oxidize SO, to SO,, while
being converted to I-, Br—, Cl- themselves. These anions may remain asso-
ciated with newly formed SO; particles. The association of SOy with NH;" is
documented in the literature so that if the halogen anions “hve in the same
chemical environment as SO; ions, then species such as NH;Cl- and NH,I
are possible (see Winchester and Duce, 1966).

Following the work of Reischel, some experiments were performed to
investigate the reactivity of the above lead salts:

Mixing a solution of PbCl, and a solution of NH,I resulted in an instant

vellow precipitation. The reaction is

PbCl,+2NH,I -~ Pbl,+ 2NH,CI
Similar reactions occurred for PbBr- and PbClBr,
PbBr,+ 2NH,I —~ yellow precipitation
PbCIBr+ 2NH,I — yellow precipitation

When PbCl,, PbBr, and PbCIBr were reacted with 2KI, a yellow precipi-
tate also resulted. In the case of PbCl, this reaction product was isolated

and shown by X-ray diffraction to be mainly Pbl, with a small quantity

of an unidentified compound (not PbCl, or KI but possibly KPbl;)

The displacement of Cl-, Br-ions by I~ in the above reactions is to be expected
for solubility reasons and also because K+ ions have a much larger electrode
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potential than Pb2t ions. However, when very dilute solutions of PbSO, and
- either KI or NH,I are mixed, the appearance of yellow Pbl, is not recorded.
. This again is expected for solubility reasons. A similar situation exists for
PbCO;. The following would appear to be the order of precipitation of lead
salts out of dilute solutions of the constituent ions:

Phb(CO,) before Ph(10,), before Ph(SO,) before Pbl,.

Since urban atmospheres would contain higher concentrations of sulphate-
than of any iodine-containing species, the chances of preferential Pbl, formation
—in solution —are small.

Laboratory preparation of inorganic lead salts

It was decided to investigate the ice-nucleating ability of aerosols of
laboratory-prepared samples of lead compounds. Some of these are reported to
be present in exhaust particles, before reaction with iodine and some may be
present after reaction with iodine. Among these lead compounds a number
were available commercially in Anala R grade; PbCl,, PbBr,, Pbl,, PbSO, and
PbO. Other compounds were synthesized from these available starting ma-
terials.

The composition of the exhaust particle compounds depends on conditions
such as the composition of the anti-knock mixture, the fuel —air ratio, the
temperature of the surface on which it is formed, etc. The laboratory synthesis
occurs under controlled conditions of temperature using measured quantities
of the lead salts.

TABLE I
Compounds of lead prepared by thermal solid-state reactions

| Formation
Reactants Product | temperature
" (°0)
L3 G add Gty e . | fa”
1 PbCl, +PbBr, 2PbCl1Br | 350
2 2PbO +PbCl, 2Pb0O.PbCl, | 350
3 2PbO +PbClBr | 2PbO.PbClBr j 350
4 2PbO +PbBr, | 2PbO.PbBr, | 375
5 PbO-+PbCIBr | PbO.PbCIBr | 315
6 PbO +PbCl, PbO.PbCl, | 300
7 PbO +PbBr, PbO.PbBr, 376
8 PbO +Pbl, PbO.Pbl, ' 350
9 NH,Cl+ NH,CL.2(PbClBr) 300
+ 2PbCIBr
10 2NH,Cl 4+ PbCIBr| 2(NH,C1)PbClBr 300
11 (NH,),S0, + (NH,),80,.PbSO, | 180

4+ PbSO,

Solid-state reactions. Several compounds as listed in Table I were prepared
' by solid-state reactions at appropriate temperatures, using equimolar quan-
tities. The reaction temperatures have been determined by experiment and
.are well below the melting points of the lead salts (see Lamb and Niebylski,
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1951 and Calingaert et al., 1949). Compounds 1 —7 (7Table I ) were checked for
identity and purity by X-ray diffraction. Products were stored in the dark.

Preparations in solution. A sample of PbO.PbCl,.H,O was prepared
using the basic method given by Lamb and Niebylski (1951). Preparation of
PbO.PbBr,-H,0 and PbO.Pbl,.H,0 were conducted along similar lines.

Solution chemistry was also used to prepare Pbl,.NH,Cl, 3PbO.H,O0,
2Pb0.H,0, PbO.H,0=Pb(OH),, and PbCO Details of preparation are given
elsewhere (0 Regan 1978).

Generation of lead compound aerosols

Aerosols of the compounds listed in Table II were prepared using a
Berglund — Liu vibrating orifice monodisperse aerosol generator (Thermo-
Systems Inc.), with distilled water as the solvent. A 10 um orifice was used
with a disturbing frequency of 225 kHz and a total air flow rate of 1,125
cm?® s~1. The concentration of aerosol particles in the exit hose was nominally
2108 m-3. The solvent evaporated in the dried dilution air and dry particles
were available at the exit tube of the generator. Table 11 gives the diameters
of the various particles as calculated from the expressions

D,=C" D,
1/3
‘Dd = (§9
f

given by Berglund and Liw (1973). Dy and Dy are particle and droplet diam-
eters, respectively; @ is the liquid flow rate, f is the disturbance frequency
and C is the volumetric concentration of the solute in solution.

TABLE I1

Calculated diameters of lead compound aerosol particles

Compound Pbl, PbBr, i PbCl, PbBrCl PbO PbS0O, [2PbO.PbCl,

N i L \ '\
Particle diameter ‘ 0.04 | ' ae 4 RPN | Cina @i R e
(um) ‘. ; | i 1 |

The presence of non-volatile impurities in the solvent will cause an error
in the calculated particle diameter. The distilled water used conformed to
British Standard 3,978, which gives the limit for non-volatile residue as 5 mg
litre=1. For a lead iodide solution this corresponds to 1 part non-volatile impu-
rity to 92.2 parts solute.

Measurement of ice nucleation activity of lead compound aerosols

Nuclepore filters of pore size 0.5 um were used to sample the aerosol
contained in three litres of air exiting in the flexible hose of the Berglund — Lm
generator.

These filter samples were then processed in a Meeda ice diffusion chamber
based on the design of Gagin and Aroyo (1969). The filter temperature was
—20°C, the ice plate temperature —17.9°C, thus giving (nominal) water

136




saturation at the filter surface. Background counts were found for filter batches
and subtracted to get results as recorded.

The results are given in Table I11. The quantity N/N,x 104 is taken as
a measure of the ice nucleating activity of an aerosol, where N is the number
of ice crystals measured per filter, and N,=6X10°=nominal number of
particles in the 3 litres of air sampled. N/N,x 104 is & mean of at least four
values, for each compound.

TABLE III
Ice nucleation actwity of lead compound aerosols at —20°C and nominal water saturation
[ | | K ‘—777'_'*—-{' R TR _‘_ BT e
Lead compound | PbBrCl \ PbCl, } PbBr, | PbO 1 PbSO, iszO.PbCI,; Pbl,
| | i | I 1
| [ ’ i
N/N, X104 | 4.5 2.9 | andiol | 2.4 | 31.0

These results indicate that aerosols of six compounds tested, all detected
in exhaust lead-bearing aerosol, were about an order of magnitude less active
than Pbl, aerosol, under the test conditions.

These are the first results in a continuing comprehensive study in which
the ice nucleation activity of lead compounds is being investigated prior to and
after reaction (or attempted reaction) with iodine at realistic concentrations.

Acknowledgement. This work was funded by a grant from the National

Science Council (now the National Board for Science and Technology,
Ireland).
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Nucleation inhibition of Ice Nuclei Active bacteria

G. CAPLE, G. LAYTON and G. SCALLY,* Departments of Chemistry and Physics, Northern Arizona
University, P.O.B. 5698 Flagstaff, Arizona 86011, U.S.A.

Jégmag-aktiv baktériumok nukledlé hatdsinak csdkkentése Az elmult tiz évben szdmos
kutaté kimutatta, hogy bizonyos baktériumok viszonylag magas hémeérsékleteken ( —2 és
— 5 °C kozott) megindithatjak a jégképzédést. Ezek az un. jégmag-aktiv baktériumok fontos
szerepet jatszanak mind a névények fagykdrainak kialakitdsaban, mind a légkori jég-
képzbédésben. Olyan javaslatok is elhangzottak, hogy ilyen baktériumok idéjaras-maédosi-
tasi kisérletekben is felhasznalhatok. Mindez azt bizonyitja, hogy a baktériumok jég-
nukledciés hatésédnak tanulményozésa igen fontos kérdés. A kisérletek azt is kimutattdk,
hogy a fagykéroknak kitett névényekben vannak olyan természetes biogén anyagok,
amelyek gatoljak a jégképzbédést, beleértve az eziist-jodid szolok aktivitdsat is. A szerzék
kisérletei szerint ezek a természetes biogén inhibitorok kélesonhatésba lépnek a Pseudomo-
nas syringae és Herbicola erwina baktériumok jégképzé helyeivel. Az inhibitorok haté-
konységa eltiinik a baktérium kulttra névekedésével és a baktériumok ilyenkor vissza-
nyerik jégképz6 hatékonysigukat. Ez arra mutat, hogy a baktériumok megemésztik
a biogén inhibitorokat. Az is kideriilt, hogy ezek a természetes fagyds-gatlok oldatokban
vannak és fehérjék vagy fehérjeszeri anyagok. Adott inhibitor mind szervetlen, mind
szerves részecskék esetén gatolja a fagyast, s ez a korilmény valdszinlivé teszi, hogy
mindkét esetben hasonlé kélesonhatés lép fel.

*

Nucleation inhibition of Ice Nuclei Active bacteria. Over the past decade several
workers have shown that certain bacteria can induce ice nucleation at warm temperatures
(—2 to —5°C). These Ice Nuclei Active (INA) bacteria have been shown to be responsible
for freeze damage to food crops and may possibly play a significant role in atmospheric
ice nucleation. Others have suggested the possibility of using these INA bacteria as
weather modification agents; thus there are several reasons to understand the mode of
action of bacterially-induced ice nucleation. Experiments have shown that there are
natural biogenetic materials, found in many plants subject to freezing stress, which can
inhibit ice nucleation, including a significant deactivation of silver iodide sols. We have
been able to demonstrate that these naturally occurring biogenetic inhibitors will interfere
with the ice nucleation sites produced by the INA bacteria Pseudomonas syringae and
Herbicola erwina. The activity of these inhibitors rapidly dissipates in a growing bacterial
culture, and the bacteria recover their ice nucleation abilities, suggesting that the bacteria
metabolize the biogenetic inhibitor. Studies indicate that these biogenetic inhibitors are
in solution and are denaturable proteins or protein-like compounds. A given inhibitor will
inhibit both inorganic and organic ice nucleation sites, suggesting common interactions
in both types of ice nucleation.

*

Since Schnell and Vali (1972, 1973) reported that at least a portion of
atmospheric freezing nuclei was of biological origin, there has been an active
‘interest in this area. The fact that bacteria were involved in ice nucleation
; * The authors wish to acknowledge support from the Petroleum Research Fund and the
| NAU Organized Research Committee
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processes has been shown by Maki et al. (1972); Maki and Garvey (1975);
Schnell (1976);Valiet al. (1976) and Maki and Willoughby, (1978). These bacteria
have been shown to be Ice Nuclei Active (INA) at temperatures as warm as
—1°C. Makietal. (1974)identified INA bacteriaas Pseudomonas syringae, aplant
pathogen. Lindow et al. (1978) showed that frost injury in plants was caused
by ice nucleation events initiated by two bacteria, Pseudomonas syringae and
Herbicola erwina. )

Levin et al. (1980) suggested that ice nucleating bacteria may have a
potential use in weather modification. Sands et al. (1981) and Jayaweera and |
Flanagan (1981) in elegantly devised experiments were able to show that
Pseudomonas syringae bacteria were found in-the atmosphere and in rain drops.
INA bacteria have a direct influence on frost damage in agricultural crops
and may play a role in atmospheric processes.

Layton and Caple (1980) and Layton et al. (1980) have shown that certain
biogenic materials can act as nucleation inhibitors on different INA sites.
This inhibition was a non-colligative property, and most likely involved inhi-
bition by absorption on the INA site. The current study reported here deals
with our experiments using these biogenic inhibitors and the INA bacteria
Pseudomonas syringae and Herbicola erwina. The INA sites on Pseudomonas
syringae and Herbicola erwina are the most active ice nuclei sites known.
Elucidation of the structure of these sites and the mechanism by which they
cause ice nucleation should deepen our understanding of the physical process
of initiating freezing in water.

Procedures and results*

Inhibition. The INA bacteria were grown in sterile solutions of Koser |
citrate (5.7 g/L) as described by Mak: et al. (1974). The biogenic inhibitors
were extracted from the seed materials of Prunus persica (peach) by crushing
2 g of seed material and extracting this with the sterile Koser citrate medium;
after filtration the resulting solution was used. All dilutions of the active
bacteria solutions were done with sterile Koser citrate medium, and all solutions
used in the freezing tests were prepared such that the only difference was the
biogenic material. Bacterial counts were effected using plating techniques.
All freezing tests were performed using the drop freezing method as described
by Vali (1971).

The results of our study on Pseudomonas syringae are shown in Fig. 1.
These results were obtained with bacterial counts of 10° cells/ml and about ;
108 cells/ml after a 1 : 5 and a 1 : 30 dilution, followed by a 1 : 2 dilution |
with the biogenic inhibitor. The results shown are from freezing experiments
performed about 20 min after mixing the biogenic material and the bacteria.
Later freezing tests showed that the inhibitory effect was lost upon standing
with only 109, of inhibition left in one hour.

The results of our study on Herbicola erwina were similar to the Pseudomo-
nas syringae experiments with the following differences. The active bacterial
culture had to be diluted 1 : 2,000, i.e. the cell count brought down to
108 cells/ml prior to the observation of any inhibition. Like with P. syringae,
we observed less inhibition of the warm temperature sites (—4°C to —5.5°C)

1 We wish to thank R. C. Schnell for cultures of the bacteria
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than the colder sites (—6°C to —9°C). Also the inhibitor was slightly more
efficient (—0.5°C) if the bacteria and biogenic inhibitor were precooled prior
to mixing.

Nature of the inhibitor. A distilled water sample with a 7'y, of —8°C was
treated with a distilled water extract of Prunus persica. (Temperature at which
at least 509, of the drops have at least one active nucleus at that temperature
or above.) The new 7';, was now —10°C. This inhibited distilled water sample
was heated to 80°C for 5 minutes. A white gelatinous precipitate formed, this
was removed by millipore filtration (3.0 um), dried and weighed. About 30 mg
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Fig. 1: The inhibition of the bacterial ice nucleation caused by Pseudomonas syringae using

biogenic inhibitors. Graph A shows the inhibition of a cold temperature (below —5°C) site.

Graph B shows the inhibition of two sites, a cold site and a warm (—1°C to —5°C) site at

a reduced cell concentration. C is the cumulative concentration of ice nuclei active (INA) sites
per cm?® at that temperature

of bioorganic material per ml solution was recovered. The freezing spectrum
‘of the supernatant liquid was determined to have a 7’5, of —8°C. A distilled
water sample (blank) of 7'y, —8°C was treated in the same manner with no
biogenic material added. The 7', of this blank remained at — 8°C. The biogenic
material can be reversibly removed from an active nuclei site, and the site
recovers its previous nucleation spectrum. This experiment places the biogenic
inhibitor in a class of water-soluble denaturable proteins or. glycoproteins. No

| attempts were made to differentiate between these denaturable proteins.

A growing culture of Pseudomonas syringae with a cell count of 108 cells
- per ml and a 7,, of —12°C was diluted with three volumes of a galactose
solution of 3 g/liter (0.0166 M) until the final galactose concentration was
0.0041 M (3 ml galactose and 1 ml bacterial culture). A blank was prepared
by diluting 1 ml of the bacterial culture with 8 ml Koser citrate. The solutions
- were not aereated. Freezing tests on both samples were determined at various
time intervals for three hours. During this time 7’5, for the galactose experi-
ment changed to —5°C, for the blank 7';, changed only to —11.5°C. The
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addition of galactose increased the number of warm temperature events
dramatically. In a similar test performed with cell counts of 10 cells/ml,
Ty, of —3°C, the number of warm temperature events increased upon a similar
galactose experiment, but little net effect was observed on 7',,.

Discussion

The most obvious result of these experiments was that the biogenic in-
hibitor could in fact influence the ice nuclei active site on INA bacteria
as well as on silver iodide (Layton and Caple, 1980), indicating certain similari-
ties between inorganic and organic ice nuclei sites. Since whole organisms
are found in the atmosphere, there is no reason not to expect large molecules
of the type used in this study to be found in the atmosphere. Thus the efficacy
of natural ice nuclei, as well as that of Agl used as a weather modification
agent may in fact depend upon the presence or absence of these biogenic
materials in the cloud. A water droplet containing a minute amount of such
dissolved biogenic materials could also rapidly deactivate the ice nucleating
particle.

Our data indicate that both types of bacteria have two types of nucleating
sites. One type of site is active at warm temperatures, —1°C to —5°C, the
other is active at —5°C to —10°C. The cold temperature site was easier to
inhibit than the warm temperature site. Lindow (1981) has demonstrated
a first-order kinetic relationship between the two sites. One warm temperature
site is converted to one cold temperature site. Since the cold temperature site
will survive cell breakup (Lindow, 1981), identification of this site and knowl-
edge of the physico-chemical change to the warm site should allow identi-
fication of this site.

The ice nuclei activity of these bacteria appears to be at a specific site,
which could selectively absorb a specified material. There is a class of hiogenic
materials which Gold and Balding (1975) called receptor-specific proteins, or
in some cases lectins, which react with specific sites on cell surfaces. These
materials cause specific reactions, most commonly agglutination of cells or
clumping. However, other reactions of these materials have also been shown
(Kosloff and Lute, 1979). In some cases the specific effect of these receptor-
specific proteins can be reserved (the complex disassociated) by adding an

excess of the sugar found in glycoproteins in the binding site (Lis and Sharon,

1977). Since galactose is one of the sugars commonly involved in cell receptor
sites, the change in the ice nucleation activity caused by galactose indicates
that galactose may be involved in the specific ice nuclei active site. Although
Pseudomonas syringae has not been studied in relation to producing receptor-
specific proteins, Gilboa-Garber (1972a, b) isolated a receptor-specific protein
from Pseudomonas aerugmosa.

These preliminary results suggest the possibility that the INA bacteria
could produce a receptor-specific protein which effectively caps the active
sites, at least temporarily. However, other explanations are possible, such as

direct metabolic incorporation of galactose into the active site. Receptor-

specific proteins can be isolated, structurally identified and such identifications
have been used to investigate receptor sites (Gold and Balding, 1975). These
proteins are a sensitive analytical tool for investigating cell surfaces. Schnell
and Kosloff (1981) have also shown a specific receptor protein that binds to
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the active bacteria and inhibits the ice nucleation site. These biogenic receptor-

- specific materials may be the key to unlocking the secrets of the most active

ice nuclei site known to science.
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Heterogeneous nucleation of water vapour on ultrafine
monodispersed Ag- and NaCl-particles

. PORSTENDORFER and H. G. SCHEIBEL, Isotopenlaboratorium der Georg-August-Universitdt, Burck-
hardtweg 2, D—3400 Géttingen, F. R. G. 5

F. G. POHL, O. PREINING, G. REISCHL and P. E.WAGNER, Institut fiir Experimentalphysik der
Universitdt Wien, Strudlhofgasse 4, A—1090 Wien, Austria

A vizgbz heterogén nukledcidja ultrafinom monodiszperz eziist- és ndatrium-klorid részecské-

- ken. A szerz6k a vizgéz Ag- és NaCl-részecskéken végbemend heterogén nukleaciéjat tanul-

manyoztak nagysag-analizalé szamlaloé segitségével. A részecskék nagysaga 6, 8, 12 és

18 nm volt. A mérések szerint a heterogén nukledciohoz sziikséges telitési arany a részecske-

nagysag és az arany figgvénye. A tanulmény végén a szerzék eredményeiket a makroszko-
pikus heterogén nukleacié elméletével vetik Gssze.

*

Heterogeneous nucleation of water vapour on wultrafine monodispersed Ag- and NaCl-
particles. The heterogeneous nucleation of water vapour on monodispersed Ag- and NaCl-
aerosols was measured by means of a size-analyzing nuclei counter with particle sizes of
6, 8, 12 and 18 nm. The measured saturation ratios necessary for heterogeneous nucleation
depend on the particle size and the material. The results were compared with the macro-
scopic theory of heterogeneous nucleation.

*

During a workshop, performed at the University of Vienna, November
1980, we investigated the heterogeneous nucleation of water vapour on aerosol
particles with diameters ranging from 6 to 18 nm. Fig. I is a diagram of the
experimental arrangement. The aerosol generation equipment (Scheibel and
Porstendorfer, in preparation) consists of a condensation aerosol geuerator in
connection with an electrostatic aerosol classifier (EAC) (Knutson, 1975). Ag-
wool and NaCl-salt were vaporized in a tube of inner diameter of 12 mm
heated by a constant-temperature tube furnace with a nitrogen carrier gas
flowrate of 2 1/min. Homogeneous nucleation and condensation of the Ag- and
NaCl-vapor within a linear decreasing temperature gradient behind the furaace
generates highly dispersed aerosols. The condensation aerosols have con-
centrations of more than 107 particles/em® and a polydisperse size distribution
with a geometric standard deviation o, of about 1.5. For the generation of
Ag-particles Ag-wool was vaporized at 1,110°C, for NaCl-particles the furnace
temperature was 695°C. The generated condensation aerosol was subsequently
brought into charge equilibrium in a Kr-85 bipolar ion source (neutralizer).
A monodisperse unipolar singly charged aerosol fraction was then obtained by

means of an electrostatic aerosol classifier (EAC). The number concentrations.

were measured by means of an aerosol filter electrometer (AE).

The size of the monodisperse Ag- and NaCl-aeroscl was checked in pre-
vious experiments by means of transmission electron microscopy (TEM) and
diffusion batteries, and agreement. of calculated size and ex_periment was
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Fig. 1: Experimental arrangement

found. The size distributions of the classified Ag-aerosols, obtained by means
of TEM, confirm that the aerosol is monodisperse with a geometrical standard
deviation of g,~1.1. 3

After passing through a second Kr-85 neutralizer (NEUTR., Fig. 1), the
monodisperse aerosol entered the process-controlled size-analyzing nuclei
counter SANC (Preining et al., 1981). In a humidifier the aerosol was vapour-
saturated close to 1009, relative humidity and supersaturation was then
obtained in an expansion cloud chamber with an expansion time of about
5—T7 ms. Saturation ratios between 102 and 350%, were chosen with a reproduc-
ibility better than 0.19, in the range below 110%,. The growing droplets in
the expansion chamber were illuminated by a laser beam and the scattered
intensity was monitored under particular forward scattering angles. By compar-
ison with Mie-theory the droplet concentration was determined quantitatively.
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Measuring series were performed with stepwise increasing supersaturations for
aerosols with particle sizes of 6, 8, 12 and 18 nm.

The observed droplet concentration shows a characteristic dependence on
the supersaturation for the monodisperse Ag- (Fig. 2) and NaCl-aerosols
(Fig. 3). At low saturation ratios no droplets were found. At particular satu-
ration ratios, depending on the particle size, an onset of heterogeneous nu-
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cleation was observed. With further increasing saturation ratio the droplet
concentration increases until a maximum is reached when all particles are
activated as condensation nuclei and become droplets. The onset of hetero-
geneous nucleation was found to be much steeper for the NaCl-particles than
for the Ag-particles.

HETEROG.NUCL.IN H,0-VAPOR

£ 00 ey e

3.00

2.00
.1.70
150

b S
1.30
120

110
1.07

1.05 W +¢
e DOP \
LS
\

1.03+®ONaCl
A\

| O Ag \\
— FLETCHER(1958)
--- CINKOTAI (1971) :
e S v g Fig. 4: Comparison of the experimental results
o o e e o with the macroscopic heterogeneous nucleation
PARTICLE DIAMETER [nm] theory

SATURATION RATIO

102

146

1




The “‘critical” saturation ratios (i.e. the saturation ratios, at which 509, of
the particles are activated) were observed to be much higher for the Ag-aerosols
than for the NaCl-aerosols, although the same particle sizes were considered.
The measured “‘critical” saturation ratios are lower than calculated by the
Kelvin equation for the NaCl-particles, as expected, because these particles
are hygroscopic. On the other hand, for the insoluble hydrophobic Ag-particles
the “critical” saturation ratios were found to be higher than Kelvin’s predic-
tion. Thereby a significant dependence of the heterogeneous nucleation process
on the chemical properties of the aerosol particles has been determined quanti-
tatively.

Aypreliminary comparison with the macroscopic theory of heterogeneous
nucleation was made (Fig. 4). The measured critical saturation ratios for the
Ag-aerosol show a satisfactory agreement with the theory of heterogeneous
nucleation on insoluble particles (Fletcher, 1958), if a contact angle @ in the
range cos @=0.8 is chosen. The critical saturation ratios for NaCl-aerosols,
however, deviate significantly from the Kohler curve, as calculated by
Cinkotai (1971).

The above results provide further information concerning the detection
limit and response of condensation nuclei counters for different particle
materials.
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The association between bacteria and rain
and possible resultant meteorological implications

D. C. SANDS, V. E. LANGHANS, A. L. SCHAREN * and G. de SMET, Plant Pathology Department,
Montana State University Bozeman, Montana 59717 U.S.A.

A baktériumok és a csapadék kozitti kapcesolat és a lehetséges meteoroldgiai kévetkezmények.
Pseudomonas syringae csoportba tartozd jégmagvasité baktériumokat izoldltunk zéporesék
cseppjeibdl, amelyeket 180 és 2500 m kozotti magassagban gabonaféldek folott gytjtottiink.
Ezek a jégképz6 baktériumok valészintileg névényi kérnyezetben élnek mint kérokozok
vagy epifitak, mivel fluoreszcens, hiperérzékenységet kivalté pszeudomonddokat méds
kornyezetben eddig nem talaltak. Szaraz évek szaraz napjain és nedves évek telén végzett
mérések nem mutattak ki ilyen jégképzé baktériumokat. Kvantitativ eredmények el-
éréséhez nyilvanvaléan tébb éven 4t végzett, szamos mérésre lenne sziikség. Hipotézisiink
szerint ezek a koérokozok vagy epifitak a csapadék-indukciéhoz vezetd ciklus egy részét
alkotjak, amelyet a vegetacié feldusulasa kovet, ez viszont megnévekedett jégképzo
baktérium produkciéhoz vezet. A mikrébak altal el6idézett csapadék a bio-precipitécios
ciklus fontos Gsszetevéje. Ez a ciklikus jelenség megnévekedett vegetdcidt és biomassza-
produktivitast eredményezhet adott foldrajzi teriileten, vagy csékkent termékenységet és
elsivatagosodést.

*

The association between bacteria and rain and possible resultant meteorological wmplica-
tions. Ice-nucleating bacteria, of the Pseudomonas syringae group, were isolated from
raindrops in rainstorms at elevations from 180 to 2500 meters above cropland. These ice-
nucleating bacteria were probably from plant habitats as pathogens or epiphytes, because
oxidase negative, fluorescent, hypersensitivity-inducing pseudomonads have not been found
in other environments. Overflights in dry years on dry days and all flights during the
winter in wet years failed to produce these ice-nucleating bacteria. Clearly, more over-
flights are needed, over several years, to quantitate these findings. Our hypothesis is that
these pathogens or epiphytes are a component of a cycle involving rainfall induction,
followed by enhancement of vegetation, leading to increased production of ice-nucleating
bacteria. Microbial-induced precipitation is an important component of proposed bio-
precipitation cycles. Such cyclic phenomena may result in increased vegetation and bio-
mass productivity of a geographical area or decreased productivity and desertification.

*

Introduction. Plant parasitic and epiphytic bacteria in the genera Pseudo-
monas and Erwina are capable of nucleating ice formations in supercooled
water (Arny et al., 1976). Frost injury, initiated by these bacteria, is a problem
in temperate agriculture. Data presented here indicate that some of these ice-
nucleating bacteria are assimilated into rainstorms and these may be carried
long distances. In this paper we present microbiological evidence that supports

the existence of a “‘bio-precipitation” cycle. With this as a mechanism, we .

speculate as to the influence of activities such as plant disease control, land
clearing, and agricultural practices upon the cycle.

* USDA, ARS
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Eaxperimental procedures and results

In 1978, in north-eastern Montana, a 360 hectare non-irrigated field test
of a chemical seed treatment to control bacterial leaf blight on spring wheat
caused by the bacterium Pseudomonas syringae, failed when the entire field
exhibited symptoms of the disease even though a laboratory assay (7'able 1)
had confirmed the effectiveness of the seed treatment. Uniform symptom
development in the field indicated that the bacteria had probably been distri-
buted simultaneously throughout the field and had not emanated from a point
source over a period of time. Additionally, P. syringae could not be isolated
from the soil at the time of planting in the spring or from the previous
year’s wheat crop stubble (Table I). Dry land conditions eliminated irrigation
water as an inoculum source.

TABLE I

Soil and plant material samples containing P. syringae that were taken after the 1977 harvest
of a Montana spring wheat field

Date # Samples # Samples with P. syringae*
October, 1977 10 (straw, post harvest) 5 (=1000/gm sample)
April, 1978 10 (straw) 0 (<=1000/gm sample)
April, 1978 5 (soil) 0 (<=100/gm soil)

May, 1978 1 (seed sample treated) 0 (none on 200 seeds)
June, 1978 10 (seedling samples) 10 (=1000/gm sample)

* BCBRVB Selective Medium and Negative Oxidase Test (Sands et al., 1980).

