APRIL 1995

Measurements of Cloud Condensation Nuclei Spectra within Maritime Cumulus

TWOHY AND HUDSON

Cloud Droplets: Implications for Mixing Processes

CYNTHIA H. TWOHY

National Center for Atmospheric Research* Boulder, Colorado

JAMES G. HUDSON
Atmospheric Sciences Center, Desert Research Institute, Reno, Nevada

(Manuscript received 6 June 1994, in final form 1 October 1994)

ABSTRACT

In a cloud formed during adiabatic expansion, the dropiet size distribution will be systematically related to
the critical supersaturation of the cloud condensation nuclei (CCN), but this relationship can be complicated
in entraining clouds. Useful information about cloud processes, such as mixing, can be obtained from direct
measurements of the CCN involved in droplet nucleation. This was accomplished by interfacing two instruments
for a series of flights in maritime cumulus clouds. One instrument, the counterflow virtual impactor, collected
cloud droplets, and the nonvolatile residual nuclei of the droplets was then passed to a CCN spectrometer,
which measured the critical supersaturation (.S;) spectrum of the droplet nuclei.

The measured S, spectra of the droplet nuclet were compared with the S, spectra of ambient aerosol particles
in order to identify which CCN were actually incorporated into droplets and to determine when mixing processes
were active at different cloud levels. The droplet nuclei nearly always exhibited lower median S,.’s than the
ambient aerosol, as expected since droplets nucleate preferentially on particles with lower critical supersaturations.
Critical supersaturation spectra from nuclei of droplets near cloud base were similar to those predicted for cloud
regions formed adiabatically, but spectra of droplet nuclei from middle cloud levels showed some evidence that
mixing had occurred. Near cloud top, the greatest variation in the spectra of the droplet nuclei was observed,
and nuclei with high S,’s were sometimes present even within relatively large droplets. This suggests that the
extent of mixing increases with height in cumulus clouds and that inhomogeneous mixing may be important
near cloud top. These promising initial results suggest improvements to the experimental technique that will
permit more quantitative results in future experiments.
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1. Introduction

The microphysics (droplet number concentration
and size distribution ) of clouds has been an important
subject in atmospheric research because it influences
precipitation efficiency (e.g., Albrecht 1989) and cloud
albedo (e.g., Twomey 1977a). Furthermore, a funda-
mental understanding of cloud microphysics is nec-
essary in order to interpret the magnitude of cloud
feedback in response to global warming (Arking 1991).
The microphysical properties of clouds are dependent
on the characteristics of the cloud condensation nuclei
(CCN) as well as a number of other factors. These
relationships are discussed below.
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a. Simple adiabatic growth considerations

In an updraft expanding adiabatically, cloud droplet
number concentration is determined in the early stages
of cloud growth when a maximum water vapor super-
saturation S,, is achieved near cloud base. Maximum
water vapor supersaturation occurs when the super-
saturation generated by the rising and cooling of moist
air is balanced by water vapor removal onto the in-
creasing surface area of the growing droplets. After S,,,
water condensation will only occur on the already ex-
isting cloud droplets. The amount of condensed water
is dependent only on large-scale parameters, specifi-
cally, cloud-base temperature and lapse rate. Therefore,
the droplet number concentration N, determines how
the condensate is partitioned to the droplets and affects
the droplet size distribution.

Under adiabatic conditions, droplet number con-
centration is determined to a great extent by the avail-
able number of cloud condensation nuclei (e.g.,
Twomey and Squires 1959). A wide range of CCN
concentrations, from several thousand per cubic cen-
timeter (e.g., Herrera and Castro 1988) to less than
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10 cm™ (Radke and Hobbs 1969; Hindman et al.
1994), exist in the atmosphere, so droplet number
concentrations can also vary considerably. Moreover,
a significant but as yet unknown proportion of CCN
are anthropogenic (Squires 1966; Hudson 1991; Frisbie
and Hudson 1993). CCN can affect cloud albedo
through their influence on droplet number and size,
thus anthropogenic CCN are potentially important to
global climate (e.g., Liou and Ou 1989; Charlson et al.
1992; Wigley 1991; Kaufman et al. 1991; Hudson
1993a). The size distribution of CCN may also be
modified by aqueous-phase chemistry, particle scav-
enging, or coalescence within clouds (e.g., Hoppel et
al. 1990; Bower and Choularton 1993), and these
changes may alter the direct radiative impact of at-
mospheric aerosol particles.