Having eliminated these alternative pathogen sources, samples were taken
of the atmosphere at ground level, and at approximately 180 m intervals to
2,500 m above this general area and above similar fields in the Gallatin Valley
to determine, if the pathogen was being introduced by wind or rain. Sampling
was accomplished using petri plates of the highly selective BCBRVB medium
for fluorescent pseudomonads (Sands et al., 1980). Plates were exposed to the
atmosphere for 10 s in dry air, or until nearly confluent, when exposed during
rain. Sampling was done both on the ground and from an airplane at cca
270 km /h airspeed. The exposed plates were incubated at 27°C for 48 h and the
fluorescent pseudomonad colonies were identified using long-wave ultraviolet
light (UV). The fluorescent colonies were transferred to petri plates of medium
B (King et al., 1954), to which had been added 100 ppm cycloheximide (Sigma
Chemical Co., St. Louis, MO). The fluorescent pseudomonads thus obtained
were tested for the presence of oxidase and for hypersensitivity on tobacco
(Sands et al., 1980).

The test results (7'able I1) show that all the isolates of P. syringae obtained
from rain clouds in 1978 were oxidase negative, elicited a hypersensitive
reaction on tobacco (Klement, 1967), and produced toxins on potato dextrose
agar that were inhibitory to the growth of Rhizobium sp. and Rhodotorula sp.,
thus indicating that they were plant pathogenic or epiphytic members of the
Pseudomonas syringae group (Sands et al., 1970 and 1980). Similar results
were obtained during other flights conducted during the same year.

These examples of P. syringae were found in the air, rain, and hail samples
taken at altitudes ranging from ground level (1,400 m above MSL) to 2,500 m
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above ground level. Exceptions were an oxidase positive fluorescent pseudo-
monad collected inside the cabin of the airplane and a similar isolate collected
at ground level at the airport. Also, ali but one of the oxidase negative bacteria
were able to induce ice nucleation at —4°C when added to water at a final
dilution of 10¢ cells/ml. No fluorescent bacteria were obtained when samples
were taken during the winter months of 1978. In 1979 and 1980 the summer
months were characterized by a lack of the normal large west to east flowing

TABLE I1

Laboratory results of rain and ice samples taken October 6, 1978, over the Gallatin Valley in Montana*

AGL

Sample N Altitude (m)? . Condition Fluorescence  Oxidase test INA (—4°C)
1 180 m Rain e = +
2 700 m Rain iz % s
3 700 m Rain L = +
4 1800 m Ice ot i ot
5 2500 m Ice - = e

1 In this flight, 10 bacteria were found in cca 80 ml of rain and/or ice
2 Most specimens taken at the 180 m sampling intervals contained no P. syringae

frontal systems. Very infrequent summer rain was from small localized show-
ers. No plant pathogenic fluorescent pseudomonads were obtained during
this period with the exception of one isolate in 1980. Only a few non-pathogenic,
fluorescent pseudomonads were isolated in these two years.

Previous reports have not documented the occurrence of plant pathogenic
bacteria in the atmosphere, except within the canopy of infected field crops
or orchard trees (Walker and Patel, 1964). The presence of microbes in the
atmosphere was studied as early as 1878 (Gregory, 1961), but most research has
concentrated on fungal spores and their long distance dissemination by wind
(Hirst and Hurst, 1967), (4Asai, 1960). In recent years, aerobiologists have also
given much attention to the presence of ice-nucleation active (INA) bacteria
in the atmosphere (Schnell and Vali, 1976), (Vali et al., 1976), (Carney et al.,
1975). INA bacteria have also been found on living and dead plant material
(Schnell and Vali, 1972 and 1973), (Maki et al., 1974), (Lindow et al., 1978)
and are believed to be responsible for initiating frost damage on many crops
(Macellos and Single 1976), (Arny et al., 1976). P. syringae, a plant pathogen
with a wide host range, may also exist as an epiphyte on non-host plants
(Crosse, 1966 and 1969), (Dowler and Weaver, 1975) and can survive on plant
refuse (Latorre and Jones, 1979), thus providing an inoculum reservoir even
in the absence of host crops. We have found P. syringae on fungal spores of rusts
and smuts of wheat and barley.

The presence of INA plant pathogenic bacteria in rainstorms leads to the
speculation that an inter-relationship may exist between INA plant pathogenic
bacteria and the weather. A one-way relationship almost certainly exists wherein
the bacterium is dependent on rainstorms for both plant-to-plant and

field-to-field spread. But does the reciprocal relationship also exist? Are rain-

storms influenced by the presence or absence of INA bacteria? Prerequisites
for this are: (1) a mechanism must exist by which bacteria can be readily
taken up into the atmosphere; (2) the bacteria must be ice nucleators and
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- present in sufficient number to be effective; and (3) conditions must sometimes

exist such that ice nucleation is the limiting factor for rainfall initiation.

The upward movement of bacteria into the atmosphere was demonstrated
by Schnell and Vali (1976) who found that plant litter releases INA bacteria
into the atmosphere as does water splash (Walker and Patel, 1964). Once free

- of plant surface, the bacteria might be easily carried to high altitudes by the

updrafts which usually occur during rainstorm formation. Bacteria may also
be carried into the atmosphere on the surface of fungal spores (Sands and
Scharen, 1978).

Not as well documented, but still probable, is the ability of INA bacteria
to induce rain. Some strains of P. syringae can induce ice nucleation at temper-
atures as high as —1°C to —4°C (Maki and Willoughby, 1978). Ice formation
in the absence of nucleating agents normally requires temperatures as low
as —40°C. Thus, INA bacteria could induce water vapor to nucleate, forming
ice crystals and rain. This has been demonstrated in cloud chamber experiments
(Maki and Willoughby, 1978). The association of bacteria with fog (Carney
et al., 1975) and rain and hail give circumstantial evidence that bacteria can
induce rain.

The implications of a two-way relationship between rain and bacteria are
far-reaching. It is possible that the reduction of bacterial populations on
cultivated crops could actually affect the climate. Therefore we may ask, is it
possible that the desertification occurring in eastern Africa (the Sahel) may be
due in part to the destruction of sources of INA bacteria by overgrazing with
a subsequent decrease in rainfall, thus initiating a cycle which allows neither
the vegetation nor the climate to return to normal?
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Concentration and nature of biogenic ice nuclei
over the Arctic Ocean
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Biogén jégmagvak koncentracidja és természete az Eszaki-Jeges-tenger féltt. A tenger
folott kilonboz6 magassdgokban gytijtott levegédmintdakban legalabb kétfajta baktérium és
ot kiilénb6zé gombaspéra talalhaté, amelyek vizeseppek fagydsat magas hémérsékleten
kivalthatjak. A megfigyelések szerint a fagyéasi hémérséklet logaritmikusan emelkedik az
egy cseppben 1évé sejtek szaménak névekedésével, majd a fajtatél fiiggéen maximdilis
értéket ér el. A baktériumok hatékonyabbak, mint a gombaspérak, de a spérikkal ellen-
tétben laboratériumi névesztés esetén elvesztik aktivitdasukat. A mikroba-sejtek maximalis
koncentracioja felh6kben 10 1-1, mig felh6kon kiviil 11-1. Ennél azonban jéval nagyobb
koncentraciokat figyeltek meg 7 km-es magassagig, jéggel boritott tengerek folott.

*

Concentration and nature of biogenic ice nuclei over the Arctic Ocean. Air samples
collected at several heights above the Arctic Ocean contained at least two types of bacteria
and five different fungal spores which could elevate the freezing temperature of water
droplets. It was observed that the freezing temperature increased logarithmically with
the number of cells per drop up to a maximum temperature dependent upon species.
Bacteria were more effective than fungal spores but, unlike the spores, they lost their
activity under laboratory growth conditions. Maximum concentration of nearly 10 microbial
cells 1= oceurs in clouds and one cell 1-1 in air outside clouds. However, numbers and
varieties of microbial cells in excess of those found near sea ice surface level were observed
up to 7 km.

*

Introduction. During the past decade, research on composition of ice nuclei
has shown that certain bacteria act as effective ice nuclei. Soulage (1957)
suggested that bacteria may act as ice nuclei and showed that bacteria cells
nucleated ice crystals in a cloud chamber. Recently Schnell and Vali (1972,
1973, 1976) have shown the presence of freezing nuclei associated with decaying
leaves and marine plankton. They suggested that these biogenic nuclei may
constitute a significant fraction of the atmospheric ice nuclei. Investigations
by Vali et al. (1976), Maki and Willoughby (1978) have shown that the develop-
ment of these biogenic nuclei depended upon the presence of bacteria of the
genus Pseudomonas. The activity of this particular genus in ice nucleation had
been shown earlier in the laboratory by Maki et al. (1974).

Bacteria active as ice nuclei have been isolated in laboratory cultures
from plant surfaces (Lindow et al, 1978a), rain or snow (Maki and Willoughby,
1978), and hail (Mandrioli et al., 1973). The type of bacteria isolated in these
mstances also belongs to the genus of Pseudomonas and in the case of plant
surfaces, Lindow et al. (1978b) isolated strains of Erwina herbicola as well.
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Presence of a variety of genera of hacteria in the atmosphere is well docu-
mented. Early description of microbiological studies in the atmosphere over the
non Arctic regions in Canada is reported by Kelley and Paddy (1953) and for
the upper atmosphere by Fulton (1966). A summary of these invetigations is
found in Gregory (1961). These bacteria were alive and their concentration,
although depended on the type of air mass, varied from 0.2 to about 0.01
per liter.

Although the ice-nucleating activity of Pseudomonas has been confirmed
in the laboratory and variety of different species including Pseudomonas has |
been found in the atmosphere, there are no reports of ice-nucleating bacteria
being isolated from the atmosphere. Clearly biogenic ice nuclei derived from
leaf, soil, and marine sources should be expected in the atmosphere carried
aloft with air masses. Mechanisms for injecting these nuclei to the atmosphere,
especially from the ocean, are well documented (Blanchard and Syzdek, 1972,
1974).

In this paper we describe the isolation of ice-nucleating cells (L.N.C.)
from air samples collected over the Arctic Ocean up to an altitude of 7 km.
Many varieties of bacteria and fungal spores were isolated in clouds in proxim-
ity to clouds and in clear air. We present here results of experiments to
induce water freezing using a variety of such bacterial cells and fungal spores.
It is clear from our data that many of these I.N.C. are viable and active to
a greater or lesser extent in initiating ice formation in clouds.

Approach and methods

Sampling of air for the presence of bacteria was done as a part of the
Arctic stratus experiment conducted in the Beaufort Sea area of the Arctic
Ocean during June 1980. The National Center of Atmospheric Research
(U.S.A.) aircraft ‘Electra’ flew six missions into this region.

The aircraft carried an air sampling device, where microbial cells can be
collected on sterilized filters. With this system, the only possibility that aircraft
air could contaminate the filters was during the transfer of filters from their box
into the holder of the sampler. As such, some filters were left exposed in the
aircraft cabin and few others were moved about the cabin to determine the
possible contaminants. Sampling for microbial cells was done during two flights H
on June 28 and 30, 1980. The June 28th flicht was from Eielson AFB, Alaska |
to Barrow, Alaska and then to a location of approximately 78°N and 155°W.
The June 30th flight was from Eielson AFB to Prudhoe Bay, Alaska and then
on to a location of approximately 73.5°N and 134°W (Fig. 1). During both
these flights air was sampled for microbes at regular intervals during the
entire flight which lasted about 7 h at altitudes of 30 m to 7 km. The sampling
rate was maintained at an indicated 20 liters per minute and air flow rates
were calculated from recordings of incoming and outgoing pressures. The
sampling duration was chosen to coincide with the length of a flight leg, in
which the aircraft flew at a constant altitude and heading.

(a) Preparation of the specimens. Membrane filters with samples from clouds
and air and the background (control) filters were cut in half, and one half each"
was split in three, placed on agar growth medium and examined for microbial
growth. The other half was also split in three. One third was examined for
the presence of bacteria using a scanning electron microscope (SEM), while the
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other two were suspended in liquid nutrient broth of either sea water, potato
extract, or blood infusion.

Bacteria that grew in the nutrient solutions and agars were suspended in
triple distilled water and enumerated using a Klett densitometer, calibrated
using a haemocytometer. ] :

Fungal spores were separated from fungi by growing on solid agar by
tapping the back of the plates being held over glass slides and then adding

Fig. 1: A map showing the flight paths (dashed lines) on June 28, 1980 (1) and June 30, 1980 (2).
Che solid line shows the air trajectory at 850 mb on June 28, 1980. Crosses denote the location
of the air mass on the three previous days

v few drops of sterile water to float the spores. Subsequently, spores were

reated in the same manner as the bacteria to calculate spore concentration
ver volume of water.

(b) Drop freezing. The ice-nucleating activity of microbial cells was meas-
red using the drop-freezing technique developed by Vali (1971) and modified
ater by Schnell (1979).

Control experiments were done by measuring the freezing temperature
f triple distilled water drops of size 0.5 ul. The freezing temperature was
lefined as that temperature (7'y;) at which 48 of the 50 drops froze.

Determination of the freezing temperature of drops containing bacterial
eils or fungal spores was performed as above for pure water. For each cell
oncentration experiment was replicated ten times. Experiments were perform-
d for all the different species of bacteria and spores isolated from the filters.
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Initially, a concentration of 100 cells per drop was used to distinguish those
that act as biogenic nuclei. Active cells were further tested using concentra-
tions from 2 to 10* cells per drop.

The freezing experiments were done in two series, the first about 3 months
after the samples were collected, and the second 10 months afterwards. Be-
tween series, bacterial and fungal spores were maintained in refrigerated
cultures.

Fig. 2 : A: The most active bacterial strain;
B: Pseudomonas sp.; C: Penicilliwm daigitatum
(fungal spore)

Results

(a) Ice-nucleating activity. In the first series of experiments we found two
strains of bacteria and five different fungal spores capable of elevating the
freezing temperature of water. The most active was an unidentified micro-
bacterium shown in Fig. 2a. The T, for this strain as a function of the number
of cells per 0.5 ul drop is shown in Fig. 3. It is noteworthy that when the cell
concentration/drop was =20, the 7y remained constant to within 0.5°C.
For concentrations < 20 cells/drop, an exponential curve can be fitted for
T,, as shown in Flig. 3.

The constancy of 7' for more than 20 cells per drop indicates that this
strain of bacterium under conditions of the first experiment has a 5%, proba-
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bility of nucleating a water drop at —4.0°C, an elevation of more than 20°C
over that of pure water under identical conditions. The Pseudomonas strain
Fig. 2b was also active as an ice nucleus with about a 109, probability of
nucleating a water drop at —9°C.

The fungal spores were generally less effective than bacteria. In Table 1
we have listed the 7'y, temperature for effective fungal spores having 100
spores per drop.
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Fig. 3: Freezing characteristics of bacteria  Fig. 4: Comparison of freezing temperatures
type A for two strains of bacteria and one fungal
spore

In Fig. 4 we have plotted the best fit exponential curves for the two,
active bacterial strains (4 and B) and for the Penicillium spore (Fig. 2c).
For all these experiments triple distilled water 7'y, was between —24°C and
—26°C.

During the second series of experiments, the original bacterial strains
showed no significant increase in 7Ty over that of pure water. On the other
hand, no loss in activity was found for fungal spores.

Comparison of the results for the first and second series of experiments
showed that long-term growth in nutrient cultures does not affect the activity
of spores, but markedly deactivates bacterial cells.

TABLE I

Tye for five ice-nucleating fungal spores found in the Arctic atmosphere

Species Color Lot 26

Penicillium digitatum beige —10.0
Cladosporium herbarum beige -15.0
Penicillium rotatum dark green —22.0
Penicillium frequenten light green —22.5
Rhizopus stolmifera brown —-23.0

[Tripple distilled water Ty = —24 to —26 °C]
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(b) Concentration of bacteria and spores. 1t can be estimated from the SEM
counts of microbes, after correction for the sampling effects as indicated by
Fuchs (1964), that concentrations (10 cells I-') were highest inside clouds.
Outside clouds, the concentrations were lowest, particularly above the ice
surface, then reached a maximum of about 1.0 cell I'* near the cloud heights,
and decreased slowly up to the maximum sampled level of 7 km.

The most significant observation here is the substantial difference that
occurs between the concentration within and without clouds. It is conceivable
that cloud movement through air may concentrate microbial cells by adhering
them to water droplets.

Summary and conclusions

Air samples collected over the Arctic Ocean as far north as 76°N and at
altitudes up to 7,000 m showed the presence of at least 10 viable bacterial
species and 31 fungal spores. The species variety and numbers of microbial
propagules found aloft exceed considerably those observed on the surface and
in the soil near the Arctic Ocean (Flanagan and Scarborough, 1974 ; Bunnell
et al., 1980). During the two days of experimentation the air at 850 mb and
500 mb showed a southerly flow coming over the North Pacific and Alaska
( Fig. 1). The incerase in the variety of bacteria and fungi suggests that transport
over considerable distance has occurred (P. digitatum is commonly found
associated with citrus fruit disease and other temperate and sub-tropical crops,
Raper and Thom, 1968) and that the species have survived such transport
under the temperature and pressure conditions aloft.

The activity of bacteria as ice nuclei seems to depend very heavily on
the morphology and/or physiological state. This is evident in the substantial
decrease of the ice-nucleating activity of types shown in Fig. 2a and b after
a ten-month incubation in a culture collection, where the culture was
transferred twice. During this period the average length of these cells had
increased from 0.2 u (Fig. 2a) to 1.1 u. Cells were more elongate, though their
colorations were identical.

We believe that our present experiments are noteworthy because (1) a
wide variety of bacteria exists in the atmosphere of which some may
nucleate water droplets at temperatures as high as —4°C; (2) because of their
hydrophilic nature bacteria and especially fungal spores readily form water
droplets, hence nucleation could occur through the more efficient condensation
freezing process; (3) ice nucleation of microbial cells in vitro is determined by
some surface morphology and is influenced by some unknown growth phenom-
ena occurring during culturing. Whether this is a reversible process or not
may become clear from our planned future experiments; (4) fungal spores can
constantly nucleate water droplets. Although they are not as active as
bacteria, the spores retain their activity during successive cultivation transfers
in nutrient agar.
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The 1980 International Cloud Condensation Nuclei Workshop

W. C. KOCMOND, C. F. ROGERS, U. KATZ and ]. G. HUDSON, Desert Research Institute University
of Nevada System, P.0.B. 60220 Reno, Nevada 89506 and ]. E. JIUSTO, Atmospheric Sciences Research
Center State University of New York, Albany, New York, 12222, U.S.A.

Nemzetkizi munkaillés 1980-ban a felhl-kondenzdacidés magvak méré médszereinek éssze-
hasonlitasara. A felhé-kondenzaciés magvak (Cloud Condensation Nuclei, CCN) téméaval
foglalkoz6 harmadik nemzetkézi munkaiilést 1980. oktéber 6 —17. kozott rendezték meg
a Reno-i (Nevada 4llam) Sivatag Kutaté Intézetben. A munkaiilés célja — melyen 20 intézet
képviseletében 39 szakember vett részt — a kiilénb6zé CCN méré médszerek osszehasonli-
tasa volt, emellett néhany alapveté tudoményos kisérlet elvégzése. Huszonét miiszert
hasonlitottak Gssze, beleértve a részecskenagysag meghatdrozasara szolgalé miiszereket
és két Aitken-szamlalot. A teszt aeroszolt a rendszerbe kapesolt generator szolgaltatta, ezzel
elkeriilhet6vé valt a tarold tartalyok hasznalata. A munkaiilés két hete alatt nyert leg-
fontosabb megallapitasok a kévetkezék: 1. Monodiszperz és polidiszperz teszt aeroszolok
allithatok el tiszta old6dé sébdl 39, érankénti stabilitdssal. 2. A kilenc statikus difftiziés
kamrabdl (SDC) az 6t legjobb atlagban 209, -on beliil egyezett meg az NRL mozgékony-
sag-analizatorral és 109, -on beliil, ha a tultelitettség 19, volt. 3. Az 6t folyamatos dramu
diffaziés kamra (CFD) koziil négy 159, és 20%-on belil egyezett meg egymassal, ha a tual-
telitettség rendre 0,79, és 0,39, volt. 4. A legjobb CFD-k és SDC-k 159%-on beliil egyeztek
meg egyméssal. 5. A négy izotermikus koédkamra koziil kettd megegyezik egymassal
409,-on beliil. 6. Az eredmények analizise szerint a miiszerek tébbsége alapjin megbecsiilt
felh6-kondenzéciés mag spektrum délése (k) és a szaraz aeroszolnagysag spektruménalk
ismert délése (f) megkozelitette a k=2/3 f elméleti Ssszefiiggést.

*

The 1980 International Cloud Condensation Nucler Workshop. The Third International
Cloud Condensation Nuclei Workshop was held at the Desert Research Institute, Reno,
Nevada, October 6 —17, 1980. The goals of the Workshop were to intercompare CCN
measurement technologies and to perform a limited number of experiments of fundamental
scientific interest. A total of 39 scientists representing 20 institutions were in attendance.
Twenty-five instruments were tested including size characterization devices and two Aitken
counters. The test aerosols were supplied to the instruments by an on-line generation
system, thereby eliminating the need for storage bags. Some of the main conclusions
reached during the two-week Workshop were as follows: (1) Test aerosols of pure soluble
salts, both monodisperse and polydisperse, can be provided with stability in output
concentration to about + 39, per hour; (2) Of nine static diffusion chambers (SDC), the
five best units (averaged) agreed to within 209 of the NRL mobility analyzer and to
within 109, at 19, supersaturation; (3) Four of the five continuous flow diffusion (CFD)
chambers agreed with each other to within about 159, at 0.79, supersaturation and about
209, at 0.39, supersaturation; (4) The best CFD’s and SDC’s agreed to within about 15%;
(5) Two of four isothermal haze chambers agreed with each other to within about 409%;
(6) Analysis of the results showed that most instruments’ estimation of the CCN spectral
slope, k, and the known dry aerosol size distribution slope, §, confirmed the theoretical
relationship k=2/3 B.

*

Introduction. The 1980 International Cloud Condensation Nuclei (CCN)-
Workshop was the third meeting of its kind, continuing in the tradition of the
first and second workshops held at Lannemezan, France, in 1967, and at
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Fort Collins, Colorado, U.S.A., in 1970. Ice nuclei counters were not included,
as a separate workshop to assess progress in their technology was held in
1975 at Laramie, Wyoming, U.S.A. The earliest planning for the 1980 Work-
shop was carried out by an Ad Hoc Commission of the International Committee
on Cloud Physics (ICCP), appointed by Professor H.-W. GQeorgii and with
Dr. J. Jiusto as chairman. Following acceptance of an offer by the Desert
Research Institute to host the meeting, a Steering Committee (A. Gagin,
J. Jiusto, J. Kassner, W. Kocmond, J. Megaw, L. Radke, R. Ruskin) was
appointed by the Ad Hoe Commission, to proceed with the planning of the
specific logistical and scientific details of the meeting. Funding was provided
by the National Aeronautics and Space Administration and the National
Science Foundation.

The Steering Committee in its deliberations had a number of scientific
questions to consider. First, the stated goals of the Workshop included not
only instrument intercomparisons, but also utilization of the large number of
instruments expected to be present at the Workshop to perform one or two
experiments of basic relevance to aerosol science. In the first case, CCN
counter technology had advanced considerably since the 1970 Workshop,
as for example illustrated by the appearance in several laboratories of contin-
uous-flow diffusion (CFD) CCN counters in the intervening years. Comparison
of these devices to the older standard Twomey-type “static’” diffusion chambers
was identified as a Workshop goal, as well as evaluation of isothermal haze
chamber (IHC) performance.

In addition, the Steering Committee addressed the question of experiments
of basic scientific relevance by suggesting tests of the Kohler theory of pure
soluble aerosols and the Volmer theory of insoluble, wettable aerosols, and
examination of the theoretical relationship between the slope, %, of the cumu-
lative number-versus-critical supersaturation spectrum curve, and the slope of
the dry aerosol size distribution.

The advances in CCN counter technology were matched by advances in
the technology of generating and size-characterizing of aerosols; an early
Steering Committee decision was to generate aerosols ‘‘on-line” during the
axperiments, without recourse to a storage bag. The Naval Research Labora-
tory’s electrical mobility analyzer was adopted as the aerosol sizing standard.
Further Steering Committee recommendations included: (a) that aerosol con-
centrations should be in the range of 1,000 — 2,000 em=3 to a few hundred ¢cm—2
yver the supersaturation range of 1.0%, to 0.1%,; (b) aerosol composition should
nclude NaCl, (NH,),S0,, and Agl; and (c) aerosols would be provided via
1 sampling duct to each instrument, under slight positive pressure. The
Steering Committee recommendations were passed on to a local committee at
she Desert Research Institute for implementation.

TABLE I
CCN Workshop participants

Name/ Affilvation 1 Instrument ; Name/Affiliation Instrument

N o 3 |
. |
or. Jeffrey B. Anderson ‘ - Mr. R. Leaitch 1 Diffusion
JASA-MSFC i York University y ' Tube
1

or. Greg Ayers | SDC Dr. Ray McKenzie | Pollak TSI
JSIRO | National Bureau of Standards |

(Continuation on the next page)
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Namel Affﬂz'alion

$

|
Instrument

Name| Affiliaticn

Dr.

[ i ! Instrument
| |
Dr. Darryl Alofs CFD Dr. William H. Mach CFD
Univ. of Missouri-Rolla Florida State University | Impactor
Mr. Randolph D. Borys SDC Mr. Thomas R. Mee | SDC
Colorado State University | Mee Industries, Inc. |
Mr. Jack Dea Aero. | Dr. W. J. Megaw | Diffusion
Desert. Research Institute Gen. | York University Tube
Dr. 8. Domonkos 4SS CFD | Dr. Sherm Neste ! =
University of Washington | General Electric Company |
|
Dr. L. R. Eaton = Ms. Hana Nuzitsa 1 SDC
General Electric Company Hebrew University “
Dr. J. Fitzgerald IHC Dr. T. Ohtake . Impactor
Naval Research Laboratory University of Alaska } Photomicro.
Dr. Abe Gagin SDC Dr. Myron Plooster ‘ -
Hebrew University Denver Research Institute !
Dr. Herman E. Gerber = Ms. Marsha Politovitch | SDC
Naval Research Laboratory University of Wyoming ‘
Dr. Edward Hindman IT ITHC Dr. Lawrence F. Radke ‘ 4SS CFD
Colorado State University University of Washington [
Dr. W. A. Hoppel, Code 4320 Aero. Dr. C. Fred Rogers | DRI-NASA
Naval Research Laboratory Sizing | Desert Research Institute ‘ CFD
Mr. Richard Hucek CFD Dr. David Rogers | 8DC
Florida State University Impactor University of Wyoming | Aero. Siz.
Dr. James G. Hudson CFD, 3SS, Dr. R. Ruskin ‘ SDC
Desert Research Institute CFD IHC Naval Research Laboratory [
Dr. James Jiusto | SDC | Dr. V. J. Schaefer : =
State Univ. of NY at Albany ! | State University of New York |
Dr. J. Kassner CFD J Dr. R. Serpolay | SDC
Univ. of Missouri-Rolla | Université de Clermont |
|
Dr. Ulrich Katz Aero. ' Dr. Patrick Squires [ -
Desert Research Institute Gen. | NCAR ‘
Vernon Keller - | Dr. D. Stein ‘ -
NASA-MSFC Institut fiir Met. und Geophy. l
Mr. Gary Keyser DRI-NASA | Mr. M. Trueblood | CFD
Desert Research Institute CFD Univ. of Missouri-Rolla \
Mr. Malcolm Kitchen SDC \ Dr. Sean Twomey ‘ =
British Meteorological Office ' University of Arizona
i
Prof. Warren C. Kocmond, DRI-NASA | Mr. C. H. Wilson | -
Desert Research Institute CFD | NASA Langley Research Center |
\
Dr. G. Q. Lala | SDC | Mr. T. Wojciechowski SDC

State Univ. of NY at Albany

Naval Research Laboratory

The participants and their instruments are listed in Zable I. There were
39 participants representing 20 institutions, and 25 total instruments including
size characterization devices, and two Aitken counters.

1. BExperimental facilities

Figure 1 shows the aerosol supply duct in plan view; the duct itself was
aluminum tubing 8.2 ¢m in inside diameter. Participants sampled aerosols over
a 16 meter length of the duct, through which the volume flow rate was in the
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range 200 L min! to 700 L min~'. No differences in aerosol concentration
could be measured between the first and last sampling stations along the duct.

Figure 2 provides a schematic overview of the aerosol generation system.
The bottom of the Figure shows the portion of the 8.2 cm diameter aluminum
sample duct where the pre-existing section and the new extension are connected
by a section containing an axial fan for aspirating the outside (ambient) air
sample. The blower was located upstream of the Workshop sampling area in
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order to achieve a slight over-pressure in the duct and avoid any contamination
of the sample with room air.

When working with artificial aerosols, the large valve adjacent to the axial
fan was closed, and concentrated aerosol was generated with equipment shown
on the top of Fig. 2 and mixed into a 200—600 Lmin stream of filtered
dilution air originating from the compressed air system (thus eliminating the
need for another blower). Most of the artificial aerosol was generated by atom-
izing aqueous NaCl or (NH,),SO, solutions with subsequent drying of the
droplets by dilution with dry air and passage through a diffusion dryer.
Constancy of the aerosol output within the limits postulated by the Steering
Committee (£39%,) was achieved most of the time by using the DRI atomizer
developed under NASA sponsorship.

If a monodisperse aerosol was required, the aerosol generator output was
passed through the Electrostatic Classifier (EC) where the desired size was
extracted ; otherwise, the EC was by-passed. A back-up aerosol generation and
classification system was on hand which incorporated commercial inhalation
atomizers but was otherwise identical with the primary system. Monodisperse
aerosols typically had a geometric standard deviation of about 1.2.

When generating water-insoluble aerosols, the atomizer was replaced by
appropriate glassware and heaters to evaporate and recondense either Agl
(insoluble) or paraffin wax (hydrophobic) in a stream of N..

2. Experimental results

Twenty-nine separate experiments were carried out, only one of which had
to be aborted due to a duct blockage. In Table 11, the experiments are listed
chronologically and described by type of the aerosol involved. Considerably
fewer cases of ambient aerosol were studied than originally planned because
the unusually calm weather caused local aerosol sources to dominate the air
mass and produce severe fluctuations in concentrations. The specifications for
each test aerosol varied from day to day, in response partly to earlier recom-
mendations of the Steering Committee or to suggestions from individual
participants, and included: (a) high and low CCN concentrations; (b) a bimodal
distribution (experiment 10); (c) a test of instrument ability to read accurately
and consistently over a period of time (experiment 21); and (d) a test of the
“zero” of instruments sampling particle-free air (experiment 25). Experiments
27, 28 and 29 utilized Agl and paraffin wax aerosols, to see if nucleation phenom-
ena could be observed on these nominally insoluble aerosols.

The results of the Workshop may be categorized according to generic type
of CCN counter (static diffusion chambers, CFD chambers, IHC’s, etc.) and
according to the basic goals of the Workshop (instrument intercomparisons,
and experiments of basic scientific relevance).

Nine static diffusion chambers (SDC) participated, of which five were
found to perform consistently well. In the experiments utilizing monodisperse
aerosols, the CCN spectra obtained from the SDC’s (or any CCN counter)
can be used to measure the critical supersaturation (S.) of the test aerosol,
and the result compared to the theoretical value obtained by application of
the Kohler theory. The better SDC’s were found to be able to measure S, to
within about +0.1%, supersaturation. Taking the NRL mobility analyzer
concentration values as a standard, the combined average CCN concentrations
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from the five best SDC’s agreed with this device to within 109, at 19, super-
saturation, and no worse than 209, at other settings. The SDC’s were also found
to agree with the CFD chambers to within about 15%, over their common
supersaturation range. The general spread of the SDC data was in excess of
that at the Fort Collins Workshop (1970), but this may be attributed to the
greater number of SDC’s present at the 1980 Workshop, many of which had
been previously untested.

TABLE II

List of experiments

No Date : e
§ A — Ambient; M — Monodisperse; P —Polydispers=

O i ged 7 Oct AM M - (NH,),S0,

l.oriBaes PM P — NaCl — oscillating concentration
2 . Tues PM P — NaCl — higher concentration

3 Wed 8 Oct AM A — quite fluctuating

4 Wed AM M — NaCl — low concentration

5 Wed PM M — NaCl — medium concentration
6 Wed PM A

7 Thurs 9 0Oet AM A — aborted — duct blockage

8  Thurs AM M — NaCl — slight drift down

9% il hurs AM M — NaCl — higher concentration

10 Thurs PM Bimodal — NaCl — “flat &’

11  Thurs PM A

12 Fri 10 Oct AM A

13 et Brt AM P — (NH,).S0,

14  Fri PM P — (NH,),SO,

15" " Fri PM M — (NH,),SO,

16 Fri PM A

17 Mon 13 Oct AM A

18 Mon AM M — (NH,),SO,

19 Mon AM M — (NH,).SO,

20 Mon PM M — (NH,),SO,

21 Mon PM M — (NH,),SO, — time variations
22 Tues 14 Oct AM P — (NH,),80, — medium concentration
23 Tuoes PM P — (NH,),SO, — low concentration
24 Tues PM P — (NH,),SO, — high concentration
25 -Wed 15 Oct AM Filtered air — noise check

26 Wed AM A

27  Wed PM P — Agl, “insoluble”

28 Wed PM M — Agl, “insoluble’

29 Wed PM P — paraffin, hydrophobic

Five continuous-flow diffusion (CFD) CCN counters were present; two of
these (from the University of Washington, and from the Desert Research
Institute) were arranged to simultaneously yield three or four points on a CCN
spectrum. One device was only very recently designed and constructed before
the Workshop and did not always provide data. The other four devices were
often in good agreement with theory and with each other. In measuring the
S¢ of monodisperse aerosols (as discussed above for SDC’s), the CFD chambers
gave values agreeing with theory to within an average of about 0.059%, super-

saturation. The total count data of four of the CFD chambers (excluding

the most recently constructed device) for these monodisperse cases showed
that the CFD’s agreed with each other to within about 15%, (5%, when diffusion
losses were properly accounted for). In polydisperse and ambient cases, the
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' CFD chambers agreed with each other to within about 15%, at 0.79%, super-
saturation, and about 20%, at 0.3%, supersaturation. Most of the discrepancies
could also be explained in terms of aerosol diffusion losses in the sample inlet
systems of some of the CFD chambers.

Only four isothermal haze chambers (IHC) were present, one of which
was newly-constructed at the time of the Workshop. These devices typically
showed a large spread (many tens of percent) in indicated number concentra-
tion, as well as in their measurements of the Sy of monodisperse aerosols.
Two of the devices (one of which is a “‘second-generation” device, technologi-
cally, and the other of which is a “dual-mode” CFD —IHC) agreed to within
about 409, with each other and the NRL mobility analyzer. A third THC
showed this type agreement only at the lower end of the S¢ spectrum and
a factor of 2 agreement otherwise. The counts of all four of the instruments
were generally at least proportional to the count of the NRL mobility
analyzer. It was concluded that the calibration of, and interpretation of the
data from the optical particle counting-sizing sensors in use on the THC’s was
a major factor in analyzing their data, and in comparing two or more THC’s.

There were three novel and prototype devices in operation at the Work-
shop: a “diffusion tube’” CCN counter from York University; a CFD chamber
delivering its output to an impactor (from Florida State University); and an
impactor combined with a humidifying chamber, from the University of
Alaska. It is especially noteworthy that the Florida State University group
used their samples for PIXE analysis, to check the purity of aerosols generated
during the Workshop. These devices all performed reasonably well and detailed
discussions of their design and construction may be found in the complete
Workshop Proceedings volume (as also may be found detailed discussions of
the SDC, CFD, and THC devices).

Two Aitken counters were also present, and served the practical purpose
of monitoring the output of the test aerosol generation system. When mono-

disperse aerosols were being sampled, these devices agreed rather well with
the CCN counters.

The remaining goals of the Workshop —experiments of basic scientific in-
terest — were addressed in part by examination of silver iodide and paraffin
wax aerosols. Both monodisperse and polydisperse silver iodide aerosols were
found to be active as CCN. Use of the monodisperse aerosol allowed a compar-
ison of the measured and theoretical S¢, which were found to be approximately
1.69% and 49, respectively. The reason for the discrepancy is still a matter
oi debate, but the resulting lowering of the S from the theoretical value has
been observed in similar experiments before, and point to the likelihood that
silver iodide prepared for cloud seeding experiments is active as CCN as well.
The paraffin wax aerosol was found to be inactive as CCN.

Drs. J. Jiusto and G. Lala have addressed one of the other questions of
vasic scientific interest, whether the CCN spectrum slope, %, is consistently
velated to the exponent, £, in the power function expression of cumulative
sarticle concentration: Ny, ccr™f. Workshop results did tend to verify the
‘heoretical relationship k= 2/3 8, when 8 was deduced from the size distribution
lata provided by the NRL mobility anlayzer. It was, however, sometimes
1ecessary to evaluate & twice on any given CCN spectrum, depending on
vhether or not the determination was made above or below the inflection point

1sually occurring on the spectrum curve in the vicinity of 0.19, to 0.2%,
jupersaturation.

167



3. Conclusions

The 1980 International CCN Workshop provided an occasion for users of
SDC’s, CFD chambers, and THC’s to intercompare their instruments and to
perform experiments of basic scientific relevance. Salient points to be made
from the twenty-nine experiments include the following:

(a) Test aerosols of pure soluble salts, both monodisperse and polydisperse,
were provided with stability in output concentration to about 3%, per
hour; :»

(b) Five of the best SDC’s (averaged) agreed to within at least 209, of the NRL
mobility analyzer and to within 109, at 19, supersaturation. The coefficient
of variation (o/V) of the five instruments was 0.42 at 0.29%, supersaturation
0.31 at 0.5%, and 0.24 at 1.0%,. These devices could measure the S; of
monodisperse aerosols to within about +0.19, supersaturation;

(¢) Four CFD chambers agreed with each other to within about 159%, at 0.7%,
supersaturation and to 20%, at 0.39, supersaturation, with most of this
discrepancy being accounted for by diffusion losses. All four CFD cham-
bers could measure the Sc of the monodisperse aerosols to within about
+0.059, supersaturation;

(d) The best SDC’s and CFD chambers agreed to within about 15%;

(e) Two of four THC’s agreed with each other to within about 409 ;

(f) Workshop results were generally in confirmation of the theoretical relation-
ship between the CCN spectral slope, £, and dry aerosol size distribution
slope, f8, in the form £=2/3 f. It was necessary, however, to evaluate £ on
each side of inflection points in the CCN spectra, which typically occurred
around Sc=0.1%, to 0.2%,.

Acknowledgements. This work was sponsored by the National Aeronautics
and Space Administration, Grant No. NAS8 — 33820, and the National Science
Foundation, Grant No. ATM79 — 21558.
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A new cloud condensation nucleus counter
T. OHTAKE, Geophysical Institute University of Alaska, Fairbanks, Alaska 99701, U.S.A.

Uj felhé-kondenzdciés mag szamldlé. Az individualis felhé-kondenzéaciés magvak (CCN)
kémiai 6sszetételének tanulményozésa végett aeroszol részecskéket gytijtottiink mikroszkép
lemezeken elektrosztatikus precipitator segitségével. A részecskéket ezutan egy kis kamra-
ban higroszképossagi vizsgalatnak vetettiik ald kiilonbozé nedvességi -feltételek kozott.
A részecskéken kondenzalédott vizeseppek szaméabél hatéroztuk meg a CCN koncentriciot.
A kondenzaciés magvakat elektron energia-spektrométerrel vizsgalva azt tapasztaltuk,
hogy az Alaszkaban gylijtétt CCN-ek ammoénium-szulfatot tartalmaznak. Az energia
diszperziv rontgen spektrométerrel végzett mérések szintén kén jelenlétére utaltak a kon-
denzaciés magvakban.

*

A new cloud condensation nucleus counter. In order to investigate the chemical compo-
sition of individual cloud condensation nuclei, aerosols are collected on slide glasses by an
electrostatic precipitator. The particles are later subjected to hygroscopicity tests in a small
chamber under various humidity conditions. Optical micrographs showing numbers of
water droplets condensed on the aerosol particles give concentrations of CCN. Examination
of the CCN by an electron energy loss spectrometer revealed that a CCN particle collected
in Interior Alaska contained (NH,),SO,. The X-ray energy dispersive spectrometer
technique independently identified sulfur in the CCN particles.

*

Unlike typical cloud condensation nucleus (CCN) counters, this device
:ounts the numbers of water droplets condensed on aerosol particles sampled
o a microcover glass at various different relative humidities. The relative
wumidities ranged from 759, to a calculated value of 1109,. A schematic of
ihe apparatus is shown in Fig. 1. The individual CCN can be identified in an
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' optical micrograph and an electron micrograph for finding their size distri-
' butions and their growth rates, and may be inspected for their chemical compo-
- sition later.
| Sampling is made onto microcover glasses or electron microscope grids
' by means of an electrostatic precipitator and a vacuum pump. The sampling
system allows collection of particles between 0.01 and 10um diameter in an air
: volume of 0.001 to 1 cm?® on an area of 0.2 mm by 0.3 mm of a substrate (0.25
. mm thick) as a uniform distribution (Liu, et al., 1967). The cover glass is then
- transferred to the small humidifying chamber, where temperature is controlled

Fig. 2c: Same as Fig. 2b except calculated relative humidity is 1019,

oy a thermoelectric cooler at the bottom of the chamber. The chamber has a
slosed glass top and is connected to a controlled humid air supply, which
sonsists of an air pump and a bottle with saturated aqueous solution of sodium
chloride, giving an equilibrium relative humidity of 75%, in the temperature
range between 20°C and 70°C.

As the cover glass is cooled down by applying a direct current to the
‘hermoelectric cooler, it is chilled to a lower temperature producing a relative
wmidity of 100%,. Additional current produces relative humidities beyond
vater saturation. The exact saturation point is identified by the observation of
lew on the cleaned cover glass which was previously cleaned and coated with
uminum, using vacuum evaporation to form a mirror on its backside, leaving
he center portion uncoated. Simultaneously, the temperature difference
vetween the cover glass and the air is observed by means of a thermocouple
ind a microvolt meter from the starting point of cooling, giving the “0”
reading. Humidity values are determined from interpolation and extrapolation
E»f the microvolt reading at the point dew forms. A typical microvolt reading
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at the dew point is about 100 uV, representing a 25%, humidity difference. In
this case, every 4 uV change indicates a 19, relative humidity change. Conse-
quently, an 8 uV reading, higher than that necessary to obtain the dew point,
gives a nominal 2%, supersaturation. Due to various cooling water tempera-

Fig. 3: Electron micrograph of CCN collected
on June 19, 1981 at Fairbanks, Alaska

tures, the reading at the dew point has been found to change slightly. Although
poor resolution of supersaturation due to difficulties in determining accurate
temperatures was found to be a disadvantage (accuracy of humidity value is
2%, RH), the technique seemed practically suitable for CCN observations in
the natural atmosphere. In the humidifying chamber the highest humidity
seems to reach 1029, RH for a short time and decreases to slightly more than
1009, RH after water droplets form on a substrate, although the calculated
humidity slightly exceeds water saturation. This condition could be very
similar to that found in natural clouds.

The condensed water droplets are photographed for counting by a Polaroid
micrograph camera or a normal microscope camera. Since the sizes of the water
drops on a cover glass are larger than 5 um, the resolution of an optical
microscope is adequate. An example of micrographs of growing particles can
be seen in Flig. 2a—c.

The problem on the previous model with humidifying chamber,
which had humid air standing still, was the humidity value on a substrate
where the aerosols were sampled. Water vapor molecules tend to diffuse to
the particles, and some condensed water drops will restrict many adjacent
aerosols from condensing to water drops as pointed out by Lala and Jiusto
(1972) for the case of ice nucleation. Effective relative humidity on the substrate
may therefore never have reached water saturation. In order to break the
microscale boundary layer over hygroscopic particles, ventilation of air at the
controlled humidity of 759 RH is supplied to the chamber. The amount of
air at 1.5 liter/min or 7 em/s air movement in the chamber seems to be adequate
for activation of all effective CCN particles.
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The greatest advantage of this technique is to allow the inspection of sizes
and chemical composition of the individual nuclei by electron microscopes
combined with an X-ray energy spectrometer (XES) or an electron energy loss
spectrometer with a specimen cooling device to prevent possible heating on

ws wevav mwmer w « 99
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Fig. 4: XES display of particle 2 shown in
Fig. 3
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Tig. 5 : EELS display of a portion of particle
2 (as shown in Fig. 3)

rolatile nuclei. Such analysis is in progress for aerosols sampled over the
{ Arctic Ocean and Interior Alaska. The second advantage is that aerosols sam-

led can be stored for a long time and their condensation ability can be examin-
d later.

For example, although the aerosols were previously collected by means of
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an impactor which obtains particles with a minimum size of 0.3 um diameter,
most of the CCN over the Arctic Ocean contained sulfur for the particle range
of 0.3 to 15 um according to XES analysis. However, XES can detect the
chemical composition of elements with an atomic number larger than 10 and

Wi BIDIYTERII "V vyY
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Fig. 6 : EELS display of another portion of
particle 2 (as shown in Fig. 3)

for particles only larger than about 0.3 um. So, the indication of S does not mean
that a particle consists of pure sulfur, but could be H,SO, or (NH,),SO, as
a sulfuric compound. On the other hand, electronenergy loss spectrometer
(EELS) combined with a scanning transmission electron mieroscope (STEM)
can expand the detectable elements with atomic numbers smaller than 10.
Using an electron beam size of 0.03 pm, resolution of analysis is sufficient
to analyze the smallest CCN particles. Figure 3 is a STEM micrograph showing
the particles with the numbers collected on a specimen grid coated with
collodion/carbon film. Figure 4 is an XES display of particle 2 showing Si, S and
Fe overlapping with Cu from copper grid and C from carbon coating. Figures
9 and 6 are EELS displays showing that the particle contained S, Cl, N, O and
Fe. From these figures particle 2 contained qualitatively (NH,),SO, rather
than H,SO,.

Acknowledgements. The author is indebted to JEOL Ltd. for the oppor-
tunity to inspect Alaskan CCN particles by EELS and STEM. The work was
supported in part by the National Science Foundation Grant ATM 77-27748
and State of Alaska funds.
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‘Nature of fog nuclei from measurements
of relative humidity

H. GERBER, Naval Research Laboratory, Washington, D.C., 20375, U.S.A.

Kid-kondenzdaciés magvak természetének tanulmanyozasa relativ nedvesség mérés alapjan.
A relativ nedvesség meghatarozasara érzékel6ként szubmikron méretii séoldat-cseppekkel
bevont hidroféb feliiletet hasznaltunk, amelyet strii kisugarzasi kodbe helyeztiink ki.
A séoldat-cseppek altal szért fénybél szamitottuk a relativ nedvességet, amely igen gyorsan
fluktualt a telitetlen és a tultelitett allapot kozott, de kozépértékben alacsonyabb volt
1009%;,-nal. A mérések soran tapasztaltak szerint a turbulencia nagy hatéssal van a kéd
mikrostrukturajara. Igy a kondenzéciés mag-spektrum és a kodesepp-spektrum Euler-
tipusi mérésébol meghatarozott ,effektiv taltelitettség’’ félrevezetd lehet. Ezért fontosnak
thnik a kédben kialakulé turbulens orvények szerepének félderitése, mert ezaltal, hogy
id6szakosan jelentds tultelitettség alakulhat ki, nagyobb kritikus tultelitettséghez tartozo
kéd-kondenziciés magvak (nagyobb szamban) aktivizalédhatnak, mint azt kordbban
gondoltuk.

*

Nature of fog nuclei from measurements of relative humidity. A hydrophobic substrate
coated with salt-solution haze droplets is a sensor which was exposed in dense radiation fog.
Light scattered by the haze droplets was used to obtain the relative humidity (RH) which
fluctuated rapidly between unsaturated and supersaturated conditions, but which had
a time-averaged value of less than 1009,. These measurements suggest that turbulence
has a strong influence on the microphysics of the fog. Thus the ‘“‘effective supersaturations’
determined from Eulerian-type measurements of nuclei spectra and droplet size distribu-
tions may be misleading. Instead, it becomes important to understand the role of turbulent
eddies in the fog where sporadic excursions into the supersaturation regime activate fog
nuclei at greater supersaturations (and numbers) than previously thought.

X
1. Instrumentation.

A new saturation hygrometer has recently heen described (Gerber,
1980) which is capable of measuring relative humidity over the range
of about 95%, to 105%, RH. The performance of the hygrometer depends on

the reaction of small salt particles to the ambient RH. These particles are

situated on a thin hydrophobic mirror which was designed to cause a minimal
interference on the response of the particles to changes in RH. As the ambient
RH exceeds the deliquescent point of the salt particles, ~80% RH for the
(NH;),80, particles used here, the particles become salt solution droplets and
swell in size. This size is monitored optically by measuring the light scattered
from the droplets on the mirror. The intensity of the scattered light is related
to the ambient RH up to a value of RH =100%,. Above 100%, RH the function
of the instrument becomes similar to that of the familiar dew point hygro-
meters, except that now the mirror is heated to control the droplet deposit
instead of being cooled. Enough heat is applied to the mirror to cause the
solution droplets to remain at their 100%,-RH size. The temperature increase
of the mirror is directly related to the ambient RH (supersaturation S in this
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case). The choice of RH=1009%, above which the hygrometer employs the
thermo-optical feedback loop is dictated by convenience: of all large values of
RH, RH=1009% can be most easily generated to calibrate the hygrometer;
the hygrometer is placed in an insulated sealed box with interior walls wetted
with distilled water.

For RH =100Y%, the saturation hygrometer was calibrated in the labora-
tory using a large continuous-flow thermal-gradient diffusion chamber. These
calibrations showed that the solution droplet deposit on the hydrophobic
mirror had a strong resilience to change, which was a critical aspect in the
successful application of this technique. The droplet deposit was also stable,
i.e., it showed no changes in its light-scattering properties, during its 10 hours
of exposure in radiation fog. This desirable stability was suggested in similar
work with hydrophobic substrates by Wylie et al. (1965).

2. Measurements

The first field test of the new hygrometer was described by Gerber (1981).
Measurements were made on two successive nights in radiation fog which
formed over a flat grassy area in rural Virginia. The hygrometer was situated
1 m above the ground. Figure I shows the measured RH for a typical 1-hour
period of the fog in which the visual range remained less than 1 km at nearly
all times. Rapid fluctuations in RH are evident in this Figure, suggesting
(along with the temperature, light transmission, and droplet-size-spectra
records) that turbulence played a significant role in controlling this fog. The
humidity only sporadica]ly exceeded 100Y%,, which is consistent with the highly
structured nature of the fog, where patches containing activated droplets
appeared to be separated by areas containing just haze droplets. (The difference
in the record in Fig. 1 for RH=1009%, and RH- 1009, is due to the different
time response of the hygrometer for those two ranges.)

The frequency distribution of RH in the radiation fog is shown in Fig. 2.
The curve was constructed from values of RH measured in the fog every

101
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RH, %
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Fig. 1: Time dependence of the relative humidity (RH) measured in radiation fog from 0400 to
0506 LST on 20 November 1979 in Lake Fairfax County Park, Virginia
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- 30 seconds over a four-hour period. The similarities of this curve to the spec-
'~ trum calculated by Warner (1968) for moderately-sized cumuli is noteworthy.

A major difference is that the average RH in the radiation fog was less than
100%.

3. Interpretation

The measurements described in the preceding show that it is difficult to
define an “‘effective supersaturation’ for this fog. Not only is the fog unsatu-
rated on the average, but it also has a spectrum of supersaturations. For this
fog the technique used by Hudson (1980) to determine the “effective super-
. saturation” would not be accurate. Essentially he compared isothermal-haze-

chamber measurements with droplet size spectra measured with an optical
particle counter to arrive at the critical or “effective” supersaturation in the
fog; fog inhomogeneities were not considered. However, the possibility exists
that Hudson’s measurements along the US Pacific coast were in fogs of much
more homogeneous nature than the described radiation fog, so that his
approach is valid. Of course, the possibility also exists that most fogs are
strongly inhomogeneous and that unsaturated fogs often exist. The latter
would be consistent with the many earlier (and mostly forgotten) measurements
of RH in fogs which showed unsaturated conditions the majority of the time
(see the list of references in Pruppacher and Klett, 1978).

The similarity in the shape of the spectra in Fig. 2 comes from the same
cause: drier air mixed by turbulent exchange with the moist air in the
cumuli/fog causes a substantial fraction of the cumuli/fog to be unsaturated.
This fact is well known for cumuli where a submoist adiabatic lapse rate is-
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Fig. 2: Frequency distribution of water vapor supersaturation in moderately-sized cumuli’
(Warner, 1968) and in one case of radiation fog; S

= average supersaturation
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generally the rule. The mixing of drier air above the fog with the fog layer
gives the same results. It is thus necessary (at least for the present fog) to
differentiate between the saturated and unsaturated portions of the fog when
discussing “‘effective supersaturations’ . '

10°

N = f(Ccsf) K<t

Fig. 3 : Hypothetical fog condensation nuclei spectra:
N = number of active nuclei, S, = critical supersatura-
tion; given a fog in which only a fraction f = 0.3 of
the volume is supersaturated, an estimate of the effec-
tive supersaturation in the supersaturated regions is
< given by the larger value of S,

In Fig. 3 the curve for f =1.0 represents a hypothetical FCN (fog conden-
sation nuclei) spectrum measured in the atmosphere with, for example, an
isothermal haze chamber and a thermal-gradient diffusion chamber. This
spectrum reflects the concentration N of nuclei active at the given critical
supersaturation S, per unit volume of air. However, since the fog is super-
saturated in only a fraction f of its volume, the appropriate spectrum to use
in Fig. 3 is a spectrum with the shape determined by f=1.0, but moved
downward by the value of f in the fog. For the present fog f~0.3. The proper
choice of N and S, from this curve must take into account the actual spectrum
of supersaturations in the fog. Similar arguments can be applied to Hudson’s
work (if his fogs were similar to the one described here), where discounting
the fraction of unsaturated fog leads to underestimates of the “‘effective
supersaturation” and the activated droplets in the fog parcels with RH =100%,.

4. Conclusions

The uniqueness and usefulness of the new saturation hygrometer was
demonstrated by its use to measure RH in a radiation fog. The instrument’s
sensor did not deteriorate as a result of its exposure in the fog. Rapid fluctua-
tions of RH were seen, and the fog had a mean RH of less than 1009%,. These
results suggest that instruments of this type will be of substantial value in
studying fogs and clouds for which questions have remained unanswered
so far. {
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Marine aerosol research

J. PODZIMEK, Department of Mechanical and Aerospace Engineering and Graduate Center for Cloud
Physics Research, University of Missouri-Rolla, Rolla, MO 65401, U.S.A.

Tengeri aeroszol-kutatasok. A tanulmény osszefoglalja a tengeri és 6cedni levegSben
1évé aeroszol részecskék koncentracidjara, nagysig szerinti eloszlasdra, optikai tulajdon-
sagaira és kémiai Gsszetételére vonatkozd legijabb eredményeket. Targyalja a részeeskék
keletkezésének és terjedésének lehetséges médjait, végiil a tengeri aeroszol-kutatésok jovo-
jét vazolja fel.

*

Marine aerosol research. The aim of this paper is to give a review of recent research
carried out in the field of marine aerosols. New results concerning the concentration, size
distribution, optical properties and chemical composition of the aerosol particles in maritime
and oceanic atmosphere are summarized. The formation and transport mechanisms of
marine particles as well as the future of marine aerosol research are also discussed.

*

Introduction. The state of the marine aerosol investigation was reviewed
by Junge (1969 and 1972), Georgii (1975), Podzimek (1980b) and a detailed
analysis of processes leading to aerosol generation at the sea-atmosphere
interface has been presented by Morelli (1980), Blanchard and Woodcock
(1980) and by Lord and Pocklington (1981). Data on the concentrations and
physico-chemical properties of marine aerosols published in these studies can be
compared with the other older investigations described in several monographs
on atmospheric aerosols (e.g. Landsberg, 1938; Burckhardt and Flohn, 1939;
Grabovskii, 1956; Twomey, 1977; Petrenchuk, 1979) in the books on cloud
physics (e.g. Mason, 1971; Pruppacher and Klett, 1978) or air chemistry (e.g.
Junge, 1963).

The main aim of this review is to discuss some of the important results

~of marine aerosol investigation during the past ten years with the emphasis
on the following subjects: the geographical location and art of the sampling,
the physical and chemical properties of marine aerosol, optical properties of
marine aerosol, particle generation and transport.

Physical properties of marine aerosol

Marine aerosol discussed in this study covers all particles with minimum
size around 0.002 ym found above the sea surface and in high altitudes above
Jit. It includes also the continental aerosol drifted over the ocean and the
seashore aerosol. ]

Glancing over the plotted data on worldwide distribution of AN concen-
~ trations (e.g. Podzimek, 1980b), the most interesting is the fact that in spite
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of the dramatic change in the use of fossil fuels during the past {ifty years and
the alteration of the mode of transportation, the AN concentrations measured
now over the North Atlantic do not deviate much from the “Carnegie” expe-
dition measurements. The impact of large cities and industrialized areas in the
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USA and Europe on the AN counts over the Atlantic Ocean is documented
by many authors (Hogan et al., 1967; Hogan et al., 1973; Schaefer, 1972) who
found in very clean environment over the North Atlantic concentrations
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. between 200 and 500 AN cm3. Close to the seashore the concentrations rose
up to several thousands of AN em3 (Fig. 7). A similar picture was obtained
- in the Pacific Ocean eastwards of Japanese seashore.

The vertical distribution of AN over the ocean shows a strong dependence
on the air mass origin and air stability. A typical AN concentration vertical
profile is presented in Fig. 2, which includes four different curves deduced
from the sampling 50 km off shore-of South Texas (S) and 50 km over the
continent (L) in continental (S, and L,) and maritime air (S; and L,). In both
situations there was a strong temperature inversion in the PBL over land.
Over the sea surface there was almost an indifferent stratification with very
little change in AN concentration through the PBL (Podzimek, 1980c). A similar
picture has been obtained by Allee (1974) in the proximity of Barbados Island
where AN concentration varied within 200 and 300 AN c¢m- almost up to
3.7 km altitude. Another challenging subject reflecting the complexity of
AN measurements in high altitudes over the ocean seems to be the increased
AN concentration above and between the clouds of Intertropical Convergence
Zone discussed by Podzimek et al. (1975; 1977) and recently stressed by
Hogan (1981) who found higher AN counts in the ITCZ region than on the
ocean surface.