CCN are characterized in terms of the critical su-
persaturation S, of the particles. When a CCN grows
by water vapor deposition and exceeds its critical ra-
dius, the radius at which the nucleus is in equilibrium
with the atmosphere at S, it will continue to grow and
form a fully developed cloud droplet (e.g., Mason
1971). The S, is determined by the size and compo-
sition of the particle and is related to the number of
soluble ions within a particle; larger, more soluble par-
ticles will have lower S, values than smaller, less soluble
particles (Hudson and Clarke 1992). [Organic mate-
rials could coat particle surfaces, possibly inhibiting
particle growth and effectively altering their S,; how-
ever, the type of CCN instrument used in this study
has the unique capability of sensing such changes
(Hudson 1993a).] Particles that have S, values less than
S, form activated cloud droplets if given sufficient time
for growth (Squires 1952), while those with higher S,’s
remain as smaller unactivated droplets, or haze drop-
lets.

In a cloud formed under adiabatic conditions, the
cloud droplet concentration will equal the concentra-
tion of nuclei with S, < S,,,. Therefore, CCN are usually
defined as those particies that have S.’s less than some
maximum value. Different clouds produce different .S,
depending on the updraft velocity and the CCN char-
acteristics (Twomey 1977b). This is relevant because
clouds such as cumuli experience higher updraft ve-
locities, and therefore, have higher supersaturations
than stratus clouds (e.g., Mason 1971; Hudson 1984).

It is extremely difficult to measure supersaturations
in clouds, and direct observations have been limited
to measurements in fog (Gerber 1991). The small
amount of knowledge of cloud supersaturations has
come from comparisons of the nucleating properties
of ambient aerosol particles with cloud droplet number
concentrations (e.g., Twomey and Squires 1959; Jiusto
1966; Twomey and Warner 1967; Warner 1969; Fitz-
gerald and Spyers-Duran 1973; Hudson 1980, 1983;
Leaitch et al. 1986; Hegg et al. 1991). Specifically, the
number of particles active at any particular supersat-
uration may be measured by a CCN counter, which
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generates this supersaturation and allows particles to
grow to sizes detectable by optical means. CCN coun-
ters subject particles to the small supersaturations
(<1%) found in real clouds (Squires 1972), and a CCN
spectrum is produced when the number of particles
that activate at several discrete supersaturations is
measured.

Cloud droplets will form preferentially upon the
lowest S, nuclei (those with S, < S,,,). Thus, a CCN
spectrum can be integrated up to the appropriate S,,
in order to predict the droplet number concentration
of a cloud formed adiabatically. Simple adiabatic theory
also predicts that the nuclei with the lowest S, will pro-
duce the largest droplets (e.g., Howell 1949). This can
result in important differences in the chemical com-
position and solute concentration between droplets of
different sizes (Twohy et al. 1989). The situation es-
tablished by adiabatic growth, with the largest droplets
containing the lowest S, nuclei and progressively
smaller droplets containing nuclei with progressively
higher S.’s, will be referred to as the “adiabatic” rela-
tionship. Other cloud processes are evaluated below,
primarily in terms of how they may influence this re-
lationship.

b. Eﬂects of mixing

The relatively simple relationship between the CCN
spectrum and the droplet spectrum described so far
applies strictly only to cloud regions established through
adiabatic expansion. Such regions do occur in the at-
mosphere (e.g., Jensen et al. 1985) but usually comprise
a relatively small fraction of cloud volume (e.g., Mason
1971). Most regions in clouds have less liquid water
than would be predicted from simple upward motion
and expansion of air. parcels (e.g., Fletcher 1969).
These subadiabatic liquid water contents can be caused
by drier air being entrained from above or from the
sides of the cloud or by depletion of water through
precipitation.

Mixing of drier air into a cloud can also cause droplet
evaporation, resulting in a reduction in the droplet
number concentration. The smaller number of droplets
can then grow in subsequent supersaturation cycles to
sizes that are large enough to initiate coalescence (e.g.,
Hocking 1959; Beard and Ochs 1993). This could
change the relationship between the CCN spectrum
and the droplet spectrum, but the effect will vary de-
pending on how evaporation proceeds.

Homogeneous mixing theories (i.e., Mason and
Jonas 1974; Lee et al. 1980) suggest that all droplets
in a mixed parcel are exposed to the same degree of
subsaturation. As a result, all droplets are shifted to
smaller sizes, but their sizes relative to each other re-
main the same. This proportional evaporation of
droplets means that the smallest cloud droplets may
be evaporated to haze droplets, while the larger droplets
are more likely to survive. The lowest S, particles will
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still be the ones that are associated with the largest
cloud droplets. Thus, the homogeneous mixing process
does not change the fundamental relationship between
relative droplet size and nucleus S, that is expected for
adiabatic growth.