One of the most detailed investigations of the AN size distribution over
the Atlantic Ocean has been made by Jaenicke et al. (1971) and Jaenicke
(1978a). They concluded that besides the large concentration of particulates
of 10 pm in radius there is a distinct maximum at r=3.10"2 um. This
does not contradict the finding by Schultz et al. (1978) who measured AN
in the same environment. Some discrepancies have been found, however,
between the filter technique and diffusion battery technique (4. Mésziros
and Vissy, 1974; Prahm et al., 1976; Tymen et al., 1975; Jaenicke and
Schiitz, 1977). In Fig. 3, which was published by Jaenicke (1978a), there are
plotted, besides the AN size distributions measured by different authors on
the high sea, also the data from continental stations and our data (Podzimek,
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Fig. 3 : Aitken nuclei size distribution reported
by different authors (the total nuclei concentra-
tion — if measured — is indicated in paran-
thesis): 1 — Tymen et al.; 1975 — 242 em—3; 2 — 10
Jaenicke, 1978a — 370 em=3; 3 — Sverdrup, 1977,
{see Jaenicke, 1978a) — 12,800 em=—2; 4 —
Prahm et al., 1976; 5 — Mészdros A. and Vissy,
1974 — 440 em—2; 6 — Tanner et al., 1977,
(see Jaenicke, 1978a); 7 — Podzimek, 1980c —
550 em —3
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1980c) deduced from the measurement with the diffusion battery on the
South Padre Island (Texas) at very high humidity (haze or dissipating fog).
- Comparison of the AN size distribution curves leads to the conclusion that the
curve shapes are quite different—depending on the aerosol dynamics and
interaction and probably the measuring techniques —although the measured
concentrations do not deviate considerably.

The size distribution of particulates with diameters larger than 0.2 pm
has been done frequently during the cruises of research vessels and in rela-
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Fig. 5: Size distributions of aerosol particles -

measured in Norfolk, VA harbor (1), 100 miles )

off the New Jersey coast (2) and in the Mid- 'O T
Atlantic (3). Hoppel (1979) el

tionship with investigation of the origin of marine aerosols. In Fig. 4 are
marked the main ship cruises and with dots locations where stationary measure-
ments of marine aerosols have been performed. They sufficiently cover all
important areas on our Earth. Therefore one ought to make some general
conclusions about the model size distribution of marine aerosol.

With exclusion of particle sizes smaller than 0.05 um and larger than
5 pum, Junge’s power distribution law describes usually well the size distribution

aerosol measurements (marked with dots) — French: ‘“Jean Charcot”, 1 — 1971, 9 — 1969,
%5 — 1974; " James Gillis”, 2 — 1972; “‘Gallieni’’, 11 and 14 —1973; “Capricorne’, 26 — 1977;
’Korotneff” and “Latin’’, 27 — 1973 and 74; “Marion Dufrésne”, 12 ‘and 13 = 1973. =
German : “Meteor”, 22 and 23 — 1968 to 1973. — Japanese : Kogos}nma. Maru’’, 17 — 1963 —67
nnd 18 — 1967; “Hakuho Maru’’, 19 — 1973; “Fu]l”, 21 — 1970; Ryofu Maru 520 — 1972 —

— Swedish : “Ymer”’, 31 — 1980. — USA “Trident’’, 3, 4, 5, 6, 7, 8 — 1970 —72; “Hyes”,
15, 16 — 1975; 28 — 1977. — USSR : “Profesor Vize”, 24 — 1971—72; “Okean’, 30 — 1977
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of an aged mixed aerosol. Large deviations can be expected, however, in the
case of one predominant source, such as sea spray. Jaenmicke (1977) found
large concetrations of very small particulates in the marine atmosphere,
which is supported by other investigators as was mentioned earlier. The
location of the peak around the particle radius of 0.01 um or 0.02 ym depends
upon the character of the maritime air mass (Hoppel, 1979). With decreasing
influence of continental aerosol it is shifted from r=0.01 ym to r=0.04 um
(Fig. 5). There seems to be also an impact of continental sources on the shape
of the curve between r =0.005 um and r=0.05 um as documented by Mészdros
and Renoux (1978), Tymen et al. (1975) and Butor (1980).
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Fig. 6 : Sea salt (triangles) and total aerosol (crosses) size distributions measured by Radke (1977)

at: (a) 10 m above a smooth sea, 8 km offshore —the overprinted curves repsent the bounds

of the total marine aerosol measured by various authors; (b) at 30 m above the sea surface;

(c¢) at 310 m altitude; (d) 15 m above a surf breaking over a harbor entrance sand bar (at a wind
speed 2 m s~1)

On the other hand, the slope of size distribution curves for particulates
with r=2.0 um deviate considerably from the ideal slope of the Junge
distribution (8223.0). In the maritime atmosphere it was proven by Podzimek
(1973), Podzimek and Stampfer (1977), Levkov and Valdes (1981) for giant
sodium chloride particles and by Schiitz and Jaenicke (1974) and by Prodi and
Fea (1979) for Saharan dust. One of the main factors determining the value
of the exponent is the wind speed and its impact on the mechanism of bubble
bursting and salt particle generation. An attempt to include wind speed in the
particle size distribution has been made by Lovett (1975).

Besides Junge’s formula, the gamma distribution function (including its
special case: Nukiyama — Tanassava distribution function —see e.g. Podzimek,
1980c) was also applied in marine aerosol studies. Deirmendjian’s models
for haze and dust in the marine atmosphere have been used by Gal (1976) and
by Wells et al. (1976). These sophisticated models include the influence of
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~ wind velocity, relative humidity and the change of a mixture of an ideal

continental and maritime air with altitude. Another attempt to model the
maritime and continental aerosol size distribution has been made by
Tomasi and Tampieri (1977) who based their model on collected data from
tropospheric aerosol measurements. An interesting application of a general
gamma distribution function for deseribing the behavior of marine aerosols has

- been made by Goroch (1980). Finally, Podzimek (1980a) confronted the size

distribution curves from the marine aerosol measurements at the seashore with
Firedlander’s self-preserving mechanism of aerosol production (e.g. Friedlander
and Hidy, 1969) and obtained a reasonable agreement if the additional term

o &
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Fig. 7: Aerosol concentration 2
vertical profile in maritime air
for unheated (1) and heated (2)
air samples. The sampled air L
was heated around 320°C. The
curves of dry temperature (7')
and dew point (1.P.) show the
level of temperature inversion. o ! ' , ! Y RV

1
Dinger et al. (1970) 7o R R R G D

for water condensation on hygroscopic particles was included (Pich et al.,
1970).

Radke (1977) evaluated the aircraft simultaneous measurements of the
size distribution of the.total aerosol and the sodium chloride nuclei from 0.1
to 10 um diameter (Fig. 6 ). He concluded that off-shore of Washington State
up to 30 m the aerosol is very well mixed, however, at an altitude of 310 m,
the seasalt fraction is substantially reduced (4 : 1). Further, it was apparent
that almost all particles with diameters larger than 10 um were composed

| of sea salt and those smaller than 0.1 um contained a negligible sea salt fraction.

Podzimek (1973) identified many salt nuclei with diameters smaller than 0.1 ym
at the seashore of Padre Island (Texas). A similar observation has been made
in the Federal Republic of Germany by Doman (1976) who found the concen-
tration of sodium chloride nuclei with d<0.1 pm around 10 cm= on the
seashore.

The vertical distribution of sea salt particles up to 10 m above the ocean’s
surface has been calculated by 7Toba (1965a) and for salt nuclei with masses
oetween 107 to 107 g up to 13 m altitude by Chaen (1973). The latter
author found that the salt particle concentration increases linearly on a loga-
rithmic diagram with a dimensionless parameter «*L[v (u*=the friction veloc-
ty, L=the significant wavelength and »=the kinematic viscosity of the air).
Morelli (1968, 1977) found over the Mediterranean a considerable decrease in
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sodium concentration (from 5 ugm=3to 2 ugm=3 or from 60 sgm= to 6 ugm-3)
in the lowest 8 m above the sea surface and a slight decrease or constant values
in the layer up to 15 m. For higher altitudes in the PBL 7oba and Tanaka
(1963) deduced a relationship

n=n, exp{—[(w|D)+ (g|RT)}:}

(nq is the particle concentration above the sea surface: z=0; w is the terminal
particle settling velocity; D is the eddy diffusivity; g is the acceleration in
gravitational field, R is the gas constant and 7 is the absolute temperature).
For dry adiabatic lapse conditions Podzimek and Stampfer (1977) obtained the
numerical value of the expression in the broken parenthesis close to 7.0 106
cm~t. However, there are strong deviations from the ideal aerosol distribution
depending upon meteorological conditions, source and the physico-chemical
nature of aerosol particles.

As an example the results of the marine aerosol measurements by Dinger
et al. (1970) can be shown in a subsident air close to Puerto Rico and Barbados
Island (Fig. 7). They measured the number of activated nuclei for super-
saturations between 0.379%, and 1.54%, and tried to determine the portion of
volatile particles by heating the air samples. The main conclusion of this study
was the finding that in a subsident marine air a considerable fraction of nuclei
is much more volatile than the sea salt nuclei, and that the number of volatile
nuclei increases with the altitude above the sea surface. Above the inversion
almost all nuclei were volatile. King and Maher (1976) showed also over
Central Queensland (Australia) how uniform is the concentration of sea salt-
containing particles below the cloud base, and how steep is the concentration
decrease above the cloud tops. In general, above the altitude of 2.0—3.0 km
above the sea surface, the sea salt particles represent an insignificant part of
the total aerosol mass. A systematic study of the changing aerosol spectra
at high relative humidity over the ocean has been recently reported from the
Texas seashore (Podzimek, 1980c) and over Pacific Ocean off-shore of southern
California (Noonkester, 1981).

The formation of fog and cloud droplets is determined by the number
of condensation nuclei activated at a specific supersaturation. Two main lines
of research evolved during the past two decades, the goal of which is to investi-

I
{

l

gate the behavior of aerosol —including marine aerosol —at different relative

humidities: the study of the bulk properties of specific size groups of aerosol,
and the analysis of the measured spectrum of cloud condensation nuclei
with the aim to calculate the evolution of the cloud droplets. The first group
vielded very interesting information on the marine aerosol in coastal regions
(e.g. Winkler and Junge, 1972; Winkler, 1973; Hdnel and Bulrich, 1978) and
brought very useful information on the hysteresis in the growth of nuclei at
increasing and decreasing humidities and also on the behavior of delin-
quescent particles in marine atmosphere (Winkler, 1977). The second group
concentrated mainly on finding appropriate values of the “‘constants” C and
k in the Twomey relationship between the nucleus concentration n and super-
saturation S; n=C-8% for specific meteorological situations, site of measure-
ment and nuclei composition (e.g. Fitzgerald, 1972; Braham, 1974; Goodman,

1977; Hoppel, 1978 ; Desalmand, 1980). Parameters obtained from the measure-:

ments over the ocean are featured by low values of the parameter C(< 800 em—?)

and by % values of around 0.55, except one series of measurements made by :'

Hoppel et al. (1973) over the Pacific Ocean (k=21.2). Several articles with
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~ the calculations of the equilibrium size of an aerosol particle as a function

of its dry size, composition and ambient relative humidity have been published
(e.g. Junge and McLaren, 1971; Fitzgerald, 1975; Hoppel, 1978) and a
reasonable agreement with the measurement was obtained (Hoppel, 1978,
1979). The results of a systematic measurement of the size distribution and

- supersaturation spectrum of aerosols over the Atlantic Ocean and the Medi-

terranean were published recently by Hoppel (1979). He suggested an indirect
method for determining the supersaturation spectrum from the measurement
of the aerosol size distribution together with the measurement of the relation-
ship between particle dry size and ecritical supersaturation, and obtained
a good agreement with the thermal gradient diffusion cloud chamber
measurement, X

Chemical composition of marine aerosol

Several review articles have been published during the past ten years which
deal with specific subjects of aerosol chemistry of the marine atmosphere
(e.g. Chesselet et al., 1972a; Duce and Hoffman, 1976; Berg and Winchester,
1978; Morelli, 1980 ; Lord and Pocklington, 1981). Here only the most important
discoveries and research trends will be mentioned.

Blanchard (1969) assumed the production rate of cloud nuclei in the range
of 25—100 em~2 s7!, which can lead to a mean sea salt flux, from the total
ocean surface, of 10 tons per year. However, glancing over the data of the
content and distribution of the giant sea salt particles published by 7oba’
1965b), one realizes that the mean values are subjected to large fluctuations
during the year, and in dependence on the geographical location.. Also the
catio of Cl/Na varies considerably with the location and particle size. In spite
of the fact that most of the ratios differ only + 209, from the 1.8 corresponding
o sea water, T'sunogai et al. (1972) and Morelli (1980) found values as high
1s 3 and 4 over the Pacific and Atlantic Ocean. On the other hand, many
icientists believe that a part of Cl is converted into gaseous chlorine (e.g.

Duce, 1969; Buat-Menard, 1970) which often causes lower values of the
’1/Na ratio.

TABLE I
3 | | Mean E, marine aerosol
Con- 1 (X/Na) (X/Na) |concentration| Wi ! T E
stituent ‘ sea | marine | of marine ‘ M values j
XX [ water |  aerosol | aerosol ' minimuni most | maximum
| | [ - | frequent
\ , (ugm~-2) | ‘ <
AT i 1
C1 1.80 1-4 2.5-170 | —0.5 0.8—-1.2 2.5
| S0, 0.252 ' 0.3-2.3 1.0 — 5.0 1.2 1.5—=3 9
B Mz | 0.120 1401 -0.6 0.1-1.0 0.9—1 1-1.2 —
B Ca. | ‘o088 |.0l085-0:4 | 00-1.0 tlj L el <10
K | 0.037 [ 0.035-0.2 | 0.1-1.0 -1 ! 1-1.5 -5

Other substances in the marine aerosols are subjected to the same fluctua-
on of ion ratios like sea salts. Table I was taken from the study of Morelli
1980). It contains the ratios for sea water, fog aerosols and the corresponding
‘nrichment factors referred to the concentration of sodium, which represent
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approximately 849, of all cations in the sea water. For chlorides the data of
thefollowing authors were used: Chesselet et al. (1972b); Willkniss and Bressan
(1972); Willkniss et al. (1974); Morelli (1968); Buat-Menard (1970); Tsunogai
et al. (1972). Data on sulfates were taken from Morelli (1977); Bonsang et al.
(1979); Buat-Menard et al. (1974); Bonsang (1980); Gravenhorst (1978).
The concentrations of Mg, Ca and K were excerpted from the studies by
Morelli (1977); Buat-Menard et al. (1974); Hoffman and Duce (1972); Hoffman
(1975); Chesselet et al. (1975); Willkniss et al. (1974); Tsunogai et al. (1972).

Strong fluctuation and the highest enrichment show sulfates which are
investigated mainly with regard to the impact of continental air pollution
on the composition of marine aerosols. There seems to be several different
sources of sulfates in marine particulate matter: in general, ocean can act as
a source or a sink of SO,. We assume now that it is usually a sink (e.g. Georgii
and Gravenhorst, 1977), unlike for NH, when it may be a source. A mechanism
which was suggested for the further evolution of SO, into sulfates is gas-to-
particle conversion via photo-oxidation of SO, and heteromolecular nucleation
in the presence of water vapor (e.g. Stauffer et al. 1973 ; Takahashi et al. 1975).
This aerosol was found in the antarctic and subantarctic atmosphere by Ono
et al. (1981) in the summer months. It was alternated mostly in winter months
during the intrusion of maritime air by the aerosol composed of sea salt and
ammonium sulfate aerosol (which might be the result of chemical reactions
within cloud droplets in the presence of ammonia gas). Winkler (1980) found
that aerosol particles with r=0.3 um radius contain very little free acid,
unlike particles with radii between 0.1<r<0.3 pm. In the Aitken nuclei
region the majority of particulates contain ammonium sulfate (Mészdros and
Renoux, 1978), and there is a considerable difference in their concentrations
in different geographical locations: over the Atlantic Ocean (0°<yp<=20°) 699%,
(of the total particle concentration), the Atlantic Ocean (p=40°) 359%,, and the
Indian Ocean 189%,. Mészdros (1982) also concluded from a comparison of the
measurements of different authors that a considerable part (0.19 ugm=3) of
sulfate-containing particulates can be found on larger sea salt particles ( Fig. §).
The carrier giant particles in the marine atmosphere can also be represented
by the desert dust showing a relatively high content of sulfates (0.1 g sulfate
per 1.0 g of desert particles), as measured by Mamane et al. (1980) over the
Mediterranean. The author hypothesized that the active nuclei originated
through heterogeneous nucleation of SO, on the surface of insoluble large
dust particles.

Several other mechanisms have been suggested as effective in generating
SO, in the marine atmosphere such as the oxidation of organic sulfides (e.g.
dimethyl sulfide) produced by the biological activity on the ocean surface
(Nguyen et al., 1978; Bonsang et al., 1980). In coastal regions SO, or H,S
might be emitted by algae or other biological objects, oxidized and trans-
formed into Aitken nuclei of a very high concentration (Bonsang et al., 1976;
Renoux et al., 1977; Renoux et al., 1978). The attempt to prove experi-
mentally the finding of high sulfate-to-sodium ratio in aerosols in certain ports
of the ocean (e.g. Scandinavia) yielded only 109, to 309, excess compared
with sea water (Garland, 1981).

Many studies of chemical fractionation at the ocean’s surface are discussed |
in a review article by Duce and Hoffman (1976). There are discussed especially
the goals of the SEAREX Program in the North and South Pacific in the
unpolluted, well controlled area where aerosol flux experiments and studies of
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the sea surface microlayer can be performed (Duce, 1980). Many measurements
of trace metals in the Atlantic Ocean have been performed (Hoffman et al.,
- 1972; Duce et al., 1976a; Duce et al., 1976b; Hoffman and Duce, 1977;
Hoffman 1975; Hoffman et al., 1977; Hoffman et al., 1980). The elements
of Na, Al, Fe, Mn, Se, Th and Co were found primarily on particles with radii
~ of approximately 1 um or greater, whereas Cu, Sn, As, Cd, Pb, Sb, Se, Hg are
concentrated on particulates with radii smaller than 1 pm. These results do
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ic sampling conditions (H. Mészdros, 1982)

not differ basically from the findings of French scientists (Crozat et al., 1973;
Buat-Menard et al., 1974 ; Hoang and Servant, 1974 ; Chesselet et al., 1972 and
Buat-Menard, 1979). Hoffman and Duce (1977) proved that only the addition
of natural surfactants led to an enrichment of the metals in aerosols over
the seawater ratio. In other articles was studied particulate iodine in the
marine atmosphere (1—5 ng m=3— Moyers and Duce, 1972a), bromine (5—12
ng m—3— Moyers and Duce, 1972b), phosphorus (Graham and Duce, 1979),
vanadium (Walsh and Duce, 1976; Duce and Hoffman, 1976) and arsenic
(Walsh et al., 1979a; Walsh et al., 1979b).
In the SEAREX Program the large scale transport of soil dust from China
is investigated in a systematic way. At Enewetak Atoll (11°N; 162°E), e.g.,
2.3 pug m=3 of soil dust was observed in April 1979 which overrides more than
100 times the normal concentration (Duce, 1980). This value can be compared.
with the earlier study by Prospero and Bonatti (1969) from the Eastern
Equatorial Pacific and by Fergusson et al. (1970) who found dust concentra-
tions between 0.1 and 1.0 ug m-3. Prospero et al. (1970) measured nearly
the same concentrations in the Caribbean area and traced the aerosol to an
African dust storm. Similar findings were later reported by Chester and J ohmson
(1971), Jaenicke et al. (1971) and Prospero and Carlson (1972).
Much attention has been paid to organic aerosols during the past decade
reviewed by Hahn, 1980). Organic particulates contribute for instance 309,
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to 409, to the total aerosol count on Hawaiian islands (Parungo et al., 1981).
The investigators concentrated mainly on the presence of surface active
organic material and its role in the air/sea mass transfer (Barger and Garreit,
1970 and 1976; Maclntyre, 1974a; Baier et al., 1974; Hoffman and Duce,
1974, 1977; Russell and Stampfer, 1976; Wallace et al., 1977; Marty et al.,
1979). Debated is still the nature of organic material (fatty acids, lipids)
which is usually concentrated on small particulates. In total, Ketseridis and
Eichmann (1978) found-en the west coast of Ireland 1 ug of carbon-containing
material per m?® and Jaenicke (1978b) concluded that most of the Aitken nuclei
are generated from organic gases and therefore are subjected to daily and
seasonal variations. A continuing investigation is going on to determine how
much and what kind of organic material in aerosols is generated by the ocean.
In coastal regions the effect of algae on nuclei production was investigated
from the point of view of aerosol dynamics (Paugam, 1975a, 1975b; Renoux
et al., 1978) and an interesting study on the role of dimethyl sulfide in the
sulfur budget has been presented by Nguyen et al. (1978). According to the
revised calculation and measurements performed in the Atlantic Ocean the
dimethyl sulfide flux could represent more than 30%, of the amount needed
to balance the sulfur budget: N-alkanes were identified in ocean-derived
aerosols by Hichmann et al. (1980). Another challenging subject seems to be the
use of the analysis of marine organic sediments as a tracer of continent-
derived organic aerosols. One concentrated on triterpenes and triterpenoic
acids (Schewer, 1973; Simoneit, 1974) and lipids (Simoneit, 1977) in the éolien
dusts taken from the bottom of the Atlantic Ocean. However, the inter-
pretation of the measurements sometimes is not void of contradictions (ZLepple
and Brine, 1976). Attempts have been also made to investigate high

molecular weight chlorinated hydrocarbons in the marine atmosphere as a

potential tracer of the motion of the polluted air coming from the continent
(Bidleman et al., 1976).

The bacteria are considered to play a secondary but important role in
the marine aerosol composition (Carlucci and Williams, 1965; Aubert, 1974;
Blanchard and Syzdek, 1970). There is little information on this subject except
rough calculation of the virus transfer and drop enrichment of bacteria and
dissolved organic material (Baylor et al., 1977). The investigator assumed, for
instance, that a surf zone 25 m wide and 100 km long would supply each

- . . . . . . ]
second 7.5% 10! bacteria into the marine air advancing over the mainland.

Optical properties of marine aerosol

Marine aerosol has an important role in the propagation of optical signals

and radiative transfer. The key role is the susceptibility of marine aerosol
to the changes of relative humidity and the dynamics of aerosol evolution
above the sea’s surface (Kasten, 1969; Winkler and Junge, 1971 and 1972;
Hiinel, 1971 and 1972; Tang, 1976 ; Tang et al., 1977a, 1977b, 1978). The real
and imaginary parts of the mean refractive index of specific kind of atmospheric
aerosol have been investigated by Hdinel (1968), Fischer (1970, 1976) in visible
light, and by Volz (1972) for the infrared domain. Fischer and Hanel (1972)

determined the mean aerosol properties—including the index of refraction

during a cruise of a research vessel over the North Atlantic. The values of the
real part of the index of refraction were 1.35 and 1.55, and of the imaginary
part 0.003 and 0.047 for the wavelength of 0.589 um, when the relative humid-
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ity increased from 209%, to 96%,. An approximate formula to calculate infrared
extinction for a Junge aerosol size distribution was suggested by Fitzgerald
(1979). The agreement with measurement was good (Fig. 9).

Several new trends of research of the optical properties of marine aerosol
evolved: the change in mean optical properties due to the water uptake by
particles composed of different salts (Thudium, 1978 ; Hinel, 1976, 1981) and
the effect of fluctuating humidity, particulate composition and concentration
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on the scattering or extinction coefficient (Fitzgerald, 1980; Goroch and Burk,
1980). Hiinel and Lehmann (1981) investigated the properties of mixed particles
(composed of different mixtures of Na,SO,, NaNO,, NH,NO,, (NH,),SO,,
H,S0, and sea salt) and stressed the importance of the knowledge of the particle
composition for cloud droplet growth. Hinel and Zankl (1979) concluded that
the water uptake of a multicomponent electrolyte solution is almost the same
as the sum of the water uptakes of the separated pure components. This helps
to establish simplified formulas for the prediction of a visual range at a high

- relative humidity (Hdnel, 1980). Other interesting measurements of the optical

properties of marine aerosols have been made recently by Heintzenberg (1977),
Gerber (1979), Hughes (1980) and Noonkester (1981).

Generation and transport of marine aerosol

The mechanisms of generation and transport from the air-water interface
is the subject of several review articles published recently (Winchester and
Duce, 1977; Blanchard and Woodcock, 1980; Pozdimek, 1980b; Morelli, 1980;
Lord and Pocklington, 1981). As several of these mechanisms were mentioned
in the previous parts of this study, a brief survey should summarize the main
avenues of current research.
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In the domain of Aitken nuclei the main attention is paid to the kinetic
models of aerosol generation and transformation (e.g. Middleton and Kiang,
1978; Jaenicke, 1978¢c; Perrin et al., 1980) with the emphasis on the new
techniques used for ultrafine particle size determination. In coastal regions,
where oceanic and polluted continental air masses interact (e.g. Los Angeles
area), is accentuated the formation of new particles in the presence of an aerosol
and gas-to-particle conversion in photochemical smog (McMurry and Friedlan-
der, 1979 ; Heisler and Friedlander, 197T7). The production of a large concen-
tration of Aitken nuclei seems to be documented and explained by the photo-
lIytic phenomena involving the sulfur-containing substances released by algae
(Paugam, 1975a, 1975b; Bonsang et al., 1976; Paugam et al., 1977; Renoux
et al., 1978). The generation of tiny sulfate particles by the oxidation of
dimethyl sulfide, released by some biological processes in the sea, into SO,
(which is further transformed into sulfates) has been suggested and documented
by Lovelock et al. (1972), Nguyen et al. (1975, 1977) and Bonsang (1980).
A great effort has been made in order to resolve the formation of photochemical
aerosol from hydrocarbons in Los Angeles (O’Brien et al., 1975a, 1975b).
Relevant to these studies is the rate of evaporation of low-solubility contami-
nants which include chlorinated hydrocarbons (PCB, DDT) (MacKay and
Wolkoff, 1973 ; Bidleman et al., 1976; Dilling, 1977). The main conclusion is
that pesticides are very good tracers of the continental particulate matter
transport in the marine atmosphere and that their interaction with other
aerosols generated at the sea surface is much more important than originally
thought.

In the domain of large and giant salt nuclei no dramatic change in our
knowledge of the production rate (105 to 106 g per year) and mechanism
of particulate generation has happened. New investigations by Monahan
(1968, 1969, 1971, 1979) and Monahan and O’ Muircheartaigh (1980) as well as by
Monahan et al. (1980, 1981) led to the conclusion that whitecaps, as a source
of salt nuclei, begin to appear at wind speeds larger than 3 m s and that
at a wind speed of 8 m s about 19, of the sea is covered with whitecaps.
This value indicates that, on the average, the ocean has a whitecap coverage
less than originally assumed (3.5%,). On the other hand, this smaller coverage
is partly compensated by Joknson’s (1979) and Joknson and Cooke’s (1979)
finding that small bubbles exist also in areas not covered by whitecaps. The
basic question if jet drops (1 to 10 drops per bubble) are more important for
salt nuclei production than film drops (6 mm bubble can produce up to
1,000 drops) remains still to be answered. The process depends not only on
the bubble size and its hydro- and thermodynamical parameters, but also on

the amount of organic carbon dissolved in the sea water (Lee, 1972; Blanchard |

and Hoffman, 1978; Maclntyre, 1974b). Blanchard and Woodcock (1980)
discuss in detail the vertical distribution of sea salt mass concentration. They
found a sea salt inversion layer around a level of 300 m with a slight increase
of sea salt mass concentration up to the height of cloud base. Similar profiles
both in Na and Cl concentrations were found near the Bahamas by Gordon
et al. (1977). :

The existence of sea salt concentration inversion seems to be closely.
related rather to the whole complex mechanism' of droplet production at
the sea surface, the state of their coating and its change after bubble bursting

(Garrett, 1968, 1971 ; Wallace and Duce, 1975, 1978a, 1978b; Morelli et al., 1974; |
Piotrowicz et al., 1979), than to a standard model: in realii_;y, to particle
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sedimentation, droplet evaporation, wash-out, gas entrainment by water drops,
turbulent exchange influence particle size distribution and residence time

 (Monahan, 1968; Sehmel and Sutter, 1974; Slinn et al., 1978; Schiitz and

Davidson, 1980). Two main lines of research can be found in the literature:
attention is paid to a more complex modelling of the multiphase fluxes over
the ocean (Ling et al., 1979), others investigate in detail droplet production
and dispersion above the breaking waves (Koga, 1981a, 1981b, 1981c). The
latter author showed in his experiments simulating direct droplet generation
what main mechanism governs the obtained droplet spectra: turbulent
diffusion is dominant for droplets with d< 120 um and the vertical free motion
of ejection is responsible for the generation of larger ones.

The aforementioned complex processes of salt nuclei generation and
droplet transport through the air/sea interface are instrumental for understand-
ing the large scale salt particulate exchange and deposition in the atmosphere
(e.g. T'oba, 1965a, 1965b, 1966; Toba and Chaen, 1973). Its importance for
describing the particulate and air mass transfer in the marine atmosphere
—with its practical application in cloud physics, radiative transfer, marine
biology and environmental studies —is beyond any doubt (e.g. Winkler, 1977).
A similar trend is indicated already by several studies in which the investiga-
tors attempted to analyze the long-range transport of airborne particulate
matter to Great Britain (Lee et al., 1974), trace elements (e.g. Husain and
Samson, 1979) or organic carbon (e.g. Duce, 1978; Bjorseth et al., 1979) over
the ocean.

Conclusion

This survey documents a great progress in investigating the generation,
transport and physico-chemical properties of marine aerosol during the past

| decade. One feels intuitively that this progress will continue owing to the
| importance of these investigations for meteorology and geology, marine

biology, the study of material degradation, and the interaction with atmos-
pheric pollutants. There is an indication that some phases of marine aerosol
research will develop faster or that they will cover areas not yet sufficiently
investigated :

In measuring techniques the main emphasis will be put on developing

| instrumentation to measure reliably the particulate concentration and size

distribution down to particle sizes of 0.001 pm. These techniques will be

necessary for following the whole process of gas-to-particle conversion and

preferentially should include the possibility to yield some information about

| the chemical nature of the main ultrafine particle size classes. A standard

technique will be probably used for the measurement of deliquescence proper-

‘ties and supersaturation spectra of large and giant particles. Attention will be

paid to the statistical representativeness of the measurements of large, giant
and ° ultraglant particles and to specific conditions of sampling on the
ocean’s surface. »

The surface microlayer will be intensively investigated with regard to
bubble bursting mechanism, element fractionation, fractionation of biological
materials and potential impact of gaseous substances on particle generation
and transformation. One will probably ask the question if the jet drop and
film drop mechanisms are the only dominant ones and whether other processes
(e.g. direct emission of droplets from the whitecaps or waves) are competitive
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at specific atmospheric conditions. One will try to simulate as truly as possible
the very complex processes at the ocean’s microlayer in the laboratory.

The transport of sea salt and other particles will require more sophisticated
models of the main processes governing the particle behavior in the layer up to
several meters above the sea surface. This model should provide a transition
into the modelling of particulate transport in the planetary boundary layer
with its specific features around temperature inversions and clouds. A special
approach will be used for modelling the particulate generation and transfer at
the seashore. Finally, for long-range transport of particulates and the assess-
ment of the deposited particle mass it will be very beneficial to adapt several
techniques used now for plotting the trajectories of atmospheric pollutants
under specific conditions prevailing in the maritime atmosphere.
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Airborne measurements of cloud condensation i
nuclei active at supersaturations <0.159,

E. E. HINDMAN #, Research Institute of Colorado, Fort Collins, CO 80526, U.S.A. and P C. SINCLAIR,
Dept. Atmospheric Science, Colorado State University, Fort Collins, CO 80523, U.S.A.

Repiilégépes mérések az S, = 0,15%, tiltelitettségénél aktivizdléds felhd-kondenzdcids mag-
vak (CCN ) tanulmdnyozdsara. Aeroszol részecske (0,09 —7,5 um atmérs) és felhé-kondenza-
ciés mag (0,02 — 0,149, tultelitettség) méréseket végeztiink a tenger f6l6tt a hatarrétegen be-
liil és f6l6tte, valamint mértiik egy stratus felhé eseppspektrumat California partjain kiviil,
1980 szeptemberében. A mérések célja az volt, hogy meghatérozzuk a CCN koncentrécié
valtozasat a magassiggal a tenger folott, az oldédé anyag frakeiét a CCN-ben, valamint
a maximalis tultelitettséget a felhén belil. Azt talaltuk, hogy mind a CCN koncentracio,
mind az oldédé frakeié a CCN-ben csékkent a magassdggal a hatarrétegen beliil, ami
a CCN ocedni eredetére utal. A maximéalis tultelitettség a vizsgalt felh6ben ~ 0,19, volt,
ami azt jelenti, hogy a stratus felh6k képzddésekor a 0,159 -nal kisebb tultelitettségen
aktivizal6dd részecskék jelentés szerepet jatszanak.

x

Airborne measurements of cloud condensation nuclei active at supersaturations = 0.159%,.
Aerosol particle (0.09 to 7.5 ym diameter) and cloud condensation nucleus (0.02 to 0.149,
supersaturation) measurements were obtained within and above the marine boundary
layer, and stratus cloud droplet measurements were obtained within the boundary layer
offshore of southern California during September 1980. The purpose of the measurements
was to determine the vertical variations of the CCN above the sea, the fraction of soluble
material in the CCN, and the maximum supersaturations within the clouds. It was found
that both the concentrations of the CCN and the fraction of soluble material in the CCN
decreased with increasing altitude in the boundary layer indicating an oceanic source for
the CCN. The maximum supersaturation in the one cloud investigated was about 0.19
confirming that CCN active at supersaturations = 0.15% are important in stratus cloud
formation.

*

Introduction. Airborne measurements of cloud condensation nuclei (CCN)
active at critical supersaturations (S,) greater than about 0.15%, using
thermal-gradient diffusion cloud chambers (TGDCC) have provided basic
meteorological information (e.g., Twomey and Waojciechowski, 1969 and
Fitzgerald, 1972). Recently, the isothermal haze chamber (IHC) has been devel-
oped to determine the concentrations of CCN that cannot be measured with
the TGDCC: CCN active between about 0.01 and 0.15%, supersaturation.
These nuclei have been shown by Hoppel and Fitzgerald (1977) and Hudson
(1980a, b) to be important in the formation of certain fogs and stratus clouds.
Isothermal haze chambers also have been developed by Laktinov (1972) and
Alofs (1978). Simultaneous TGDCC and THC measurements now provide an |

*On leave from Dept. Atmospheric Science, Colorado State University, Fort Collins,
CO 80523.
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accurate representation of the CCN spectrum between 0.01 and about 1%
supersaturation as demonstrated in the recent international CCN workshop
reported by Kocmond et al. (1981).

As a result of these accurate CCN measurement techniques, Hoppel (1979)
and Fitzgerald and Hoppel (1981) have shown that the chemical nature of
CCN can be estimated from simultaneous CCN spectra and aerosol particle
spectra measurements. Further, Hudson (1980a, b) has developed a technique
using near-simultaneous measurements of haze droplet diameters at 1009,
relative humidity (d,,,) from an THC and fog, and stratus droplet measure-
ments from an optical particle counter in order to estimate the maximum
supersaturations in fogs and stratus clouds, a poorly understood property of
these meteorological phenomena.

There is little, if any, information about the variations in the vertical of
CCN active at S,<0.15%,, the fraction of soluble material (&) in the CCN,
and the critical supersaturations in coastal stratus clouds. This information
will provide realistic initial conditions for numerical simulations of coastal
fog and stratus cloud formation. Consequently, an airborne THC was construct-
ed after Hudson (1980a) to obtain the required information.

The THC was flown along with aerosol particle and cloud droplet measuring
equipment as a part of a larger satellite- “‘air truth” project described 1)\
Hindman, Durkee and Sinclair (1981). Simultaneous CCN and aerosol par ticle
measurements were obtained above and through the depth of the marine bound-
ary layer over the coastal waters offshore of southern California between 19
September and 2 October 1980. From these measurements we show that the
CCN originated at the sea surface and, in the one stratus cloud investigated,
the maximum supersaturation was about 0.19, which is lower than the super-
saturation range of most TGDCC. :

1. Measurement system

The description and calibration of the airborne IHC has been provided
by Hindman (1981). Briefly, the size distribution of haze droplets in equilibrium
at 1009, relative humidity [N (d,,,)] is obtained from the chamber. The critical
supersaturation of a droplet in equilibrium at 1009, relative humidity is
given by

d100(pm) = 0.0828:1(%) (1)

after Laktionov (1972). Hoppel and Fitzgerald (1977) have shown that (1) is

indepedent of CCN chemical composition and soluble fraction. Consequently,
operating on N(d,,,) with (1) produces N(S;) which is the CCN spectra.

The concentrations of aerosol particles with diameters between 0.09 and
3 pm were measured with an Active Scattering Aerosol Spectrometer Probe
(ASASP-X), and the concentrations of particles with diameters between 0.5
and 40 pym were measured with a Forward Scattering Spectrometer Probe
(FSSP). Both devices have been described by Knollenberg (1976). The sub-
micron size ranges for these instruments were calibrated using known sizes of
Jlatex spheres; the supermicron ranges of the FSSP were calibrated using
silicon glass spheres. The real portions of the complex index of refraction
of the test particles are similar to marine aerosol particles; the imaginary
‘portions are small and probably approximate those of the marine particles.
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Consequently, the measurements from the ASASP-X and FSSP should closely
approximate the true aerosol particle size distributions.

The THC and ASASP-X were cross-calibrated in the laboratory using a
polydispersion of (NH,),SO, particles generated with a system described by
Hindman et al. (1981). The d,,, spectra obtained from the THC were converted
to CCN spectra using (1). The size spectra of the (NH,),S0, particles obtained
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N b Fig. 1: Number of CCN calculated from
N ; ASASP-X measurements (N particles) divided
N by the number of CCN calculated from simul-
taneous IHC measurements as a function of
critical supersaturation (S,). The dots are si-
multaneous ASASP —THC (non-humidified
inlet) measurements of (NH,),SO, particles,
the triangles are simultaneous particle —THC
. (humidified inlet) measurements made at the
! Reno CCN workshop as reported by HIndman
i e D 1 e Ay (1981) and the square is a simultaneous
(ofe] 0.1 16 particle —THC (non-humidified inlet) measure-
S¢ (%) ment also made at Reno

N pARTICLES
Nine
o

o I T

1

] Qe s i £ 1 8 ‘
#~

from the ASASP-X were converted to CCN spectra using the following
expression from Fitzgerald (1973),

d(pm) = 3.06 X 10-2-0.31,8-0-66(%/ ) (2)

where ¢ is the fraction of the particle which contains (NH,),S0,; in the labora-
tory studies ¢=1. The CCN spectra obtained from the ITHC and ASASP-X
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Fig. 2: Simultaneous CCN (left) and aerosol particle (right) measurements on 28 September 1980

in the vicinity of Santa Cruz Island. The symbols represent data collected at the following
altitudes and times: W — 500° MSL, 11281132 PDT; A — 1700’ MSL, 1114—1119 PDT;
I — 2600° MSL, 1101 —-1105 PDT; @ — 4800° MBL, 0943 —0948 PDT
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. measurements were compared by dividing the THC-generated spectra into the
| ASASP-X generated spectra; the results are presented in Fig. 1. It can be
| seen in Fig. 1 that the CCN concentrations obtained from the ASASP-X
| measurements were systematically higher than the CCN concentrations
obtained from the THC measurements. This is probably due to slight sub-
saturations in the THC as discussed by Hindman (1981). Consequently, the
airborne CCN. concentrations obtained from the THC (operated with a non-
humidified sample inlet) were increased using the values in Fig. 1 (e.g.,
concentrations measured at 0.149%, were increased by a factor of 3, etc.).

The THC and ASASP-X instruments were mounted inside a Cessna T-207
aircraft and the FSSP was mounted on the wing. The particle losses in the
sampling probes for the ASASP-X and THC were found to be negligible as
discussed by Hindman (1982). Air-motion (w, v, w, turbulence) and state-
variable (7', T3, P) measurements were obtained from the aircraft. Particles
were collected on the high-volume Nuclepore filters and are presently under
investigation (sizes, numbers and elemental compositions), consequently results
are not available for presentation.

2. Procedures

The experimental region was among the Channel Islands offshore o
southern California. The region was chosen because of the well-defined marine
boundary layer and frequent occurrence of extensive stratus cloud layers.
These meteorological phenomena are due to a combination of cool surface water
caused by upwelling and subsiding, offshore flow due to the semi-permanent’
subtropical high-pressure system.

The aircraft took off from the coastal plains and flew offshore above
the boundary layer. Once offshore, the aircraft decended to near the surface
in a step-wise fashion so a series of 20 to 30 n mi horizontal tracks were flown
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"ig. 3 : Simultaneous CON (left) and aerosol particle (right) measurements on 30 September 1980
ffshore of Ventura, CA. The symbols represent data collected at the following altitudes and
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r 1155—-1200 PDT; @ — 4500° MSL, 1114—1119 PDT
I

203



above and below the marine inversion. The aircraft then elimbed from near
the surface to higher altitudes for the return trip during which stratus droplet
measurements were obtained. The particle, air-motion, state-variable and
CCN measurements were obtained continuously throughout the flights. The
high-volume samples were collected for 5 min periods along the horizontal
flight tracks.

3. Results
Simultaneous IHC and ASASP-X measurements suitable for analysis

were obtained on 28 and 30 September 1980. The simultaneous measurements
(Figs 2 and 3) were obtained at various altitudes in the vicinity of Santa Cruz
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Fig. 4: CCN spectra calculated from the particle measurements made on 30 September 1980,

assuming the particles are composed either totally of (NH,),80, (¢=1.0) or composed 15%

(NH,),80, and 859% insoluble material (¢=0.15). The measured CCN spectra are given by the
solid lines and the inferred fraction of soluble material in the CCN are indicated i
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Island on 28 September 1980 and offshore of the city of Ventura between the
city of Santa Barbara and Santa Cruz Island on 30 September 1980. The
curves are smoothed to account for the unnatural irregularities where the
ASASP and FSSP data merge. These irregularities were caused by loss of
sensitivity of the FSSP for particles 0.5 um in diameter and a slight misalign-
ment of the sample tube within the ASASP-X which caused underestimation

of the numbers of the largest particles.

The soluble fraction of the CCN were determined using the following
procedure (the procedure is illustrated using the data from 30 September 1980).
The particle size distributions in Fig. 3 were transformed into CCN super-
saturation spectra using (2) and assuming that the soluble component of the
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Fig. 5: Variation of the fraction of soluble 9 \\.
material (¢) in CCN as a function of altitude A
above sea level. The measurements on 28 00 1 1 1 1
10

September 1980 were made in the vicinity of

Sanial Gz Toakd € (dimensionless)

CCN was (NH,),S0,. Two spectra were calculated from each particle size
distribution, one assuming that the CCN were all soluble (¢=1), and the other
assuming that the CCN were composed mainly of insoluble material (¢=0.15).
The results of the CCN spectra calculated from the particle measurements are
shown in Fig. 4. Also plotted in Fig. 4 are the CCN measurements from
Fig. 3. It can be seen in Fig. 4 that the spectrum measured at 200 ft MSL lies
generally between the two calculated spectra indicating the CCN have an &
value of about 0.5. Likewise, the CCN spectrum measured at 700 ft MSL lies
close to the calculated spectra with £~0.15 indicating the CCN have an ¢
value of about 0.15. This procedure was followed for the remaining data in
Fig. 4 and the simultaneous CCN and particle measurements from 28 September
1980. The & values from these analyses are plotted in Fig. 5 as a function
of altitude. There is considerable scatter in the ¢ values. Nevertheless, there
appears to be a systematic variation of ¢ with altitude consistent with an
oceanic source for the CCN meagured below about 1,000 ft above sea level.

On 20 September 1980, a stratus layer was investigated a few miles west
‘of San Miguel Island. Measurements with the THC were obtained above and
‘below the stratus clouds while FSSP measurements were made within the
clouds. These measurements are used to estimate the maximum supersaturation
in the clouds following a procedure developed by Hudson (1980a). The proce-
dure is illustrated in #ig. 6. The d,,, measurements from the THC are plotted
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along with the droplet measurements from the FSSP. The d,,, values are
converted into critical diameter (d,) values using the following relationship
from Hudson (1980a) :

de= V3_d100 (3)
The intersection of the d, curves and the droplet curves in Fig. 6 define the

critical diameter for the stratus droplets; droplets smaller than d, are un-

10" E T S s B L i o = g T

T
/’dc =14 pm, S, ~0.1%

Lol

Fig. 6 : Measurements of d,,, beneath
(A — 650’ MSL, 1537 PDT) and above
(Il — 3000’ MSL, 15221525 PDT,
V¥ — 5000° MSL, 1432—1437 PDT)
a 200’ thick stratus layer on 20 Sep-
tember 1980 a few miles west of San
Miguel Island. The corresponding
d, values are indicated by the open
\.‘ symbols. The stratus droplet concent-
o rations measured at 1000° MSL at
L]

il

N (24, em™Y)
o

o1 tud

1538 PDT are denoted by the @
10 Sy ey Y AL Sy i | symbols. The critical diameter of the
e 1.0 100 200 - droplet distribution is ~ 1.4 um cor-

d (pm) responding to a S, of about 0.19,

activated haze drops, and droplets larger than d, are activated cloud droplets.
It can be seen in Fig. 6 that the d, value is about 1.4 ym. Using (3) and (1),
this value corresponds to a maximum supersaturation of 0.1%,.

4. Discussion

It can be seen in Figs. 2 and 3 that the highest CCN concentrations were
found at the lowest levels and vice versa. This result when combined with the
variations of & in the vertical shown in Fig. 5 leads to the conclusion that the
high concentrations of CCN active at S,<0.15%, near the sea originated from
the sea. The high & value measured at 4,500 ft MSL is believed due to anthro-
pogenic particles flowing offshore from urban areas.

The conclusion that the CCN active at S,< 0.159%, originated from the sea
is consistent with the following evidence. Hobbs (1971) reported from simul-
taneous airborne measurements over the ocean of sodium-containing particles
(SCP) and CCN active at 0.59%, that, even at 50 ft above the ocean, the SCP
comprised only a small percentage of CCN active at 0.59,. This result in-
dicated that the ocean is not a source of CCN active at 0.59,. Further, Radke
et al. (1976) from simultaneous measurements near Barrow, Alaska of SCP,
and CCN active at 1%, concluded the SCP were a small fraction of the CCN.
This result extends those of Hobbs (1971). However, they concluded, based
on extrapolating the CCN measurements to the low supersaturations believed
to exist in fogs and stratus, that SCP probably comprise a majority of the fog.
and stratus droplet nuclei (they stated that the SCP were probably airborne
sea salt particles). Finally, Woodcock et al. (1981) have shown, through analysis
of collected marine fog droplets, that sea-salt particles play an important role
in the initiation and growth of marine fogs.
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The simultaneous THC and ASASP-X measurements provided information
on the vertical variation of ¢ above the sea surface, which is consistent with
the results of other investigators. This favorable result indicates that simul-
taneous THC and ASASP-X measurements made in other regions may be
useful in estimating values of ¢ for CCN.

The estimated maximum supersaturation of 0.19%,, in the one stratus inves-
tigated, is consistent with the 0.2 to 0.3%, maximum supersaturations esti-
mated for coastal stratus by Hudson (1980b). The result is substantially less
than the maximum instantaneous supersaturations of about 0.4%, measured in
a forming radiation fog by Gerber (1980). The result, however, is greater than
the 0.06 to 0.11%, maximum supersaturations estimated in coastal fogs by
Hudson (1980b). Surprisingly, the result compares with Warner’'s (1968)
report of a median supersaturation in cumulus clouds of 0.19%, based on
simultaneous measurements of updraft velocity and droplet size distributions.
These results indicate maximum supersaturations achieved in many fogs and
clouds are lower than achieved in TGDCCs. Hence, CCN measurements from
TGDCC should be combined with measurements from THC to provide an
accurate and meaningful representation of the CCN content of the atmospheric
aerosol.

5. Conclusions

Simultaneous aerosol particle (0.09 to 7.5 um diameter) and cloud con-
densation nucleus (0.02 to 0.149, supersaturation) measurements obtained.
within and above the marine boundary layer offshore of southern California
show that both the concentrations of CCN and the fraction of soluble material
(¢) in the CCN decreased with increasing altitude through the boundary layer.
This result indicates that the ocean is the source of these CCN; a conclusion
which is consistent with the findings of Woodcock et al. (1981) that sea-salt
particles play an important role in the formation of marine fogs.

Measurements with the THC were made beneath and above a stratus cloud
layer, and cloud droplet measurements were made within the layer in the same
region. From these measurements it was estimated that the maximum super-
saturation in the cloud layer was about 0.19,. This result indicates that the
CCN measured with the THC are the CCN that are important to the formation
of coastal stratus; a result consistent with the findings of Hoppel and
Fitzgerald (1977) and Hudson {1980a, b).
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Measurements with an instantaneous CCN spectrometer

G. HUDSON, C. F. ROGERS and W. C. KOCMOND, Atmospheric Sciences Center, Desert Research

Institute, University of Nevada System P.O.B. 60220 Reno, Nevada 89506, U.S.A.

Meéresek ,,pillanatnyi’’ felhé-kondenzdciés-mag - spektrométerrel. A felhs-kondenzdcids
magvak (Cloud Condensation Nuclei, CCN) pillanatnyi értékének mérésére szolgalé spektro-
méter lényegében hérom folyamatos aramu szédmlalébél 4ll. Ez a miszer — megfelelg
kalibralas utan — egyidejiileg harom vagy tébb pontot ad a magszdm- és a kritikus tul-
telitettségi CCN spektrum megszerkesztéséhez. Jelen munkdban monodiszperz eziist-
jodid és korom részecskékkel végzett mérések eredményeirél szimolunk be. Az eziist-jodid
elméleti kritikus tultelitettsége 49, koriil volt, ezzel szemben méar 0,579, -nal magvasodast
tapasztaltunk (mas berendezések hasonlé eredményt adtak az 1980-ban, Reno-ban (Nevada)
végzett oOsszehasonlité mérések sordn.) A korom részecskék kritikus tultelitettségét
0,15—0,26 um kozétti nagysdga részecskékre hatdroztuk meg; altaldban ezek a ré-
szecskék ecsaknem olyan aktivaknak bizonyultak, mint az azonos nagysigii amménium-
szulfat magvak.

*

Measurements with an instantaneous CCN spectrometer. The instantaneous cloud
condensation nuclei (CON) spectrometer is essentially three continuous-flow diffusion
CCN counters in a series flow arrangement. After appropriate calibrations, this instrument
simultaneously yields 3 or more points on a number-versus-critical supersaturation CCN
spectrum. Application of the device to measurements of the CCN activity of monodisperse
silver iodide and coal combustion fly ash aerosols is described. The silver iodide had a
theoretical critical supersaturation of about 49, but was found by this instrument (and
others at the 1980 International CCN Workshop) to nucleate at about 0.579,. The fly ash
critical supersaturation was measured for a range of particle diameters from 0.15 gm to
0.26 pm; generally this material was found to be nearly as active as ammonium sulfate
CCN of the same diameters.

*

Introduction. Measurements of cloud condensation nuclei (CCN) using a
“instantaneous” spectrometer are described in this presentation. The

device, essentially three continuous-flow diffusion (CFD) CCN eounters in
a series flow arrangement, obtains three points on a cumulative number
density-versus-critical supersaturation spectrum at any one instant in time by
generating a trimodal droplet size distribution. The device was used with suc-
cess during the recent 1980 International CCN Workshop (reported elsewhere
in this Journal) on a variety of pure soluble and ambient aerosols. This presen
tation will summarize results obtained in measurements of the CCN-
- activity of two aerosols of practical interest: a sample of coal combustion fly
ash, and a sample of silver iodide.

The instantaneous sepctrometer has been described in more demﬂ else-

' where (Hudson et al., 1980; Hudson et al., 1981). Figure 1 shows a schematic
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Fig. 1: Schematic of the instantaneous CCN spectrometer: L, =48 em; L,=8.4 cm; L, =10.4 cm;
L,=38.4 em (lst supersaturation zone — S,, T;, T,); Ly;=12 cm (2nd supersaturation zone —
S,, T,, T,); L;=8 em (3rd supersaturation zone — S;, T,, T,). Supersaturation: S, <8S,<8S,.
Plate temp= By < Ty—=T =T =T
1 — Carrier flow entrance; 2 — diffuser screen; 3 — sample injection tube; 4 — cold plate
wicking surface; 5 — warm plate wicking surface; 6 — first warm section, T,; 7 — first cold
section, T,; 8§ — second warm section, T;; 9 — second cold section, T,; 10 — third warm
section, Ty; 11 — third cold section, T,; 72 — temperature bath at T,; 13 — temperature bath
at Ty; 74 — temperature bath at Ts; 15 — temperature bath at T,; 16 — temperature bath at
Tg; 17 — temperature bath at T,; 18 — exhaust to OPC

cross-section of the device, where six thermostated circulating water baths
are used to maintain three separate regions of temperature differential across
the parallel plates. Three regions of supersaturations 8,, S,, and S; are thereby
created, with the supersaturation increasing in ascending order along the
direction of flow. CCN passing through the spectrometer activate in one of the
supersaturation zones if their critical supersaturation S, is exceeded by S,, S,,
or §;. Activated droplets exiting the chamber are then counted and sized
by a Royco optical particle counter which is connected to a 512 channel
analyzer and to a standard Royco 5 channel analyzer module with printer.

INSTANTANEOUS SPECTROMETER
NUMBER VS SIZE

0.93% 0.60%, 0.23% Fig. 2: Trimodal droplet size distribution produced in
SUPERSATURATIONS spectrometer
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[In all data, the double-valued region (1.0 to 2.0 um diameter, approximately)
of the Royco response must be avoided.]

In general, then, a polydisperse aerosol will generate a trimodal droplet
size distribution, where the least active nuclei have produced the smallest
droplets and the most active nuclei, which have been growing the entire length
of the spectrometer, have produced the largest droplets (see Fig. 2). Expressed
as a cumulative distribution, in terms of the number density of droplets of
radil greater than, or equal to, the value shown on the abcissa, the general
result is as shown for polydisperse NaCl in Fig. 3. This Figure is instructive
because it illustrates the frequent situation of overlap between the three
regions of the trimodal droplet size distribution, an expected phenomenon
when the polydisperse aerosol being sampled is not a perfect sum of three
monodisperse components, and when there is inevitably some instrumental
blurring of the three size components.

The spectrometer is routinely checked and calibrated in two ways to
improve the interpretations of these kinds of data. First, the number con-
centration read out at varying Royco size thresholds in the spectrometer is
compared to the concentration read out by a conventional continuous-flow
diffusion (CED) CCN counter operating at one fixed supersaturation setting.
That given supersaturation may then be associated with “plateau’ regions
in data such as Fig. 3. Secondly, nearly monodisperse sodium chloride aerosol
(from an electrostatic classifier) passed through the spectrometer allows
association of a given output droplet size with a given input critical super-
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saturation. Such calibrations need not to be Ee?aeated fi'eqﬁently, but should
be performed for each given aerosol carrier flow setting and set of super-
saturation settings employed in the spectrometer

i Expenmental resulls

The Proceedings of the 1980 International CCN Workshop dJscuss nu-
merous comparisons of this spectrometer to other CCN counters, on pure
soluble aerosols of sodium chloride and ammonium-_sulfate, and on ambient

Fig. 5a: SEM photographs of fly ash particles on Nuclepore filters. Polydisperse, Nom. dla..
0.26 famn, 2000 X

atmospheric aerosols. Here we WIH dJscuss results obtained wmh the device
on two aerosols whose nucleation characteristics are more difficult to specify
than pure soluble aerosols. First, data were obtained during the 1980 -
International CCN Workshop on both polydisperse and monodisperse silver
iodide aerosols, The silver iodide was reagent grade and, when subjected to
PIXE analysis, appeared to be free of contaminants (Mach, 1981). A mono-
disperse aerosol was prepa.red by vapom&tlm-mwndemmmy foﬂawed by
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passing the polydisperse product through an electrostatic classifier. In Fig. 4,
the cumulative number concentration of CCN that were activated is displayed

as a function of applied supersaturation generated in the instantaneous spec-

trometer, for nearly-monodisperse silver iodide of nominal diameter 0.12 ym.

Above a supersaturation setting of 0.579%. this instantaneously-derived

spectrum shows a “plateau’” where very few additional CCN are activated

as the supersaturation increases: other devices present at the Workshop

showed a similar result, usually by sequencing through a number of super-

saturation settings, one at a time.

Fig. 5b: SEM photographs of fly ash particles on Nuclepore filters. Monodisperse, Nom. dia.
0.26 um, 2,000 % 3

If a contact angle of 9° is assumed for silver iodide (the minimum value
cited by Pruppacher and Klett, 1978), then the critical supersaturation of silver
iodide spheres of diameter 0.12 um should be about 49%,, according to the

- Volmer theory. The present results, obtained by a variety of instruments as
- well as the instantaneous spectrometer, reiterate the earlier work of Jiusto and

Kocmond (1968) who also found silver iodide aerosols to nucleate at lower S,
than theory would indicate. Post-Workshop analysis of the silver iodide is
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continuing in an effort to obtain clues leading to an explanation of this anom-
alous behavior. Whatever the reason for the discrepancy, it appears that
generation of an Agl aerosol in this manner lowers the S, from the theoretical
value by a significant amount. This result points to the likelihood that Agl
prepared for cloud seeding experiments is active as CCN as well.