Inhomogeneous mixing (Baker et al. 1980) has a
very different effect. In this scenario, the mixing time
constant is greater than the time constant for evapo-
ration, so evaporation takes place before mixing is
complete. In the extreme, this results in the evaporation
of all droplets regardless of size within some cloud par-
cels, with other parcels remaining unaffected by mixing.
The evaporated parcels then would contain only un-
activated CCN of all S.’s, while the unaffected parcels
maintain all nuclei within activated droplets. Droplet
evaporation in the entity mixing scenario ( Telford and
Chai 1980) produces similar results (Beard and Ochs
1993).

Mixing of evaporated and unevaporated parcels with
subsequent condensation is predicted to result in faster
growth of large droplets in the inhomogeneous mixing
case than in the homogeneous case (Baker et al. 1980).
As several cycles of evaporation and supersaturation
can occur within a cloud, supersaturations subsequent
to the initial S, are expected to modify the relationship
between the CCN spectrum and the droplet spectrum.
With successive cycles of inhomogeneous mixing, con-
densation and growth to large sizes is possible even on
CCN with high S, values. Consequently, there is less
of an association between droplet size and S, of the
nuclei (Hudson and Rogers 1986): some particles with
low S,.’s may not have droplets condensed upon them,
while particles with high S,’s may act as nuclei of even
large droplets because they happen to survive evapo-
ration events.

Even without entrainment, turbulent fluctuations
within the cloud can cause particles to follow different
trajectories, resulting in spatial variations in supersat-
uration and in the number of particles activated
(Cooper 1989). If parcels with these different histories
are mixed within the cloud or are combined during
the sampling process, any relationship between the
CCN spectrum and the cloud droplet size distribution
will be more difficult to detect.

¢. Effects of clouds on CCN

CCN may undergo changes in their size and com-
position (and consequently, S,) due to cloud process-
ing. Hoppel et al. (1990) examined two cloud processes
that can affect the CCN spectrum that is released from
a cloud: 1) trace gas (principally SO,) absorption by
droplets followed by chemical conversion to dissolved
sulfate within the droplets (Easter and Hobbs 1974;
Walcek and Taylor 1986; Hegg and Larson 1990) and
" 2) convective scavenging of interstitial particles by
droplets. Hudson and Frisbie (1991) showed that
droplet coalescence can also have a profound effect on
both the number concentration and size of CCN.
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Sulfate production, convective scavenging, and co-
alescence all can increase the size of the original CCN,
particularly after repeated cycles of cloud formation
and evaporation. Assuming the added material is sol-
uble, the CCN affected by these processes will be shifted
to lower S, values. Since the magnitude of this effect
is likely to vary with droplet size (e.g., Twohy et al.
1989; Ogren and Charlson 1992), deviations from the
adiabatic relationship between droplet size and the as-
sociated CCN spectrum can result. Also, affected nuclei
will activate and grow more readily in subsequent con-
densation cycles.

d. Direct associations between CCN and cloud
droplets

It is apparent from the above discussion that the
adiabatic relationship between CCN and cloud micro-
physics may be complicated by a variety of factors.
Detailed cloud models have, in fact, predicted that
substantial deviations can occur if mixing and chemical
reactions are active (Flossmann et al. 1985; Flossmann
1991; Hegg and Hobbs 1979; Roelofs 1992). Mea-
surements in real clouds are needed to validate these
models and to understand the effects of mixing and
other cloud processes on CCN-droplet relationships.

Previous experimental studies suggest that particle
S.and droplet size are, in fact, related in stratus clouds.
Hudson (1984) and Hudson and Rogers (1986) com-
pared the characteristics of interstitial cloud particles,
obtained by removing cloud droplets from the sample
with a cyclone separator, with the S, spectrum of com-
bined interstitial and droplet residual particles from
fogs and mountain-impacted stratus clouds. As parti-
cles with higher S.’s were left in the interstitial sample,
it was inferred that the lower S, nuclei were present in
the droplets. Also, removal of progressively larger
droplets from the sample indicated that the S, of the
droplet nuclei increased with decreasing droplet size.