The second aerosol that was studied is of distinet atmospheric relevance,
but is complex in nature. Bulk samples of coal combustion fly ash were
collected from the electrostatic precipitator hoppers of a large electric power
generation plant located in the Western USA. Similar material was examined

Fig. 6 : Fly ash particles on Nuclepore filter. Monodisperse, Nom. dia. 0.26 gm, 10,000 x

by Parungo et al. (1978), who found that samples collected by aircraft exhibited
deliquescence behavior as though most individual partictes were surrounded
by a layer of soluble material. Rothenberg (1980) considered the water vapor
adsorption characteristics of small samples of fly ash which were taken from

the electrostatic precipitator collection system, or directly from the stack of

several Western USA power plants. It was found that adsorption equilibrium
was quite slow, suggesting that the fly ash particles were insoluble, porous
substrates.
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We resuspended the bulk fly ash using a jet of particle-free air; the

- resulting aerosol was stored in a 200 L conducting plastic bag for aging periods

- of one to several hours. The bag was then pressurized externally to force its

contents in steady flow through an electrostatic classifier, and then to the inlet
of the instantaneous spectrometer. It was necessary to confine our studies to
the nominal diameter range of about 0.1 um to 1.0 um, because the maxima
of our resuspended distributions generally occurred in this range, with only
very low concentrations to be found at sizes below 0.1 um. Figures 5a —b and
6 are scanning electron micrographs of particles collected on Nuclepore filters;
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Fig. 7 : Size distribution of cloud droplets ex- =~ Fig. 8§ : CCN spectra for three sizes of mono-
iting CCN spectrometer disperse fly ash

monodisperse cases were, of course, collected downstream of the electrostatic
| classifier.
| Figure 7 is a graph of the number of cloud droplets detected by the
‘ Royco, as a function of the size threshold settings of the five Royco channels,
for both monodisperse fly ash and monodisperse sodium chloride of 0.15 ym
diameter. It is evident that the fly ash size distribution, in this cumulative
display, does not show the pronounced plateau of the sodium chloride (of
theoretical S, 0.06%); nevertheless, the largest droplets grown on the fly ash
CCN approach the size of the largest NaCl. In general, the fly ash exhibited
CCN activity almost as pronounced as pure soluble aerosols of the same size,
but note that factors other than simple geometrical monodispersity affect
the net S, of the fly ash particles — probably due to variations in the amount
of soluble material deposited on the surfaces of individual particles. Very
similar results were obtained when the sizes of the aerosols were varied to
0.2 pm and 0.26 pm. _

Figure 8 shows three CCN spectra collected with the instantaneous
‘spectrometer for three nominal sizes of monodisperse fly ash. In each case,
three data points are shown, but not shown are separate data taken at higher
' supersaturations, which indicate that only 109, to 209, more nuelei are
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activated as the supersaturation is increased from 0.2%, to 0.6%,. The experi-
ment was repeated several times, with slight variations in the method of pre-
paration of the aerosol, but results were always very similar to Fig .8. (Note
that the data at nominal diameter 0.26 ym were taken with electrostatic
classifier sheath flow rates reduced below the usual manufacturer’s settings.)

In Figure 8 we also show a small triangle adjacent to each curve, to mark
the critical supersaturation values for ammonium sulfate particles of the same
diameter. It is evident that this sample of fly ash behaved as though composed
of mostly soluble material, for the necessary activating supersaturation is
almost as low as that of pure ammonium sulfate (and far below the Kelvin
wettable-sphere value of around 1%, or greater). Our results, then, correspond
closely to previous work in which fly ash was found to be coated with soluble
material (Parungo et al., 1978).

2- Conclusions

The instantaneous CCN spectrometer utilizes exposure of each aerosol
particle to three increasing supersaturation steps to produce an output droplet
size spectrum; appropriate calibrations and interpretation of this spectrum
allow the construction of CCN ecritical supersaturation spectra. This device
performed well at the 1980 International CCN Workshop during which it was
used to measure the S, of silver iodide having a theoretical value of about 49 ;
the measured S, was much lower, about 0.579%,. The S, of coal combustion fly
ash was measured for a range of particle diameters from 0.15 pm to 0.26 pm;
the resulting values were only slightly higher than the theoretical values for
ammonium sulfate CCN of the same diameters.

Acknowledgements. This work was supported by NASA Grants NAS8-33820
and NAS8-33273.
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investigation of atmospheric CCN using the diffusion tube

R. LEAITCH* andW. J. MEGAW, Department of Physics, York University, 4700 Keele St. Downsview,
Toronto, Ont. Canada M3] 1P3

A légkiri felhé-kondenzdcids magvak (CCON) tanulmdnyozdsa diffiziés csével. 33 kon
denzéciés mag spektrumot mértiink diffazios csével 0,05 —0,39, tultelitettségi tartomany
ban, tél elején. Foltételezve, hogy az aeroszol oldhaté frakeidja teljes mértékben ammo
nium-szulfatbél 4ll, a CCN mérésekbdl meghataroztuk a vizsgalt két hétre a szulfat atlagos
tomegkoncentraciéjat. A kapott 1,9 ugm=3 érték igen j6l megegyezett a két regionslis
monitoring allomason mért 1,6 és 1,4 ugm- szulfit koncentricidoval. Az atlagos CCN
spektrumot 6Gsszekapesolva egy tipikus nagysag szerinti eloszldssal, meghatéiroztuk az &,
oldédé frakeié véltozasat a nagysaggal a 0,05—0,5 um nagysigtartomanyban. A tér-
fogat szerint kozepelt e, értékre ebben a tartomanyban 149, -ot kaptunk.

*

Investigation of atmospheric CCN using the diffusion tube. The diffusion tube was used
to measure 33 cloud condensation nuclei spectra, in the range 0.3 to 0.059, supersaturation,
during a two-week period in the early winter. Assuming the soluble fraction of the aerosol
to be entirely (NH,),SO,, the average sulphate mass concentration for these two weeks
was derived. A value of 1.9 ug/m? compared favourably with actual sulphate measurements
of 1.6 and 1.4 ug/m? takén at two regional air monitoring stations. Coupling the average
CCON spectrum with a typical size distribution enabled a derivation of the variation of
the volume soluble fraction (g;) with sizes in the range 0.05 to 0.5 um. The volume-
averaged &, value was determined to be 149, over this size interval.

x

Introduction. There are two parameters of major concern which influence
the interaction of a particle with water. One is size, the second is the relative
amount of water-soluble material present in the particle. Much effort has been
made to measure the size distribution of aerosols and it is a relatively straight-

forward, if not always easy, task. Still, with the notable exception of Mészdros

(1978), determinations of the water-soluble components have been primarily
chemical analyses of the particle composition of an aerosol fractionated in
broad size ranges with little attempt to examine the distribution, with respect
to size, on a fine scale. The procedure for such a task is laborious.

Until recent years it has not been possible to make accurate determina-
tions of CCN spectra below 0.29%, supersaturation with respect to water (SS).
Since chemical identification is mostly undertaken for particles greater than
0.1 pym diameter, it has not been possible to correlate CCN measurements
properly with measured concentrations of sulphate and other major ions

* Present address, Atmospheric Environment Service, 4905 Dufferin Street, Downsview,
Ont. Canada M3H 5T4.
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present in the atmospheric aerosol. In this paper we demonstrate how CCN
measurements may be used to extract the soluble (assumed to be ammonium
sulphate) mass in the submicron size range in a very rapid manner, and how
they may be used as one of the diagnostics to resolve the variation of e, with
size in the submicron region.

Experimental

During the two weeks from November 24/80 to December 8/80 periodic
meaurements were made at the northern edge of Toronto of condensation
nuclei (CN), cloud condensation nuclei (CCN) spectra, and ice forming nuclei
(IFN) spectra. We deal only with the CN and CCN measurements and primary
emphasis is laid on the latter results. CCN active between 0.39, and 0.059,
water supersaturation were determined using the diffusion tube (Leaitch and
Megaw, 1981).-
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Fig. 1: Schematic of diffusion tube and detail of sampling tube (values are expressed in cm)
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Sampling was undertaken on the campus of York University, which sits
’Lon the northwestern edge of the metropolitan area of Toronto. The region to
the immediate north is used for agriculture, while to the immediate south,
bufferlng the campus from the city core, is a primarily residential area with
some light industry. Areas to the east and west are blendings of the above
two types with some medium industry. The entire region is heavily inter-
spersed with roadways. One might expect that the campus area is subject

to a highly fluctuating air quality dependent of course upon the meteorological
Isituation.

The air to be sampled was pulled down a long tube (7.6 cm diameter) at
a flow rate of 60 litres/minute into a laboratory on the upper floor of the
physical siences building. The tube extended approximately 6 metres above
the roof which put the opening about 19 metres above the ground. Air from
the tube was directed isokinetically to a Nolan-Pollak Model 1957 photo-
electric counter for determination of the CN concentration and to the diffusion
tube for evaluation of the CCN spectra.

The diffusion tube determines the concentration of particles active at
water supersaturations ranging from 0.04 to 0.3%,. A Royco 25 was used to
count and size the droplets. The accuracy of measurement has been estimated
it 259%,, but tests with monodisperse aerosols have indicated no disparity
zreater than 119%,. A schematic of the diffusion tube is shown in Fig. 1. The
1erosol-laden air passes down the tube the walls of which are heated isother-
nally to a few degrees (~10°C) above ambient. As it moves down the tube,
she air experiences a transient supersaturation which results from the difference -
n the diffusivities of water and heat and which lasts for about 12 seconds.
By the time it reaches the sampling tube the air has returned to very near
jaturation. Only the central stream of air is sampled which helps to simplify
‘he calculations. Numerical corrections have been made to compensate for
he variation in the supersaturation enabling one representative value to be

ised. Also due to the short growth time, a simple scheme was developed to
lelineate the CCN.

Efforts were made to take samples three times daily at approximately
190, 1:400 and 2:000 hours. Each period of actual data collection was about
-5 minutes in duration, with one CCN spectrum being measured accompanied
vy 10 CN values. A total of 33 CCN spectra were obtained.

Results

Details of the CCN data are listed in T'able I. Included are the number
oncentrations at 0.05, 0.1, 0.2 and 0.39, supersaturation, the slopes (k)
etween the indicated supersaturations (derived from CCN oc SSk) as well as
ir mass origin and significant weather events (i.e. fog, rain or snow). The CCN
oncentrations were derived from curves fitted to the measured points. Since
'N measurements were taken throughout the compilation of a CCN spectrum,
djustments were made to CCN points when the corresponding CN measure-
1ent deviated sharply (=1 standard deviation) from the CN average for an
ntire sampling period. These adjustments were taken into consideration
asically only if they helped to alleviate severe discontinuities in a spectrum.

Two mean spectra were compiled from Table 1, one for all samples and
lae for those taken when there was no fog, rain or snow present. The mean

| e
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curves, shown in Fig. 2, were evaluated using the averages of the three slopes

combined with the average concentration at 0.3%, supersaturation. Shown

above the CCN curves are the average CN concentrations for each spectrum.
These bear no relation to the supersaturation but are merely extended as such
for visual clarity. Both CCN spectra have been extrapolated from 0.3 to
1.09, supersaturation on the basis of the slope between 0.2 and 0.3%, and the
results of approximately 60 measurement periods using a MEE counter
(operated at 19, SS) at the same location in 1976. The average CCN concen-

tration active at 19, measured in 1976 (3600/cm?®) agreed reasonably well!

with the extrapolated values (2900/cm? for no fog, rain or snow).

TABLE I
CCN data for the period from November 24 to December 8, 1980

Ik ol CCN (N/cm3) Slope (k)
Date Notes — o5
(i 40astq 0.3%  0.29%  0.1%  0.05% [0.3—0.1% 0.1—0.05% 0.2—0.05%
| | |
Nov. | [
24 | MA | Rain; 3700 2480 1290 60 0.96 4.1 2.7
24 | MA | Rain| 2750 1860 950 23 0.97 4.6 3.0
24 | MA | Rain 520 405 165 e 1) 8.8 4.7
25 | MA 275 190 102 4.2 1.10 5.0 3.3
25 | MA 218 117 47 2.6 1.40 4.1 2.9
25 | MA 120 4.1 4.5
26 | MA | 2050 = 1570 340 1.97
26 | MA 1850 750 156 15 2.25 3.8 35
26 | MA 2750 2050 740 43 1.19 4.1 3.0
27 | MA |Snow| 855 325 185 1 1.39 8.9 4.2
27 | MA | 1900 1220 320 5.4 1.36 5.9 3.9
28 | MA | Rain| 2900 1470 285 11 2.11 4.7 3.8
28 | MA |Snow | 1480 910 405 18 1.20 4.5 3.0
29 | MA |Snow | 1030 790 260 13 1.25 4.3 3.2
29 | MA | 425 325 137 4.0 1.03 5.0 3.4
29 | MA | 1210 725 234 10 1.50 4.9 34
30 | MA | 485 360 221 4.2 0.72 5.3 3.3
30 | MA | 3000 1940 143 1.7 2.77 5.7 4.8
|
Dec. i
2 | MA | Rain| 3370 2300 900 23 1.20 5.2 3.5
2 | MA | Rain| 3000 2040 445 6.6 1.74 6.5 4.6
2 | MA |Snow| 173 110 42 LT .29 4.6 2.6
qReNA ‘ 90 2.1 | 5.0
3 |.CA 355 283 87 1.8 | 128 4.8 3.4
a1 BeA | 160 100 39 ke e R 4.2 3.0
AViT g | 585 285 83 el gl o 4.1 2.8
4 | CA | 1070 220 45 106 |\ £1.2:88 4.6 3.4
5 | CA | 2950 1100 148 256 [ s T 5.7 4.2
5 . MCA : | s 1680t - LETO 330 2.9 | L L46 6.0 4,2
7 | MP | Fog | 2550 1780 245 28 | 0.64 3.0 2.9
7 | MP | Fog | 3440 2150 950 v oA e £ L 3.6 2.9
8 | MP | Fog | 2150 1030 35 #4103 4.6 3.1
8 | MP | Rain| 1220 580 166 26 | 188 5.6 3.4
8 | MP | 490 410 60 404 16 - 108 3.6 3.2
Average without 1200 673 182 8.7 1.60 4.7 3.4
rain, snow, fog
Std. deviation 1050 650 175 7.4 1.00 Ok Vi 0.7
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Tae A

Analysis

b It might be expected that the CCN spectrum which includes precipitation
' (i.e. scavenging) events should average less than that for drier days; however,
' preceding and during these events the winds were relatively calm and predom-
‘inantly southerly, resulting in substantial CCN concentrations. Precipitation
‘experienced during these periods persisted for a day at least and was fre-

- quently pushed out by winds from the north to west bringing relatively clean

air, although there was a persistent source of Aitken particles (much of it
presumably from automobile emissions and other local sources), thus concen-
trations on dry days were generally much lower than those on wet days.
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Fig. 2: Average CCN spectra compiled during ’ "
swo-week period from November 24/80 to De- —= Without fog, rain
:ember 8/80. Shown above the spectra are the pEsaow,
average CN values for the same period. The CN
values are not related to the supersaturation on 10° Diini i e s dani £ e
‘he a}:)sciiss.a,D bu’} Telrely extetndtefi asfcurgeshfocll' 10 05 01 005 00/
visnal clarity. Total concentration for dashe 4
line 33,000, for solid line 29,000 X A ey et

The relationship between the critical supersaturation (CrSS) of a particle
and the quantity of water-soluble material it possesses is unique in the sense
‘hat for a given CrSS the absolute amount of the soluble material remains
she same regardless of the particle size, although relative amounts (ey) in the
sarticles of different size will vary. This means that we can use the CCN
spectrum to estimate the quantity of soluble material without reference to the
size distribution, simply by converting the CCN spectrum to dry particles of
jome water-soluble substance, using the relationship between CrSS and dry size
or that material. Once the dry particle size distribution is obtained, we may
rasily determine its mass which will be equivalent to the amount of soluble
naterial in the atmospheric aerosol in a size range specified by the limits of
he CCN spectrum. There are, of course, problems associated with this proce-
lure. It is necessary to assume that all the CCN possess some soluble component
‘vhich is not always true. Still at the low supersaturations dealt with here the
“oncentrations of pure insoluble particles active as CCN will be very much less
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than those with some soluble fraction and thus should be of very little conse-
quence. A more difficult assumption is required concerning the molecular
constituents of the water-soluble fraction. In the supersaturation range used
here (0.05—0.39,) most of the particles which are active CCN will be in the
submicron range and very likely between 0.06 and 0.6 micron diameter, based
on critical supersaturation data. Certainly in this size region ammonium
sulphate [(NH,),SO,] is well documented as the principal water-soluble
component, thus we use (NH,),S80, to represent this component. A third
assumption is that we can neglect the possible influence of surface-active ma- !

105 e
I i
; Alban,
« .Yorfly.
P Mohawk
AL
i B o ge
— 7 = continental
/
=
S /
<
& g0 !
© q
Q ";\ Pure(NHy )5 SOy
Vs _—» SonFrancisco
ES e peaks
X o
S .
3 /
3 y/
i
/0,-/ / Fig. 3: Cumulative size distributions at indi- |
- cated locations as determined by Schaefer (1976) @
// and Jiusto and Lala (1977). Also shown is the
// Standard Junge Continental Distribution as well
4 / as the presumed for this work (York U.). The
o At SR (o) | ) pure (NH,),SO, curve results from assuming
10 05 0/ 005 0010005 000! the dashed curve in Fig. 2 to be composed of
DIAMETER (t2m) pure ammoniurm sulphate

terial which may be present in the ambient aerosol. It would seem impossible
to account for such effects if it were necessary to do so. ‘

The two spectra in Fig. 2 were converted to dry particle size distributions
of pure ammonium sulphate. The two distributions were then calculated to !
have masses of 1.9 ug/m® and 1.6 ug/ms3 for the total and the no-fog, rain or
snow curves, respectively. The medians of the mass distributions were both
0.13 microns diameter.

Generally, for this region one might expect sulphate levels up to 15
ug/ms; indeed Whelpdale (1978) has shown that during the summer sulphate
levels typically may average 5—10 pg/ms. During the monitoring period of
this study two arctic air masses pervaded the region. The more moderate
maritime arctic remained for 8 days and provided most of the rain, while
a cold dry continental arctic flow occupied the area for 3 or 4 days. Ground
wind direction was predominantly northwesterly and at least two stations of
the Canadian Air Pollution Network recorded very low sulphate concentrations
during the same two-week period. One station located on the northern edge
of Lake Superior measured levels at 1.6 pg/m3, while a station on Lake Erie,
less than 200 km to the southwest of our location, found average concentrations

222




T T ST e T

of 1.0 pug/m? for the period with no-fog, rain or snow, and 1.38 ug/ms for the
entire two weeks. These results agree very closely with the values determined
using the CCN measurements, suggesting that the CCN spectra are valid, and
are useful in estimating sulphate concentrations.

Comparison of the curves in Fig. 2 with the models of Junge and
MecLaren (1971) showed these slopes to be steeper than any model results for
a constant ey. This suggested that there was a significant variation of ¢, through
some size range. Before any inferences regarding soluble content can be made,
two assumptions are required. One is that within a given size range (presumably
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small) all the particles must possess the same soluble fraction. This precludes
having pure soluble, pure insoluble and mixed particles in the same size range
and requires all the particles to be of mixed composition. Wl'ule thlS.lS a
somewhat sweeping assumption, it is confirmed to some extent in the winter
by the results of Mészdros (1978). The second assumption concerns the actual
composition of the soluble and insoluble fractions. For the reason al_ready
discussed we choose (NH,),SO, to represent the soluble component, while for
the insoluble portion knowledge of the density is sufficient and has been
assumed here to be 2.65 g/em3 (equivalent to SiO,). A lower valye for the
density will have a similar effect to increasing the soluble fraction of the

~ aerosol.

Unfortunately, no suitable means was available to measure the size
distributions during this sampling episode. Still several “typical” distributions
have heen measured elsewhere and since the CCN spectra are a_veraggd from
several observations, it is felt that a representative distribution might bf_z
constructed. General size distributions measured by Schaefer (1976) and
Jiusto and Lala (1977) at the indicated locations are shown in Fig. 3. Also
illustrated is the standard Junge continental distribution. In particular the
Albany and Mohawk distributions were felt to be good representatives of our

- sampling region since the average CN concentration fell in between, they are

nearby geographically and the Albany distribution was composed during the
winter months as well.

The volume soluble fraction (e,) was found by matching CCN concentra-
tions to the size distribution concentrations, hence finding equivalent super-

223



saturations and diameters. This enabled &, to be readily found from critical
supersaturation curves. The resulting variations for both CCN spectra are
shown in Fig. 4. The curve in absence of fog, rain or snow (1) has a volume
mean &, value of 0.10 for 0.15=d=0.5 and 0.26 for 0.0l =d=0.1 where d is
the diameter in microns. Curve 2 gives for ¢, values of 0.13 and 0.40 respectively.
Using the results in Fig. 4, the soluble mass distribution was plotted, in Fig. 5,
for curve 1. The median of the distribution is 0.22 microns diameter, while
that derived for the total mass was 0.26 microns. Of course, the masses of the
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oo “‘;/ ol 00 s fnal Fig. 5 : Mass distribution of soluble material
i i DIAMET/E‘;'( ) 190 for curve I (Fig. 4). Soluble composition
el was assumed to be (NH,),SO,

distribution were 1.9 and 1.6 ug/m?® for curves 2 and I, respectively, and
the median for 2 was also 0.22 microns. This represents a soluble/insoluble
mass ratio of about 149, with respect to the assumed size distribution between
0.05 and 0.5 microns.

The variation of &, cannot be validated by comparison of the sulphate
mass, since many forms for the variation of ¢, may be used to arrive at the same
soluble mass concentration, as already discussed; however, the uniqueness of
the interpretation of ¢, may be studied by examining the median diameter
of the soluble (or sulphate) mass distribution as well as its spread. Unfortu-
nately, no information is available in this instance concerning the actual
distribution of the sulphate.

The variation between the two curves in Fig. 4 would appear easy to
explain by the increased coagulation of Aitken particles with submicron par-
ticles and enhanced heterogeneous gas-to-particle formation during the periods
of high relative humidity. However, conclusions concerning these points are at
best tenuous, owing to lack of proper information about the size distributions.

Conclusions

Since for the supersaturation range of operation (i.e. 0.05—0.3%,) virtually

all the CCN have some soluble component, then it is reasonable to assume .

that CCN spectra are a measure of the soluble mass in the submicron region.
It has been shown here that CCN spectra may be able to provide good estimates
of the sulphate fraction in the submicron range. Indeed this may be a method
of validating some CCN counters with natural aerosols.

224



" While it cannot be said that the CCN spectra presented in Fig. 2 are
\indicative of a continental background acrosol, they do represent a clean
‘continental aerosol modified by local influences, probably the most dominant
of which comes from automotive emissions. Some idea of just how clean the
air was may be obtained from considering that the arctic aerosol may possess
isulphate levels of beyond 1—2 ug/m?® for periceds during the winter months
(Rahn and Shaw, 1978).

Several assumptions have been made here in order to extract the variation
of the soluble component with size. While assuming a size distribution is
avoidable, unless a considerable body of information concerning the mass
distribution of soluble material is available, no unique construction of ¢, is
possible. Still the assumption of purely mixed particles makes possible an
interpretation of &, with size, which may be adequate for many purposes.
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west of the North American Continent, offer a unique environment for the study

Airborne measurements of aerosols
and cloud condensation nuclei over Hawaii

Modification ERL/NOAA, Boulder, Colorado 80303, U.S.A.

Repiilégépes aeroszol- és felhdkondenzdcios mag mérések Hawaii folétt. Tzokinetikus
aeroszol mintavevével felszerelt kutaté repiilégéppel aeroszol mintédkat gyuajtottink
Hawaii folott 1980 janiusaban. A ,,Nuclepore” sziir6n felfogott részecskéket pasztazd
elektronmikroszképpal (SEM) és rontgenenergia spektrométerrel (XES) tanulméanyoztuk.
Az eredmények szerint a passzat inverzids felh6k szlir6ként hatnak az alsébb légrétegek
aeroszol részecskéi — kiilonésen a sorészecskék — szempontjabél. Az inverzié alatt az
aeroszol koncentracio atlagosan 100 em—3. A részecskék 509, -a tartalmaz natriumot és klort.
Az inverzi6 f6lott a részecske koncentracié egy nagyséagrenddel alacsonyabb. A natriumot
tartalmazo részecskék az éssz-részecskének itt mar csak 109,-at teszik ki. Az impaktorral
felfogott aeroszol mintdkban a szulfat és nitrat részecskéket folt-analizissel azonositottuk.
Amint lathaté, a szulfat részecskék mindenhol megtaldlhatok, mig nitrat részecskék elso-

sorban a tengerpart mentén mutathaték ki, kiilondsen Hilo kozelében. Felhécseppeket i

replikator s=gitségével gyajtottiink, vinilacetattal bevont filmen. A replikakat SEM-XES
rendszerrel vizsgaltuk az individualis kondenziciés magvak (CCN) elemi Osszetételének
meghatéarozisara. Az eredmények szerint a cseppeknek mintegy 609% -a tartalmazott a
SEM-mel kimutathaté részecskéket (feltehetéleg kondenzéciés magvakat). Na-t és Cl-t
tartalmazé részecskéket a cseppek 409%-4ban, Si, S, K és Ca-t tartalmazé részecskéket a
cseppek 209;-d4ban mutattunk ki. A felhéesepp nagysdga, valamint a kondenzéciés mag
nagysaga ¢s kémiai Gsszetétele kozt nem talaltunk kapcsolatot.

EVA

Airborne measurements of aerosols and cloud condensation nuclei over Hawaii. A research

aircraft was used to collect aerosol over Hawaii in June 1980 by means of an isokinetic

aerosol sampling system. Aerosol samples were collected on Nuclepore filters and analysed
with a scanning electron microscope (SEM) and X-ray energy spectrometer (XES). The
results show that the trade-wind inversion clouds act as a filter for lower atmospheric
aerosols, especially for salt particles. Below the inversion layer the aerosol concentration

is approximately 100 cm=. Na and Cl are present in 509%, of the total particles. Above the |

layer, the particle concentration is one order of magnitude lower. The Na-containing
particles reduced to 109, of the aerosol particles. Aerosol particles were also collected with
an impactor. Sulfate and nitrate particles were identified with spot tests. It appears that
sulfate aerosols are widely distributed whereas nitrate particles are generally found along
the seashore, especially close to the city of Hilo. Cloud droplets were collected with a replica-

tor onto a Formvar-coated film. The replicas were examined with SEM — XES system for =

elemental composition of the individual cloud condensation nuclei (CCN) which were
enclosed in the droplet replicas. The results indicated that approximately 60%, of the
droplets included particles (possibly CCN) visible by SEM. Particles containing Na and Cl
were present in 409, of the droplets. Si, S, K, Ca appeared in 20 — 30%,. There seems to be no
correlation between cloud droplet size and CCN size, nor any relationship between droplet
size and chemical composition of CCN.

x : N
Introduction. The Hawaiian Islands, located in the Pacific Ocean 4,000 km

of marine aerosols, land-sea-air interactions, local air pollution, and long-rangé
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air pollution transported from industrial America. Woodcock (1953) collected
aerosol samples over the islands from an aircraft and showed that particle
concentration and size varied with altitude, location, and time of sampling.
However, he did not use an isokinetic sampling technique; thus the results
were limited to giant particles (radius =1 pm). Junge (1957) investigated
chemical composition of aerosol particles on the island of Hawaii. However,

the results referred to sea level aerosol, and only four kinds of ions were
analyzed.
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Fig. 1: Aerosol particle size distribution. Fig. 2: Aerosol particle size distribution.
Samples collected on 12 June 1980 Samples collected on 14 June 1980

In summer 1980, in conjunction with the NOAA Hawaii Mesoscale
Energy and Climate (HAMEC) project, airborne aerosol samples were taken
with an isokinetic sampling system from the NOAA research aircraft (P—3).
The samples were collected on Nuclepore filters and electron microscope grids
and were analyzed for particle concentration and size distribution with scanning
and transmission electron microscopes. An X-ray energy spectrometer was
used to determine the chemical composition of individual particles. The on-
board instrumentation, the flight tracks, and the meteorological conditions

- during the flight were described by Nolt et al. (1980). The in-situ recorded data

and sounding systems data sets were compiled by Dias et al. (1981). The
detailed measurements of aerosols have been documented by Parungo et al.

(1981). This paper discussed some of the significant results obtained from these
aerosol measurements.
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1. Analyses of aerosol filter samples

Aerosols were collected from an isokinetic sampling system on Nuclepore
filters (pore diameter d=0.1 um) at ~ 15 L/min, and the filters were brought
back to our laboratory for later analyses. A section of the filter was mounted
on a carbon block and coated with a thin layer of carbon and then examined
with a scanning electron microscope (SEM) with an operational resolution of
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Fig. 3: Frequency of elements
ok =0 R oo [ 7 present in the aerosol particles.
Na MgA Si P S Cl K CaTi Cr Fe Ni MnZn | None Samples collected on 12 June 1980

0.05 um. At least 300 particles were measured to obtain particle size distribution
for each sample. Figures 1 and 2 show the results of the samples collected
on 12 and 14 June 1980, respectively. Results of other days are similar. At low
levels (H <50 m MSL) aerosols were found to be diverse in concentration and
size distribution depending on the sampling location and time. Over the open
sea the particle concentration was =100 ecm~3. Along the coast, the concen_tra-
tion was doubled, and near the city of Hilo, the number of Aitken partlc-'les
almost tripled. The particle size distribution showed general agreement with
Junge’s model size distribution of marine aerosol (Junge, 1963). _

At high altitudes (5—6 km MSL) samples were collected upwind (200 }(m
NE), across, and downwind (200 km SE) of the island of Hawaii. The particle
concentrations and size distributions of the samples were similar regardless

of sampling location, indicating that the air was rather homogeneous and .

well mixed above the trade-wind inversion. Their concentration was one order
of magnitude lower than low-altitude samples. :

An X-ray energy spectrometer (XES) which is interfaced with the SEM
enables elemental analysis of individual particles. All elements in a particle
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whose atomic number is greater than 9 can be detected in one spectrum.
From each filter sample, we randomly selected 180 particles including 100
particles with d=1 um and 80 particles with d=1 um for X-ray analysis.
The frequency with which an element appears in the particles, i.e., the percent-
age of particles containing certain elements, is recorded.for comparison.
Figure 3 shows an example of the results. In the samples collected at 50 m
over the ocean, approximately 309, of the total particles contained Na and (!
only; they were pure salt. Salt mixed with other elements such as Si, S, K,
and Ca contributed another 209%,. Twenty percent to 30Y%, were organic
particles or soot, which emitted no detectable X-ray, and 309, of the total
particles contained S. For the sample collected at the middle level (1 —3 km),
salt and mixed salt particles decreased to 159, and pure salt particles were
merely 109%, of the total particles. Particles containing S increased to 459,
compared with 309, in the low-level sample. In the high-altitude sample,
particles containing Na decreased to 109, and pure NaCl was rare, whereas
S was present in 409%, of the particles and became the major component of
the aerosol.

2. Analyses of aerosol impactor samples

Anthropogenic aerosol generally consists of large portions of sulfate and
nitrate that have been converted from pollution gases SO, and NO,, respec-
tively. To analyze sulfate and nitrate particles, two spot tests that were intro-
duced by Bigg et al. (1974) and modified by Mamane and De Pena (1978)
were adopted. The detailed analytical procedure has been reported by Parungo
and Pueschel (1980). Briefly, aerosol samples were collected with a four-stage
Cascade impactor on electron-microscope sampling screens. Stage one collects
particles with diameters of 20 to 6 um; stage two, 6 to 2 um; stage three,
2 to 0.7 um; and stage four, 0.7 to 0.2 um. One set of screens was precoated
with a thin layer of BaCl,, which reacts with sulfuric acid droplets or sulfate
particles to form characteristic circular spots. Another set of microscope
screens was precoated with Nitron (C,,H;N,), which reacts with nitrate
particles to produce characteristic fiberlike reaction spots. By using morpholog-
ical examination with a transmission electron microscope (TEM), all particles
containing sulfate or nitrate can be counted in one observation in contrast to
X-ray analysis, which is performed on one particle at a time. Furthermore,
volatile particles can evaporate in the high vacuum under the intensive
. electron beam when examined with the SEM-XES system. In spot tests,
sulfate or nitrate are fixed to form stable spots, which will remain to be iden-
tified. Therefore, the spot test can detect more sulfate particles than the XKES
analysis. Also, this technique is especially useful in detecting nitrate particles
since X-ray analysis fails to do so. (Elements N and O are too light to yield
detectable X-rays.)

In 5 days of airborne surveys, we collected 15 samples at various times
and locations. The results of the spot tests are listed in T'able I. All samples
showed that =909, of the 4th-stage particles (0.2<d<0.7 um) contained
- sulfate. This indicates that sulfate was the predominant component of small
particles regardless of time, location, or meteorological condition. In general,
large particles contained less sulfate; however, large sulfate particles were
found in various percentages in all locations.

The nitrate particles were found mostly along the coast, in the early
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TABLE I
Analysis of sulfate and nitrate by spot tests

9% of sulfate 9% of nitrate
Sample Date and time Location? and particles particles
no. (Z)r condition on each stage on each stage

I N TR T e 3pET 3

1 12 June H=6.5km 0 15 90 -— e 0" Ty 10

2108 — 2156 200 km NE
Sunny !
|
2 14 June H=6.5km 25 .25 50 100 040 505 16 !
1352 — 1554 From 200 km |
; NE to SE
Rain
3 14 June H<=50m 0 30 10 90 & i i e Bl |
2217 - 2317 Around the ‘
island
4 14 June H = 6.5 km from 0 20 50 90 0050
2330 —0030 SW to NE
b 14 June H<50 m 0 20 25 90 0 -0.90. @
0142-0235 Channel
6 17 June H=6.5km 0 0 10 99 0 0 LT {
1441 —1511 SwW |
Cloudy
7 17 June 300 —1000 m 0 25 70 100 0830 1
1540 — 1630 Over island to NE
Cloudy
8 17 June H<50m 15-+ 5070 "95 15 65 95 0O
1714 —-1914 Channel
9 19 June H<1km 0 70 60 90 0, s~ 4 B0 10
1505 —1550 East coast
Clear
10 19 June H<1km 0 50 95 90 30 50 90, 25
1604 —1739 North coast
19 19 June H=6.5km 100 10 20 90 10" 58T EgET O
2346 —0015 SW X
12 19 June H=6.5km 10,10, 30 90 10, 507 &
0020 — 0040 over land
13 19 June H=6.5 km 0 50 60 99 0. 81 A0 200
0047 —0140 NE
14 19 June H=6.5km 20 20 30 9 0 5 0 0
0155 —0210 Channel |
15 22 June H<50 m 0 50 90 90 D80 705108088 ]
2015 —2121 NwW - ) E f

t Z is Greenwich time which is 10 hours later than Hawaii standard time . ot
¢ Location relative to the Island of Hawaii; channel refers to a series of islands bet ween Hawaii
and Oahu; H =altitude (MSL)
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' morning, especially downwind of Hilo (samples 7, 8, 9, 10 and 15 in Table I).
They were generally in large sizes (d>1 pm). Similar results concerning
nitrate particles elsewhere were reported by Junge (1956) and Parungo and
Pueschel (1980). All results indicate that nitrate particles are produced by
the interaction of land and marine air masses. Nitrogen oxide gases, which are
generated from land either anthropogenically or biologically react with sea
spray droplets-to form large nitrate particles. Because of their large sizes, they
are less mobile and more sedimentary. Therefore they are generally concen-
trated near the coast.

3. Analysis of cloud-particle replica samples

A cloud-particle replicator designed and built by Hallett et al. (1978) was
installed in the P—3 aircraft. The instrument consists of a roll of 16 mm
movie film, Formvar solution, and a long arm extending outside the aircraft.
In operation, the film is coated with a layer of the Formvar solution and
travels along the arm continuously to pass a slit which exposes the film to
the cloud. Particles entering the slit are caught in the wet, soft Formvar
coating which dries before reaching the take-up spool. Cloud particles leave
permanent replicas on the film and all the non-volatile materials in the cloud
particles (cloud condensation nuclei, ice nuclei, solute or scavenged particles,
etc.) will be left inside the droplet replicas. The slit is not designed to take air
isokinetically; small droplets (d<2 pm) generally escape capture. Because
liquid water spreads on impact, the diameter of drop replicas is approximately
1.25 X as large as the real cloud droplets.

Examination of cloud-drop replicas with the SEM-XES system shows
that many drops (60%) included solid particles. These particles probably
served as cloud condensation nuclei to initiate the growth of cloud drops.
During replication, drops evaporated and left CCN behind. Another portion
of the drop replicas (409%,) did not contain any SEM-visible particles even
when examined with the highest magnification (100,000 X). Since homogeneous
nucleation is practically impossible, an absence of any residue in the replica
may be explained by one of the following reasons: (1) CCN were volatile
particles that evaporated during SEM examination; (2) CCN were too small
to be detected by SEM; (3) drops split and the secondary drops may not
sentain the original CCN; or (4) CCN dissolved in the drops which evaporated
to leave too thin a layer of CCN material to be detected by SEM. Among
the detectable CCN, we used XES to analyze their elemental compositions.
Figure 4 shows cloud-drop replicas, their CCN, and the X-ray spectra of
ndividual CCN. We analyzed 200 CCN for each cloud penetration sample.
I'wo examples of the results are shown in Fig. 5. Approximately 409, of the
replicas contain no visible CCN; 30 to 40% contain salt, but only 109, are
pure NaCl. Si, S, K, and Ca appeared frequently (20%, —309%,). The results
ndicate that the elemental compositions of CCN are similar to low-altitude
marine aerosols; however, even in the clouds over the ocean, not only NaCl
out also other marine substance served as CCN. There seems to be no correla-
sion between droplet size and CCN size, or CCN chemical composition. These
shservations agree with Rasool’s (1973) discussion that CCN size and chemical
somposition may affect a droplet’s initial growth rate, but once the droplets
each a critical size (a few micrometers), the growth is no longer dependent on
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these factors. Therefore when we examined the matured cloud drops, some
large drops (20 to 30 wm) may have contained various sizes of CCN with
wide-range chemical compositions, and some small drops (2 to 5 um) may have
included a large salt particle. : ;

4. Conclusion
Airborne measurements of aerosols and cloud condensation nuclei (CCN)

were carried out in June 1980 over Hawaii. Throughout this period, the large-
scale upper-level westerly flow (at ~ 600 mbar) was dominated by the tropical

100
| 1 EZ CCN Containing
e Only Na and Cl

0%
100

Percent of CCN Containing the Element

Fig. 5: Frequency of elements Na Mg Al Si S .'. K CaTi

& in CON Cr Fe Ni MnZn | None
present in

upper tropospheric trough and at lower levels the easterly trade winds
prevailed. The trade-wind inversions with various depths generally occurred
t ~2 km MSL. The trade-wind clouds acted as filters for most marine
erosols. Below the clouds the aerosol concentration was measured at approxi-
mately 102 em-3. The elemental analysis by XES showed that Na and Cl were
resent in 509, of the total particles including 30%, containing only Na and Cl
s in pure salt, and 20%, mixed with other elements. Above the cloud layer,
rosol concentration was one order of magnitude lower and particles contain-
ing Na decreased to 109, of the total particles. CCN that remained in cloud-
op replicas were analyzed with XES also .The results showed that Na and Cl
ere present in 40%, of the cloud drops; S, K, or Ca appeared in 20—309%,
dicating hygroscopic particles served as CCN-forming cloud drops either
emaining in the clouds or precipitating out. Therefore, the concentration of
arine aerosols, specially Na-containing particles, were distinctively reduced
bove the trade-wind clouds. However, the relative concentration of S-contain-
ng particles did not decrease with increasing altitude; in some cases it even
ncreased slightly. One explanation is that the ocean releases large amounts
iof S-containing gases such as H,S and organic sulfide that are oxidized in the
tmosphere and converted into sulfate particles as they diffuse to a higher
altitude. Another explanation may be the long-range air pollution transported
from industrial North America. Spot test result shows that most submicron
|particles are sulfate, indicating they are most likely formed by gas-to-particles
conversion. The nitrate particles are larger (d>1 um) and present near the
\

233



islands; they are probably from local pollution. The reduction of Cl-containing
partlcles with increasing altitude is not. proportional to Na. This may be due
to Cl in sea salt being replaced by sulfate or nitrate (Robbins et al., 1959)
to release HCI gas which later recombines with other air components to form
different aerosols at higher altitudes.
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Arctic aerosols in surface air

R. JAENICKE and L. SCHUTZ, Institute for Meteorology, University of Mainz, Saarstrasse 21, D—6500
Mainz, F.R.G.

Talajkozeli aeroszol az Arktiszon. 1980 nyaran harom hénapon keresztiil aeroszol méré-
seket végeztiink a talajkézelben az Arktiszon. A kondenzéiciés mag méréseink szerint az
igazi arktikus levegében a kondenzaciés mag koncentracié kisebb, mint 100 cm—2. Az Eu-
ropai-Arktisz nagy részét az Arktiszon beliil 1évé forrasok szennyezik. Az aeroszol nagysag
szerinti eloszlasa a hattér viszonyokra véarhaténal alacsonyabb értékeket mutat. Bizonyos
feltételek mellett a gazbdl val6 részecskeképzédés jelentéktelen, mig az 1 —10 um sugara
részecskék hamar kikeriilnek a légkorbél.

*

Arctic aerosols in surface air. During 3 months in summer 1980 measurements of the
arctic surface aerosol were performed. The measurements of the condensation nuclei
concentration permit the conclusion that true arctic air has concentrations below 100 cm—3.
Large portions of the European Arctic are polluted from sources within the Arctic itself.
The aerosol size distribution shows lower values than expected for background aerosols.
Under certain conditions, gas-to-particle conversion is not present and particles in the
range 1 ym to 10 ym in radius have been removed from the aerosol.

¥

Introduction. The study of atmospheric trace substances depends not only
on the special interest in one of those substances, but also on

— the availability of sufficiently sensitive measuring devices and
— access to measuring platforms.

In low latitudes, access to measuring platforms usually is available. In
polar regions access is limited, and mostly, standard measuring procedures
are too insensitive for detecting atmospheric trace substances there.

In summer 1980 it was one of those rare circumstances when

— the Swedish icebreaker YMER was offered as research vessel in the Arctic
Ocean to the scientific community and simultaneously,
— a very sensitive Condensation Nuclei Counter became .available.

This gave the unique opportunity to study (in connection with other
instruments available) the complete size distribution of the natural aerosol in
the arctic region. '

Usually the polar front is an effective border between air masses. In
addition, the pronounced precipitation connected with the polar front effectiv-
ely removes aerosols from the air. In summer the polar front is moved to
the north and thus major anthropogenic aerosol sources remain in the south.
Thus, the polar regions during summer should be assumed as areas with minor

285



anthropogenic influences. It was claimed recently (Rain and McCaffrey, 1950)
that in the winter season the Arctic is influenced from polluted European air
masses after being transported over European Russia and further to the north.
In addition, modern oil activities in this region require extensive research on
the pre-situation in order to assess possible effects on future developments.
Quite surprisingly extensive measurements in summer are lacking.

Instrumentation and measuring platform

During July, August, and September 1980 the Swedish icebreaker YMER
operated mostly in permanent ice in the area of Greenland, Svalbard, and
Franz-Joseph-Land up to 82.5°N latitude. The air chemistry activities were
concentrated on one of the upper decks (16 m above the water surface) in
the front of the ship. In order to avoid contamination from the ship itself,
scientific activities on the ice, or helicopter flights, the complete air chem-
istry program was protected by the below-described Condensation Nuclei
Counter, which turned off all instruments if a preset condensation nuclei
concentration level was exceeded. Condensation nuclei (0.001 pgm—0.1 pm in
radius) are produced not only naturally but also in connection with human
activities. They are formed by gas-to-particle conversion and are a link be-
twen trace gases and aerosols. Thus they serve as a very sensitive indicator
for anthropogenic pollution.

The condensation nuclei were counted with a continuous Flow Conden-
sation Nuclei Counter! (TSI-Counter). For concentrations below 1,000 cm—2
the instrument counts individual droplets and thus can be regarded as a direct
counter. Its lower detection limit with regard to particle concentration was
never reached during the campaign. In contrast to classical condensation nuclei
counters, the instrument uses n-butyl alcohol as working fluid instead of water.
Comparisons with a pocket counter (Jaenicke, 1980a) showed a 109, higher
concentration readout of the TSI-Counter (N < 1,000 cm—2). That is acceptable
if one keeps in mind the agreement of condensation nuclei counters in general
(Liw et al., 1979), which is a factor of 2, roughly.

The size distribution of the condensation nuclei was determined in con-
nection with a Diffusion Denuder®. This system worked discontinuously and
delivered one size distribution every 2 h if not disturbed by local human
activities. The evaluation of the penetration dates of the Diffusion Battery
requires extensive numerical treatment. The method used has been developed
in the authors’ institute but has not been yet published.

Further three instruments were used to determine the size distribution
of the large particles, namely a Double Stage Impactor (0.1 yum—1.5 pym in
radius), an Impactor (1um— 30 um in radius), and a Free Rotating Impactor
(20 pm—200 pm in radius). These instruments are described elsewhere
(Jaenicke et al., 1971). The collection time for these instruments was up to
12 h and because of frequent interruptions, a complete size distribution could
only be measured once every 1 or 2 days. The measurements were analyzed
onboard.

1 No. 3020 of Thermo Systems Inc., St. Paul, Minnesota, USA, based on Bricard et al. .(1976)
2 No0.3040 — 1 of Thermo Systems Inc., St. Paul, Minnesota, USA, based on Sinclair and
Hoopes (1976) ‘
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Condensation nuclei concentration

The concentration of condensation nuclei varied between 5 cm—3 and several
thousand per em3 in individual measurements, respectively 20 ecm=3 and
several thousand per em? as 12-h averages. To our knowledge, such low con-
centrations have only been published by Bullrich et al. (1968) for locations
on the islands of Hawaii. Values similiar to our maximum concentrations have
been reported for Greenland on certain occasions by Flyger et al. (1980).

+
SURFACE (UP TO -48h)

Fig. 1: Average condensation nuclei concentrations (in ecm-) calculated for 12 h positions of
Surface trajectories over three summer months 1980. The area in the north — east corner obviously
has very low nuclei concentrations

In order to organize the results and understand the large variation in
condensation nuclei concentration, air mass trajectories have been calculated
in steps of 12 h for 48 h backward. Surface level trajectories will be used in
this paper because of the stable stratification of arctic air. In addition, the
result of this study will justify the use of surface trajectories.

At the 12 h locations determined by the trajectories, the concentration
of condensation nuclei was calculated. No source and no mixing was assumed,
and the aerosol was permitted to age with a 5-day residence time. A 5-day
period is a rather long residence time as compared with the usual 2 days
(Jaenicke, 1980b), but it is justified because of the reduced removal mechanism
in the Arctic. Figure 1 shows the result. A grid pattern with spacing of 1° N —S
and 10° E—W of average concentrations of condensation nuclei has been
calculated for the 3 months of observations. Extremely clean air with concen-
trations below 100 em- can be seen on Greenland and north of Svalbard.
A region of rather high concentrations (N =200 cm-3) reaches from Northern
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Greenland to Svalbard. Concentrations of N =500 em-2 mostly can be located at
centers of known human activities, as named in #ig. 1. Other human activities
are connected with the YMER expedition itself on the Northeast Island of
Svalbard (grids 78°—80° N, 20°—30° E). In addition, several expeditions
travel to the north of Greenland each summer. This explains most of the
regions with N =500 ecm3, and encourages even to assume anthropogenic
activities (ship surface transport) in the remaining grids with N =500 cm-3,
Quite surprising is the rather clean air between Svalbard and Bjornoya (Bear
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Fig. 2 : The aerosol size distribution of very clean arctic air. There are given the number, surface
and volume order for a model background distribution (without sea salt) (dashed line) and the
actual distribution (solid line) for comparison

Island). These observations were made with air masses coming from the south,
from Europe. Obviously, during transport the air was cleansed from condensa-
tion nuclei originating in Europe. It seems as if Europe were not the origin of
the high condensation nuclei concentrations in the Arctic. This “pollution™
seems to originate from human activities in the Arctic itself.

This result for the summer supplements the hypothesis of Rahn and
McCaffrey (1980) about a European genesis of the winter arctic aerosol. In
winter, the polar front is moved to the south and thus major centers of anthro-
pogenic pollution are enclosed in the arctic air. This problem is discussed at

length by Rahn (1981).
Complete size distribution of arctic aerosols
The above-described knowledge about human influence on the arctic
aerosol was obtained after the expedition. During the expedition, the arrival

of true arctic aerosol was not foreseeable, hence a complete size distribution was
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mly occasionally obtained. Figure 2 shows the case of 10 July 1980 at
10.5° N, 24.9° E, with air originating from the North Pole.
The size distribution is plotted in its number, surface and volume order.
‘or comparison, the model background distribution (without seasalt) (Jaenicke,
980b) is given. The number concentration shows a distinet maximum around
.1 pm particle radius. The total concentration was N =24.6 cm-2. No particles
ave been observed below 0.01 um and above 30 um in radius. When comparing
ais distribution to the background aerosol, one can see that for all radii lower
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7. 3 : Same as Fig. 2, but with air from the Norwegian Sea. Practically no particles are present
in the range 1—10 um

ncentrations are observed (up to a factor of 10), and the smallest particles
> absent. From all we know, this is a well-aged aerosol without gas-to-
rticle production.
~ During parts of the YMER cruise, SO, measurements have been performed
Ockelmann® (Meizner, 1981). Usually mixing ratios of 10—15 pptv have
an observed. 10 July 1980 is the only day with SO, mixing ratios below the
tection limit of 6 pptv. Of similiar shape is a distribution of 23 August 1980
m 78.8° N, 3.2° E with air originating from the permanent ice north of
albard.

The situation is different on 11 August 1980 at 78.9° N, 27.8° K, a day
recially selected for air chemistry measurements. The air originated from
: Norwegian Sea. The distribution, Fig. 3, shows a lack of particles in the
um — 10 pm range, even if particles up to 200 um have been counted. This
ild be the result of precipitation removal, because the air originated from
- region of the polar front with its intensive precipitation. Particles around

|
3 Private communication
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0.1 um in radius are more abundant than in the model background aeroso
and come close to the model remote continental aerosol (Jaenicke, 1980h)
The existence of particles around 0.001 um indicates gas-to-particle formation
The condensation nuclei concentration was 402 cm-3 » indicating anthropogeni
influences. The distribution is comparable with observations in Ny-Alesund
Svalbard as published recently (Heintzenberg, 1980). Ny-Alesund, north o
Longyearbyen certainly is a remote location, but as Fig. 1 shows, it is locatec
in an area of increased condensation nuclei concentration. Such measurement
indicate how far the aerosol in the Arctic already deviates from its natura
undisturbed state. The removal of particles through precipitation is supportec
in the observations of 1 September 1980. At 81.7° N, 8.6° W .air chemistr)
measurements were scheduled, during which light fog (VV<1,000 m) develope¢
The air mass was of more or less local origin. The volume size distributiol
remained below 1012 c¢m3/ems, indicating the “absence’ of particles larger
than 0.1 ym in radius. Consequently, the calculated mass was 0.09 ug/m?, an
extremely small value.

TABLE I

Integral values number N, surface S and mass M of four selected aerosols discussed in the paper ant
partly presented in Figs. 2 and 3

Location N, cm=3 S, cm?/m?3 M, ug/m? Remarks
80.5°N, 24.9°E 24.6 0.03 &1 from North Poli
81.7°N, 8.6°W 59 0.01 0.09 fog
78.8°N, 3.2°E 69 0.05 0.5 from polar ice |
78.9°N, 27.8°E 402 0.26 99 from Europe

Table I gives the integral values of the selected aerosol size distributions
Number, surface and mass of the aerosol are not correlated. The case with
typical particle concentrations (400 cm3) for background air shows a tota
mass by a factor of ten lower than expected for background air. Masswise
this air is very clean.

Conclusions

Measurements of the arctic aerosol in summer indicates a strong huma J
influence. The anthropogenic source seems to be located within the Ar:ti
itself. Obviously, European sources influence this aerosol only to a minor cxten
True arctic aerosols have condensation nuclei concentrations below 100 cm
and can be observed on rare occasions only. These low concentrations mo
probably have not been detected in earlier measurements (Flyger et al., 198
because of the insufficient sensitivity of the instrument used. The repor
high concentrations of condensation nuclei in that paper —and unexplain
so far — could originate from human sources in the Arctic, even 1,000 km awa

The size distribution of arctic aerosols reveals a well-aged aerosol in t
range 0.01 ym to 30 pm and concentrations up to a factor of 10 lower ths
model background distributions.
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Measurements of the relationship between the dry size
and critical supersaturation of natural aerosol particles

J.W. FITZGERALD and W. A. HOPPEL, Naval Research Laboratory, Washington, DC 20375, U.S.A

A természetes aeroszol részecskék szaraz nagysdga és a kritikus tiltelitettség kozotti kapesola
mérése. Ismert r, sugara részecskék S, kritikus tultelitettségét mértiik. A kapott adatokal
hasznaltuk fel az S,=K.r,~3/2 Gsszefiiggés K konstansinak meghatirozisara. A kisérlet,
berendezés a koévetkezd volt: Egy mozgékonysdg-analizator alacsony relativ nedvesség
mellett a kivint sziik nagysidgtartomanyban részecskéket bocsit be egy termal-gradiens
diffaziés feln6kamraba, ahol a részecskék aktivalisdhoz sziitkséges tultelitettség mérhetd
Huszonhat esetben hataroztuk meg K értékét a kovetkezd helyeken: Washingtonban
(DC), Chesapeake-6bol déli részén és New Jersey és Virginia partjain (a tenger folott)
A mozgékonysag-analizator 4ltal atbocsatott részeeskék kézzpss sugara 0,02 és 0,071 um
kézott volt. K értéke 1,82X10-11em3/2 és 4,07 X 10-11 em?? tartominyban valtozott,
2,44 X10-11 cm?¥? kozepes értékkel. Ezzel szemben az azonos nagysagu tiszta NaCl és
(NH,),S0, részecskékre K elméleti értéke rendre 1,2 X 10-11és 1,7 X 10—11 cm?2 (20 °C-n4l)

*

Measurement of the relationship between the dry size and critical supersaturation of natural
aerosol particles. The critical supersaturation (S.) of atmospheric aerosol particles of known
dry size (r,) was measured. These data were used to evaluate K in the relationship
8.=Krys"2. The experimental method consists of using a mobility analyzer to transmit
a narrow size range of particles at low relative humidity to a thermal gradient diffusion
cloud chamber, where the supersaturation necessary to activate the particles is measured.
Twenty-six determinations of K have been made for aerosols sampled in Washington, DC,
in the southern part of Chesapeake Bay and off the coasts of New Jersey and Virginia,
The mean radius of the particles transmitted by the mobility analyzer was varied from
0.02 um to 0.071 um. K was found to range in value from 1.82 X 10 11 em3/2 to 4.07 X 10~ 1%
em?’2 at 20°C, the average value of K being 2.44 X 101 em?”2. By contrast, the theoretical
values of K for pure NaCl and (NH,),SO, particles are approximately 1.2 X 10-1t ecm3/2 and
1.7 X 1011 em?3/2, respectively, at 20°C. i

YA

Introduction. The supersaturation spectrum of cloud condensation nuclei
(CCN) is one of the factors controlling the number and size of droplets i
the lower regions of cumulus clouds. For this reason considerable effort h
been spent in measuring CCN spectra over the last twenty years. Most da
on the CCN spectrum above 0.29, supersaturation has been obtained wit
thermal gradient diffusion cloud chambers (TGDCC). However, the CC
spectrum can also be obtained from the dry aerosol size distribution if th
relationship between the dry size (r,) and critical supersaturation (S;) of aeroso
particles is known. ; \

The relationship between S, and r, for partly soluble particles may be
written
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where 4=4.33X10"7"|T and B=yPeM 0,/0xMs. In A and.B, ¢ is the mass
fraction of soluble material in the particle; ¢’ is the surface tension of the
droplet at its critical radius; 7' is temperature; » is the mean number of moles
of ions per mole of salt mixture; @ is the observed practical osmotic coefficient;

M, is the molecular weight of water; M is the molecular weight of the soluble
material; g, is the density of the particle in dry state; and o is the density of
water. In deriving this equiation, it is assumed that the volume of the particle
at its critical radius is large compared to the volume of the particle in dry
state so that (r/r;)®—1 can be approximated by (r/r,)® in the term describing
the effect of the dissolved material on the equilibrium vapor pressure. The
validity of this approximation depends on the values of 7, and e. In general,
Eq. (1) can be applied with acceptable accuracy when 7,>0.02 um and
e=>0.1.

For particles having a known, but simple, composition, the value of the
coefficient K in Eq. (1) can usually be calculated from available data. However,
in the case of atmospheric aerosol particles, which are of unknown composition,
the value of K must be determined experimentally.

This paper describes a method of determining K by measuring the critical
supersaturation of aerosol particles of known size and presents the results of
measurements made in Washington, DC, in the southern part of Chesapeake
Bay and in the Atlantic, approximately 150 —300 km off the coasts of New
Jersey and Virginia.

1/2
] 70—3/2 =K1‘0_3/2 (1)

1. Experimental method

An aerosol sample is first brought to charge equilibrium with a 219Po
radioactive source and is then passed through the NRL mobility analyzer.
The mobility analyzer is designed to measure the size distribution of aerosol
particles and is described elsewhere (Hoppel, 1978). However, its use in these
experiments is, in principle, the same as the electrical aerosol classifier
described by Liu and Pui (1974). The mobility analyzer is set to transmit
particles in a narrow size (mobility) range to a static-type TGDCC where the
supersaturation necessary to activate the particles is measured. The super-
saturation in the TGDCC is gradually increased by slowly increasing the
temperature difference between the plates. Typically, from five to ten deter-
minations of the number of activated nuclei are made in the time it takes
AT to increase by 0.25°C. The average number of particles activated in each
0.25°C interval of AT is then plotted as a function of the mean super-
saturation for that interval. Next, the number of multiply-charged larger
particles, which are transmitted along with the more numerous singly
charged particles of the desired size, is estimated from the size distribution
and is subtracted from the measured number activated at each supersaturation.

| The corrected number of particles active at each supersaturation is then
normalized to the maximum number activated. The size channel selected for
transmission to the TGDCC is chosen to be near the peak in the size distri-
. bution so that the number of particles in the larger size channels is much
. less than in the selected channel.

\
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To illustrate the method, Fig. I shows the normalized number of activated
nuclei as a function of supersaturation for two transmitted size ranges. The
range of critical supersaturation of the particles in a transmitted size interval
is taken to be between the points where 109, and 90%, of the particles are
activated. These points are identified by the arrows on the curves. The super-

Thermocouple output (uv) 5

80 100 120 140 160 180 200
T T T T
101 17 APRIL 1980  043% O-BB%/X——X -
- T=24°C k —
i | :

o
@
T

Normalized number of activated droplets
b
LS

0.2 o.39y -
X—X0.022 < r, < 0.032 St 28 3
- }( i o i P 4 Fig. 1: Normalized number of
o /x/ 0—00.032 < r, < 0.047 pm. activated droplets as a function
e % L : —1L I of supersaturation for measure-
0.16 025 - .0.36 0.50 ; 0.65 0.83 102 ents made off the coast
Supersaturation (%) of the U.S.

saturation at which only 909%, of the particles are activated is chosen in defining
the range of critical supersaturation for the size interval, because statistical
fluctuations in the number of droplets in the small viewing volume used in
the TGDCC make it impossible to determine the exact supersaturation at
which all particles are activated.