In experiments with a similar goal but with a differ-
ent experimental approach, a counterflow virtual im-
pactor (CVI) was used to separate droplets from in-
terstitial particles and gases and then evaporate the
droplets, allowing the residual droplet nuclei to be
measured directly. The CVI essentially performs the
inverse operation from the cyclone separator: droplets
larger than specific sizes are included in the CVI sam-
ple, while the smaller droplets and interstitial aerosol
are removed by inertial separation (Ogren et al. 1985;
Noone et al. 1988b). Using this technique to sample
stratiform clouds, a relationship was observed between
cloud droplet size and the size of the droplet nuclei,
with larger droplets containing larger nuclei (Noone
et al. 1988a; Heintzenberg et al. 1989; Ogren et al.
1989; Ogren et al. 1992). Assuming that the residual
nuclei were composed of primarily soluble material,
cloud processes apparently did not remove the ten-
dency of the largest droplets to be associated with the
lowest .S, particles in these stratus clouds.
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We present here the first direct measurements of the
critical supersaturation of residual particles extracted
from cloud droplets, obtained by combining the CVI
with a continuous-flow CCN spectrometer (Hudson
1989). The S, spectra of ambient particles and of re-
sidual particles from droplets were compared, and
variations in the characteristics of the residual droplet
nuclei with height were explored. One technical pur-
pose of the study was simply to test the feasibility and
usefulness of this technique; another scientific goal was
to determine if mixing processes act to alter the adi-
abatic relationship between nuclei S, and the droplet
size distribution in maritime cumulus clouds. Although
the CCN spectrum is known to have an impact on the
microphysical development of stratocumulus clouds,
the importance of CCN in the microphysics of entrain-
ing cumuli is not so well defined (e.g., Jensen and Baker
1989; Bower and Choularton 1992). In cumulus
clouds, mixing can be more vigorous and can occur at
many levels (Blyth et al. 1988); therefore, the effects
of mixing may be more observable in cumuli than in
other cloud types.

2. Experiment
a. Design

Cumulus cloud bands forming off the northeast coast
of the island of Hawaii were measured during the Ha-
waiian Rainband Project (HaRP). A major purpose
of HaRP was to investigate the dynamical and micro-
physical processes that force the convection and often
result in intense rainfall. Twenty-nine research flights
with an instrumented aircraft were conducted between
19 July and 22 August 1990 from Hilo, Hawaii. Mea-
surements of ambient CCN were obtained from the
aircraft and have been presented in detail by Hudson
(1993b). For simplicity in this paper, the term rain-
band is used to refer to the cumulus cloud bands,
whether or not they have developed to the rain-pro-
ducing stage.

The National Center for Atmospheric Research
(NCAR) Lockheed Electra was used to penetrate the
rainbands at different levels and stages of development.
A typical flight path that resulted in the acquisition of
most of our data involved crossing the rainband, per-
pendicular to its axis, at several different altitudes ( Fig.
1). Cloud-base altitudes were about 400-800 m and
the height of the trade inversion was 1500-2500 m.
Isolated turrets at cloud top often extended above the
inversion. Cloud droplet size distributions were mea-
sured by a Particle Measuring Systems (PMS) forward-
scattering spectrometer probe (FSSP-100) mounted on
the side of the aircraft fuselage.

A counterflow virtual impactor sampled droplets
during the cloud passes. Ground-based calibrations
(Noone et al. 1988b) have verified that the minimum
droplet size collected by the CVI can be calculated by
impaction theory. The minimum droplet size sampled
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FiG. 1. Typical flight pattern used to measure rainband properties
during the Hawaiian Rainband Project.

by the CVI with 50% efficiency, the “cut size™, is de-
termined by the geometry of the inlet and the aircraft
speed and was about 9-um diameter for this study. By
changing the counterflow rate out through the tip of
the CVI, the cut size of the instrument can be altered
and the characteristics of droplets in different size
ranges can be compared. The efficient rejection by the
counterflow air of particles that were not associated
with cloud droplets and the purity of the sample lines
were verified by sampling with the CVI when outside
of the cloud; the particle number concentration mea-
sured 131nder these circumstances was typically less than
lcm™.

After the droplets were separated from interstitial
particles at the CV1 inlet, the droplets were evaporated
and the nonvolatile residual particles, termed “droplet
nuclei” here, were measured by the CCN spectrometer.
(Due to possible chemical reactions, coalescence, etc.,
these residual nuclei may not necessarily be identical
to the original CCN on which the droplets formed, but
later we argue that these processes do not affect our
results.) The spectrometer used in HaRP has been de-
scribed by Hudson (1989). This continuous flow,
thermal-gradient diffusion chamber produces a CCN
spectrum corresponding to a wide range of critical su-
persaturations (0.01%-0.8% ). The CCN number con-
centration N discussed in this work is the total number
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of particles determined by the spectrometer to have

critical supersaturations of less than or equal to 0.8%.