The experimental data are plotted as shown in Fig. 2. The widths of the
boxes are the size intervals transmitted by the mobility analyzer and the
heights of the boxes are the measured ranges of critical supersaturation.
The S, vs. r, relationship for (NH,),SO, is shown for reference. Since a range
of particie sizes is transmitted, it is not possible to precisely determine the
critical supersaturation of a given particle size within the interval. To compute
K, we use the values of S, and 7, at the center of the box. The maximum
uncertainty in K associated with the width of the size interval is estimated
to be +159,.

2. Results and discussion

A total of twenty-six determinations of K have been made at three

general locations over a four-year period. These results are summarized in

Table I which shows the date and location of the measurements, the particle
size range measured, and the computed values of K. Note that except for the
data of May 1977, the indicated particle size range encompasses two or three
transmitted size ranges. Differences in K due to differences in measurement
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temperature were removed by reducing ail K values to a temperature of 20°C.
This reduction was based on the temperature dependence of the curvature term
- 4 in Eq. (1) for pure water. Table I shows that K ranges from 1.82x 101
em?/? to 4.07X 1071 em?2. The average value of K for all twenty-six measure-
ments is 2.44X1071* em?®2. By contrast, the value of K for (NH,),S0, and
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NaCl particles is approximately 1.7 10711 and 1.2 X 107! em?/2, respectively.
There is some indication in these data that the values of K increase with
increasing particle size. However, we are reluctant to draw any hard conclusions
about the variation of K with particle size from such a rather limited set of
measurements.

TABLE I
Values of K for atmospheric aerosol particles. T=20°C
|
. Particle size
Focatian ot Date range measured K
measurements (um) (cm3/2)
Washington, DC 29 June 1978 0.020 —0.052 2.14 —2.82X10-1
Washington, DC 26 — 30 July 1979 0.029—0.079 2.16 —4.07 X101
Washington, DC 29 Aug. 1980 0.020 —0.035 2.19 —2.51 X 10-11
Washington, DC 8 Sept. 1980 0.020 —0.035 .1.99 —2.04 X 10-11
Norfolk Harbor 14 May 1977 0.022 —0.032 2.55X 10~
160 km off coast : : ¥y
~ of New Jersey 16 May 1977 0.032 —0.047 2.14X10-11
250 km off coast *
of Virginia 17 —19 April 1980 0.015—0.047 2.08 —2.56 X 10-11

Norfolk Harbor/ ‘

Chesapeake Bay 21 —22 April 1980 0.015—0.047 1.82-2.14 X 10~

245



Figure 3 is a plot of critical supersaturation as a function of dry particle
radius. The dashed curves show the S, —r, relationship computed from Eq. (1)
for the average value of K (2.44X10-!! cm?®?) and extreme values of K
calculated from our measurements. The continuous lines are the theoretical
curves for pure NaCl and (NH,),SO, particles. On the average, we found the
critical supersaturation of natural aerosol particles to be about 1.45 times
that of (NH,),SO, particles of the same size.
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Figure 4 shows a comparison between a CCN spectrum measured with
the TGDCC and the one calculated from the particle size distribution and
the measured relationship between S, and r,. As we frequently find in such
comparisons, there is excellent agreement between the shapes of the measured
and calculated spectra, but some discrepancy in the number of CCN. Our
measured CCN concentrations are often found to be 20 to 609, lower than
predicted. For the comparison shown in Fig. 4 the difference is about 55%,.
Some of this discrepancy may be attributed to errors in CCN concentrations |
obtained with the TGDCC. First, the measured CCN counts shown in Fig. 4
were obtained with our video camera system. It has been our experience that |
the count determined from the video recording is about 15%, lower than the
photographic count. (We normally use the video count in our studies since it
can be obtained immediately, unlike the photographic count which requires
film processing.) Secondly, the TGDCC can underestimate CCN counts due to
the fact that the larger nuclei which are activated first may fall out before
the smaller nuclei —which are not activated until the maximum steady-state
supersaturation is achieved—can grow to detectable size. As discussed by |
Hoppel and Wojciechowski (1976) and Alofs and Carstens (1976), the error in
CCN counts measured with the TGDCC increases as the slope of the CCN |
spectrum decreases and as the detection limit increases. : .
The value of K can also be determined if the values of 4 and B in Eq. (1)
are known. The value of B in Eq. (1) is approximately equal (to within 15%)
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to 007°/oy, where n is the value of the exponentlal mass increase coefficient
. at infinite dilution. (The exponential mass increase coefficient is defined as
v PeM | Mg[Hiinel, 1976)). Hinel (1981) presents data on g, and 7?° for aerosol
| samples collected at Mainz and Deuselbach, FRG. The particles collected
ranged in radius from 0.07 to 10.0 ym. One can compute values of K from
Hinel’s data if one assumes a value for ¢, the surface tension of the particles
(droplets) at their critical radius. If we let ¢’ equal the surface tension of pure

14—y et L B
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Fig. 4 : Comparison of a CCN spectrum measured
directly with the TGDCC with that inferredfrom ;
the particle size (li'stribution and the measured R LT T T R
relationship between S, and 7, S, (%) :

water, then Hinel's data yield values of K ranging from 1.43x107! to
2.82% 10711 cm?2. Five of the seven samples collected at Mainz and Deuselbach
had a value of K smaller than the mean value of K calculated from our measure-
ments along the east coast of the U.S.

3. Summary and conclusions

The critical supersaturation (S,) of atmospheric aerosol particles of known
dry radius (r,) was measured. The method involves use of a mobility analyzer
to transmit a narrow size range of particles to a thermal gradient diffusion
cloud chamber, where the supersaturation necessary to activate the particles
is measured.

Twenty-six measurements of S, and 7, were made in Washington, DC, the
southern part of Chesapeake Bay and off the coasts of New Jersey and
Virginia. The mean size of the particles transmitted to the thermal diffusion
*hamber ranged from 0.02 ym to 0.071 pm radius. For each pair of values of
'S and 7,, the value of K in Eq. (1) was calculated. The results are shown in
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Table 1. K was found to range from 1.82X 10711 em3/2 to 4.07 X 101t ¢3/2,
the average value being 2.44 X 10-1t em®2. By contrast, the theoretical values
of K for pure NaCl and (NH,),SO, particles at 20°C are 1.2 10~ cm3/2 and
1.7X 1011 cm?/2, respectively. |
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Mass size distribution of the principal minerals
of yellow sand dust in the air over Japan

(. ISHIZAKA and A. ONO, Water Research Institute, Nagoya University, Chikusa-ku, Nagoya, 464, Japan

A sdarga homokrészecskék fobb Osszetevdinek nagysdg szerinti eloszldsa Japan folits
levegben. 1979 aprilisaban Japanban végzett vizsgalatok eredményei szerint a sérga homok-
por tomegének 309,;-a kvarcbol, foldpatbdl, csillampalabél, kloritbél, kaolinitbél, kaleitbél
és gipszbdl tevédik ossze. A megfigyelt anyagokbodl allé részecskék nagysig szerinti tomeg-
eloszlasanak egyetlen maximuma van 4 um kornyezetében. Ezek a részecskék részben az
azsiai sivatagok, részben a Sarga-foly6 fels6 medencéje f6lotti levegébdl szairmaznak.

*

Mass size distribution of the principal minerals of yellow sand dust in the air over Japan.
The results of a study on the chemical composition of yellow sand dust observed during
April 1979 in Japan show that about 309, of the dust is composed of materials like quartz,
feldspar, illite, chlorite, kaolinite, calcite and gypsum. The mass size distribution of the
particles from minerals observed has a single mode at about 4 um. These particles become
airborne over the Asian desert and upper drainage basin of Yellow River.

*

Introduction. Desert dust has recently received increasing attention
secause of the possible effects on atmospheric processes such as nucleation
f ice crystals and radiation energy transfer (Isono et al., 1959; Bertrand
mnd Baudet, 1973; Carlson and Benjamin, 1980). For a better under-
tanding of the influences of these dust particles on such atmospheric
rocesses, it is essential to know their nature, origin and concentration in the
wwmosphere. However, relatively little information about the mass size distribu-
ion of the minerals of these aerosols is available. This paper presents the
results of a study on the material composition of yellow sand dust observed
wer the period of 12 : 30 JST 14—20 : 30 JST 16 April, 1979, in Japan.

Experimental

Sampling procedures. Dust aerosols were collected by means of two
Andersen samplers (Model 21—000, 2000 Inc.) in Nagoya. Each sampler
:onsisted of eight stages followed by a Whatman 41 (cellulose) backup filter.
Aerosol particles were fractionated into size classes <0.43, 0.43—0.65,
2.656—1.1, 1.1—-2.1, 2.1-3.3, 3.3—4.7, 4.7-17.0,7.0—11, and >11 ym equiv-
ent aerodynamic diameter. The sampler flow rate was 1 ¢fm (28.3 L/min).
A dust sample was collected over the period of 15 : 00 JST 11—9 : 00 JST
L7 April, 1979. In order to examine the aerosol other than yellow sand dust,
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a reference sample was collected over the period of 9 : 00 JST 20—16 : 00 JST
26. April, 1979.

X-ray analysis. Size-classified dust was treated with ethylene glycol and
hydrochloric acid and examined with an X-ray diffractometer to identify
mineral species exactly. Furthermore, quantitative analysis of the materials in
the dust was carried out by X-ray method. In order to examine the sizes of
minerals in the dust particles, aerosol particles on each impactor plate were
collected into one group and were also analyzed by X-ray method, after they
had been separated into three size classes <2, 2—4, =4 um equivalent aero-
dynamic diameter. In order to supplement the result of mass size distribution
of vellow sand dust, sizes and concentrations of dust aerosol particles were
also measured with a Pollack counter and an optical particle counter.

Results and discussion |

Size distribution of yellow sand dust. Figure 1 shows the estimated mass |
size distribution of yellow sand dust and total suspended particulate matter
during Yellow Sand Event. The distribution of yellow sand dust had a single
mode, concentrated betwen 1 and 20 wm in diameter and its mass concen-
tration was 182 ug/m3. Some of the data obtained by Patterson and Gillette
(1977) and Lewvin et al (1980) were plotted in Fig. 1 as mass distributions.
If one uses the Patterson and Gillette (1977) definitions, one can see that our
yellow sand dust can be classified as an event of moderate aerosol loading.
Measurement of aerosol size distributions showed a sharp concentration
increase between 0,2 and 4 um in diameter during Yellow Sand Event.

Mineral composition of yellow sand dust. Figure 2a shows the mass size
distributions of quartz, feldspar, illite (mica), chlorite, kaolinite, calcite, gypsum
and ammonium sulfate during two sampling periods. From the results of
Fig. 2a, we estimated the mass size distributions of quartz, feldspar, illite
(mica), chlorite, kaolinite, calcite and gypsum originating from yellow
sand dust, assuming that each of these minerals has similar distributions
during these two sampling periods (Fig. 2b). It is found from Fig. 2b that most
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Fig. 2a: Mass size distributions of materials found in the aerosol particles

of the mass of the examinedi mnerals was in the diameter range between-
1 and 20 um and their distributions showed a single mode centered at approxi-
mately 4 pm.
Airborne state of dust aerosol particles. The mass size distribution of
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parison with that of kaolinite in yellow sand dust before elutriation, i.e., the
distribution shifted toward smaller particle size. The slight shift of kaolinite
toward a smaller size suggests that some clay particles are suspended as
coatings of clay particles on the larger particles, and/or as coarse aggregates |
of clay particles in the atmosphere, as pointed out by Gillette and Walker
(1977).

Main origins of yellow sand dust. Figure 3 is a continuity chart showing
the progress of dust pulse determined from GMS satellite photographs and
meteorological observations during the period of 10—15 April, 1979. Quanti-
tative features of the minerals of yellow sand dust described previously were
compared with those of soils under the trajectories of the dust-filled air masses.
Hseung and Jackson (1952) found that the desert soils near Taklamakan and
Gobi deserts (I and 2 of Fig. 3) contain illite, calcite and gypsum in large
relative weight fractions. These minerals were abundantly found only in the
dust sample. They also showed that the soil types of the upper drainage basin
of Yellow River (4, 6, 7 and 9 of Fig. 3) are Chesnut soil and Dark chesnut
soil, and the relative weight fraction of kaolinite and illite in these soils is
0.3 —0.5. The mineral species of the dust and the relative amounts of kaolinite
and illite in the dust almost agreed with those of soils in the upper drainage
basin of Yellow River. It is, therefore, likely that the yellow sand dust contains
soil particles blown up from Takla Makan, Gobi and Alashan deserts and the
upper drainage basin of Yellow River.

12Z 11th

. \12z 12th '
v 4

o < DESERT

;oh»‘

YELLOW RIVER

‘4 06Z 15th. |
Q p

06Z 13th ' ’
06214th
1]

A

R R

Fig. 3: Movement of dust pulse determined from satellite photographs and meteorologi_cal
observations. Encircled numbers indicate soil samples which agreed with the mineral composition
of yellow sand dust
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Conclusion

The results of X-ray analysis of yellow sand dust were as follows:
(1) The mass concentration of yellow sand dust was 182 ug/m3 and the dust

contained quartz (8.1 ug/m3), feldspar (6.0), illite (mica) (13.1), chlorite (6.9),

kaolinite (7.3), calcite (5.3), gypsum (6.9) and ferriferous minerals (?). (2) Mass
size distribution of the minerals contained in the dust showed a single mode
centered at about 4 um. (3) Most of the mass of illite (mica), chlorite and
kaolinite in the dust was found to be in the diameter range between 1 and
20 pm, and the same applies to quartz and feldspar. On the basis of the above

‘results, the X-ray analysis of dust particles before and after elutriation and
‘the movement of dust plume, it may be inferred that. (1) some clay particles
“are suspended as coatings of clay particles on the larger particles, and/or as.

coarse aggregates of clay particles in the atmosphere, and that (2) main origins
of the dust are Takla Makan, Gobi and Alashan deserts and the upper
drainage basin of Yellow River (Loesslands). X-ray analysis is a very useful
method for detection of crystalline substance contained in the dust. However,
we could not analyze the materials amounting to about 709, of the dust in
weight. Furthermore, ferriferous minerals such as hematite could not be
examined in this study. Further extensive investigation is very necessary to
determine the material composition of yellow sand dust.

The authors wish to express their sincere thanks to Dr. S. Kadowaki for
collecting the aerosol samples.
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The response of surface aerosol concentrations ‘
to changes in some boundary layer parameters

M. KITCHEN, J. R. LEIGHTON and S. . CAUGHEY, Meteorological Office, London, Road Bracknell,
Berkshire RG12 25Z, U.K. ‘

A talajkizeli aeroszol koncentracidjanak valtozasai a hatdrréteg paramétereiben bekivetkezd
valtozasok fuggvényében. Cardingtonban (Beds, Nagy-Britannia) 1980 mdrciusiban és
augusztusaban nagyfrekvenciajiu kondenzéciés mag (CN) szamlaléval végzett koneentricid
mérések a jol ismert napi menetet eredményezték. A napkelte elsé 10 percén és a mérhetd
napsugarzas (<2 Wm~—2) elsé néhdany percén belil a CN koncentracié gyors, 1009,-t is
eléré novekedése kovetkezik be, melyet konstans vagy gyengén csékkend koncentraciéju
id8 kovet, hirtelen csékkenéssel napnyugta utdn. A hatarrétegben bekovetkezé valtozasokat
nagyteljesitményti akusztikus szonddval hataroztuk meg. A kondenziciés mag koncent-
raciénak ezekkel osszefiiggésbe hozhaté véltozasait targyaljuk a tanulmanyban. A vizsgalt
esetekben a vertikalis kicserélédés csak jelentéktelen mértékben befolyasolta a talajkézeli
koncentraciot (legaldabbis a megfigyelt valtozdsok idgskalajan).

*

The response of surface aerosol concentrations to changes in some boundary layer para-
meters. High frequency condensation nucleus (CN) measurements made at Cardington,
Beds, UK, during days in March and August 1980 identified the well known diurnal cycle.
Within tens of minutes of the sunrise time, and within a few minutes of the appearance of
measurable quantities of solar radiation at the surface (<2 Wm—2), a sharp increase of up
to 1009, occurred in the CN concentration, followed by a time of steady or slowly
falling concentrations during the afternoon, with more rapid falls after sunset. A high-
power acoustic sounder was used to monitor changes in boundary layer depth and the
response of aerosol concentrations to a sudden change is described. The results show that
in this particular case the amount of vertical mixing appears to have had little effect on
the surface concentrations, at least within the timescale of the observed changes in the layer.

*

Introduction. From observations of diurnal cycles in Aitken nucleus (AN)
concentrations, several workers have suggested that the production of AN
is related to incoming solar radiation, perhaps through photochemical processes. -
Mamane and Pueschel (1980) arrived at this conclusion from the study of
mean concentrations for different months at the top of Cedar Mountain, Utah.
Haaf and Jaenicke (1980), from observations of the aerosol size distribution
at a height of 1,250 m in the Black Forest, concluded that: ‘“‘Appearance of
small particles was clearly correlated with direct sun irradiation with a response
time of ~ 10 minutes. Measurements during complete cloud cover suggested
that diffuse irradiation produced fewer particles”. Mason (1971), referring to
observations of the diurnal AN cycle, reports the occurrence of a minimum l
around the middle of the day, probably due to enhanced upward transport
and mixing as the boundary layer depth increases on convective days. Recently
Desalmand et al. (1980) attributed daytime minima in cloud condensation
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nuclei to this effect of dilution. Lopez et al. (1976) also observed such minima
and supported Haaf and Jaenicke’s conclusion that the production of AN was
greater on sunny days.

The aim of the work described here was to make observations of the
diurnal cycle of CN and, at the same time, to make supporting observations
which could enable an estimate of the effects of photochemical production
associated with solar radiation and dilution resulting from vertical mixing,
albeit for a very limited sample of data at a single location.

——

Experimental details

The experiments were conducted at the Meteorological Research Unit
RAF Cardington during days in March and August 1980. The site is in a rural
location, being surrounded by flat agricultural land, but there are possible
local sources of aerosol (brickworks) to the west. Condensation nucleus con-
centrations were measured using a Pollak CN counter, the sample inlet being
at a height of 3 m above the surface of a large grass field. Samples were nor-
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~ Fig. 1: Hourly means of CN concentrations (full circles) for the period 18 —21st March 1980
showing the diurnal eycle. Below are shown the hourly inté$rated values of the total incoming
solar radiation (open circles)
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mally taken at 6-minute intervals during the observation periods. In order to
monitor changes in the boundary layer structure, a high-power acoustic
sounder was used and other supporting observations consisted of the normal
synoptic parameters including total and diffuse solar radiation.

Diwrnal variations

Figure 1 presents hourly means of CN concentrations for 3 and 1/2 days,
18 — 21st March 1980. Meteorological conditions were very steady throughout
this period with an easterly air stream and almost complete layer cloudcover.
The data show a strong diurnal cycle with a sharp increase in concentrations
after sunrise, followed by a time of steady or slightly falling concentrations
during the afternoon. After sunset, concentrations decrease more rapidly with
the largest falls occurring around midnight. This form of cycle is very similar
to those reported by Mamane and Pueschel (1980) with the absence of any
obvious midday minima. The diurnal range for the three days is remarkably
constant with very little change in daily mean concentrations, presumably
reflecting the unchanging meteorological conditions. The magnitude of the diur-
nal range, however, is quite small and Fig. 2 shows the average daytime hourly
concentrations from the three days normalised by the mean concentration.
For comparison, monthly mean data for May and July obtained at the top of
Cedar Mountain by Mamane and Pueschel (1980) are given, May and July
representing the months of maximum and minimum diurnal ranges, respec-
tively, in their data.

Looking at the initial rise in concentrations around sunrise in more detail,
Fig. 3 shows CN concentration alongside the total incoming solar radiation
for the three mornings 19 — 21st March inclusive. Because of the cloud cover,
the radiation was almost entirely diffuse. The vertical lines indicate the
sunrise time (the time at which the upper limb appears at the horizon to an
observer at sea level). Aerosol production appears to be closely linked with
he radiation, as increases in CN occurred within tens of minutes of the time
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of sunrise and within a few minutes of the lowest detectable level of radiation
(=2 Wm™2) being measured by the solarimeter. Hourly totals of insolation
~are also plotted in Fig. 1, and it can be seen that incoming radiation levels
were considerably higher on the 20th than the two preceding days, although
the diurnal range in CN concentrations is similar. Although limited in extent,
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Fig. 3 : Thf: ir}crease in ON concentrations (full circles) after sunrise on the 19, 20, 21st March 1980.
The total incident solar radiation R (solid line) is shown and the vertical lines around 0556 GMT
are the sunrise times on these days
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this data set does not lend support to the suggestion of Haaf and Jaenicke
(1980) that production is higher on sunny days.

As mentioned in the introduction, several workers have reported minima
in concentration which have been attributed to dilution of the aerosol popu-
lation by increased mixing in the vertical. To try and test this idea, a day was
selected in August 1980 on which measurements were made around the time
of the disruption of the nocturnal surface stable layer and the onset of con-
vection, i.e. during a time of rapid boundary layer growth. Figure 4 shows the
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Fig. 4. : CN concentrations (open circles) on the 1st August 1980 when the acoustic sounder record
indicated a rapid increase in the depth of the boundary layer. The height of the strong echo region,
h, is marked (open circles)

height of the strong echo region on the acoustic sounder trace, indicating
an undulating surface stable layer inversion rapidly disappearing and being
replaced by convective plumes in the lower boundary layer. The stable layer
depth of ~ 300 m at 09Z developing into a convective boundary layer ~ 900 m

|

deep by 11Z. The aerosol concentration, however, shows no discernible changes

and appears not to respond to sudden increases in the boundary layer depth, |

at least not within the timescale of the increase itself. Alternatively, there is

a small probability that the production rate of CN may have been increasing

at this time and therefore balanced any dilution effect.

Discussion

Mamane and Pueschel (1980) used the budget equation of Lopez et al.
(1976) in the explanation of their observations. This is

ANy _ Dy

e B e N : 1
= 5 — Kl (1)




where Ny is the AN concentration at time, @y is the nucleus flux, % is the
mixing layer depth and Kyy is the coagulation constant for AN.
This equation involves the assumptions that

(@) changes in /% will result in coincident changes in dNy/dt ;

(b) advective changes are ignored;
(c) the only removal process in operation is coagulation;

(d) Kxx is assumed to be a constant independent of the AN size distri-
bution.

This equation is therefore unlikely to be applicable to the present data,
because the instantaneous dilution of the aerosol population in a growing
boundary layer is in doubt. Also the cloud at the top of the mixed layer will.
scavenge the aerosol and this will appear as a loss term in addition to coagula-
sion. Pruppacher and Klett (1978) estimated the lifetime of aerosol particles
within continental clouds and the characteristic time for scavenging of AN

by cloud droplets (3 ) is given by

7, = (In2a%)/(1.35W,. D) (2)

~vhere a is the mean droplet radius, Wy, is the cloud liquid water content, and
D is the eddy diffusion coefficient. However, because of the lack of cloud
Iroplet information, we have to assume here that the scavenging is independent
>f parameters such as the depth of the cloud layer and droplet concentration
ind radius. Re-writing Eq. (1) in a form incorporating these additional features

dN
dtN =Qx— KynNx (1) — KsNx(?) . (3)
vhere Qy is the average rate of insertion of new particles and Ky, is a coefficient
issociated with the scavenging process. For each of the days from the 18th —
21st March three time periods were selected in which we postulate different

srocesses dominate (Table I'). For each of these periods dNy/dt was calculated
ind averaged over the three days.

TABLE I

Period From —To Dominant process

A 05-117Z Photochemical CN production domi-
{ nates, rapid rise in CN concentrations

B | 11-18Z | AN production continues more slowly,
| | coagulation and scavenging rate
| increased
{ |
__i & | 4 £
C | 18-05Z | Photochemical production ceases,

| | removal processes continue

Starting with period C, assuming that the rate of insertion (Qy) was near
ero and taking a value of Kyy~2.4x10-? cm=3 s~! (Mamane and Pueschel,
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1980), solving Eq. (2) yields Kg. ~8x%x10-6 s-1. Using this value to solve
Eq. (2) for periods 4 and B

Qns ~0.26+0.08 cn3 g7t @y ~0.13+0.06 cm™3 gt

If the photochemical production rate of CN was controlled solely by the
availability of the particular trace gases, and a build-up in concentrations
of these gases occurred during the hours of darkness, then ¢~y eould represent
a steady production rate of “potential CN” and we can calculate the expected
increase in CN after dawn. Assuming that this increase occurs entirely within
period A4, then during this period we should expect a production rate

QN = % ~0.23 cm3 g1
A
where 7' and 7', are the time periods €' and A4, respectively.,

This agrees closely with @) x calculated from the observations of 0.26 + 0.08
cm@ st A typical residence time 7 for these CN in the boundary layer is
given by t=Ny/Qx ~4h, which suggests that the majority of these CN
originated in the agricultural areas upwind.

Conclusions

By making a series of assumptions about the photochemical origin of this
aerosol population, and estimates of the relative magnitudes of the two
principal removal processes, we have obtained a possible explanation of the
observed diurnal variations in CN which is self-consistent. Observations
confirm that AN production was indeed closely linked to the presence of solar

radiation, and that in an experiment to investigate the effects of vertical
mixing no appreciable dilution of surface concentrations was observed during

a period of rapidly increasing boundary layer depth.
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SZERZSINK FIGYELMEBE

Az IDOTARAS célja az elméleti és alkalma-
zott meteoroldgia térgykoérébe tartozd tanul-
ményok publikélésa. A tanulményok uj kuta-
tési eredményeket tartalmazé beszdmoldk,
illetve adott szakteriilet idészerti kérdéseit
dsszefoglalé kritikai szemlecikkek lehetnek. A
kozlés nyelve: magyar vagy angol. A kettes
sortavolsiggal gépelt kéziratok két példanyban
kiildend6k be a kovetkezé cimre: Iddjéras
SzerkesztGsége Budapest, Pt. 38. 1525

A kéziratokat a szerkeszt6bizottsdg loktorél-
tatja. A lektor nevét a szerzével nem kozoljiik.
A kéziratnak a koévetkezd formai igényeket
kell kielégitenie:

Cimrész: Tartalmazza a tanulmény cimét, a
szerz8(k) nevét, munkahelyét és ez utébbi pon-
tos cimét.

Osszetoglalis: Kiilén oldalakon, magyar és
angol nyelven, tartalmazza a kutatds céljat,
mobdszerét és a kapott eredményeket.

Szovegrész: Alcimekkel értelemszeriien fe-
jezetekre tagolandoé.

Irodalmi hivatkozdsok: Szdveghben a hivat-
kozés tartalmazza a szerz6(k) nevét aléhuzva
és a publikélds évét. Pl. egyetlen szerz esetén:
Réna (1909), vagy ha a szerzd neve a szévegbe
nem illesztheté be: (Réna, 1909); két szerzd
esetén: Gamow és Cleveland (1973); t6bb szer-
z8 esetén: Bacso et al., (1953). Ha adott szerz8k
ugyanazon évben publikélt t6bb cikkére hivat-
kozunk, akkor az évszémhoz a, b stb. betiiket
irunk. Az irodalom felsoroldsa a cikk végén a
szerz8(k) neve szerinti betiirendben térténik.
Folydirat esetén: szerzé(k) neve, évszam, a
cikk cime, a folydirat neve, kétetszdm, kezdb
és befejez6 oldalszdm. Pl.: Dési, F., 1955: A
meteorolégiai kutatés idészerti kérdései. Idd-
jards 57, 65 —70. Kényv esetén: Szerz6(k) ne-
ve, évszam, kényveim, kiadd, megjelenés helye.
Pl. Junge, C. E., 1963: Air chemistry and
radioactivity. Academic Press, New York and
London.

Abrdk: A kézirat els6 példényshoz az éb-
rakat pausz- vagy mm-papiron, a mésodikhoz
az eredeti 4brdk mésolatét kell csatolni. Az
4brék aléirésait kiilon lapon kell mellékelni.
Fényképek fekete-fehér szinben, fényes, kont-
ragztos mindségben nyujthatok be.

Téblazatok: A tablazatokat rémai szédmo-
zéssal, szovegiikkel egyiitt, kiilén lapon kell
mellékelni.

Matematikai formuldk és jelolések: A nem
latin betiiket és kézzel frott jeleket a margén
ceruzéval irt magyarézattal kell elldtni.

A szerz6k megjelent tanulményukért tisz-
teletdijat és téritésmentesen 30 db kiilénlenyo-
matot kapnak. Tébb kiilsnlenyomat a szer-
z8 koltségére & kézirat olkiildésével egyidejiileg
rendelhetd,

NOTES TO THE AUTHORS

The purpose of IDOJARAS is to publish
papers in the field of theoretical and applied
meteorology. These may be reports on new
results of scientific investigations or critical
review articles summarizing current problems
in certain subject. Authors may be of any
nationality but papers are published only in
Hungarian or English. Two copies of the
manuscripts, typed with double space, should
be sent to the Editorial Oftice ot Idéjards. Ad-
dress: Budapest, P. 0. B. 38, H-1525, Hungary.

Papers will be subjected to constructive
criticism by unidentified referees.

The manuscript should meet the following
formal requirements:

Title: Should contain the title of the paper,
the name(s) of the author(s) with indication
of the name and address of employment.

Abstract: Should contain the aim, method
and conclusions of the scientific investigation
on a separate page.

References: The text citation should con-
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