The CVI inlet was located 6.4 m behind the aircraft
radome in a center overhead mounting port, and the
clear-air aerosol inlet was mounted 4.4 m behind the
radome, also on the centerline. The CV] inlet extended
46 cm from the aircraft fuselage while the other inlet
extended 20 cm out. The flow system that allowed the
spectrometer to sample either ambient particles from
the aerosol inlet (usually when outside of cloud) or
droplet nuclei from the CVI inlet (usually within the
cloud) is illustrated in Fig. 2. The three-way valve was
used to switch from ambient air to the CVI sample
line, usually just prior to cloud entry. [ Measurements
from the aerosol inlet were not generally reliable in
cloud due to the likelihood of drop breakup, as dis-
cussed by Twohy (1992a) and Hudson (1993b)]. The
diameter of particle expected to impact with 50% ef-
ficiency (Cheng and Wang 1975) in the 90° bends
downstream of the CVI inlet was calculated to be about
16 um for the 10-mm-diameter tee and about 10 um
for the three-way valve. Since most droplets would have
evaporated to sizes of 1 um or less prior to reaching
the tee or valve, impaction losses in these bends should
be negligible. Further details and limitations of CVI
sampling characteristics are discussed in the appendix.

b. Strategy

One interesting experiment would be to examine
droplet nuclei characteristics as a function of droplet
size by varying the minimum cut size of the CVL
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However, this would require multiple passes through
the same cloud region or through an extensive, hori-
zontally homogeneous portion of cloud. As flight tracks
in HaRP seldom involved multiple passes at a single
altitude, and microphysical characteristics often varied
rapidly across the band, the characteristics of individual
cloud parcels as a function of droplet size could not
be resolved directly.

Instead, most droplet sampling was conducted at
relatively large cut sizes, usually larger than the mean
droplet size in the cloud. In most cases, the number of
smaller droplets excluded from the CVI sample was
greater than the number of larger droplets excluded by
inefficient transmission (appendix), and the sample
was weighted toward the large-droplet end of the size
distribution. The S, spectra of nuclei within these rei-
atively large droplets at different cloud levels were then
compared to ambient below-cloud CCN spectra, with
potential implications for mixing processes as discussed
below. A few samples of droplet nuclei from cloud-
base regions were also taken at relatively small cut sizes
that encompassed most of the droplet size distribution.

Some simulated examples of the effects mixing may
have on the S, spectrum of droplet nuclei are displayed
in Figs. 3 and 4; these plots are also used later for com-
parison with our data. In each panel, the critical su-
persaturation (in percent) is plotted on the abscissa,
and the cumulative percent of the total ambient CCN
spectrum activating at various S.’s is on the ordinate.
Figure 3a shows a typical below-cloud CCN spectrum
(dashed line) as well as the S, spectrum of droplet nuclei
(solid line) when half the total available particles have

3-Way Vaive
(3.2 mm)
CONS Flow .| con , Xhaust
Inlet Meter Spectrometer \ -t
Environment
0.8 Ipm
A
CVI_ . .| CN o!| Flow
Inlet T Tee Counter "1 Meter
(10 mm) 1.5 Ipm
| Flow
| ™| Controller
0-6.5Ipm
Pumps
Flow | Particle . ‘ From
Controller Filter Dessicant Cabin
9 lpm

F1G. 2. Flow system used during HaRP to link the CVI and CCN spectrometer. The CVI system has been
simplified for clarity (arrow pointing outward at location of CVI inlet signifies the counterflow air, which is
used to exclude interstitial particles and gases). The bypass line around the CCN spectrometer serves to
prevent diffusional loss of particles upstream of the instrument. Numbers below the three-way valve and
tee on the left side of the figure refer to the orifice diameter. Flow rates are also given in liters per minute.
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FI1G. 3. Examples of the types of S, spectra expected within droplets
in a cloud undergoing different mixing processes. In all plots, the
percent critical supersaturation is plotted on the abscissa and the
cumulative percent of total particle number on the ordinate. Dashed
lines represent a typical below-cloud CCN spectrum, and solid lines
represent the simulated S, spectrum of droplet nuclei in parcels under
the following conditions: (a) adiabatic growth, 50% of particles ac-
tivated; (b) homogeneous evaporation of 50% of droplets in adi-
abatically formed parcel a; (c) inhomogeneous evaporation of 50%
of droplets in parcel a; (d) 1:1 mixture of adiabatically formed parcel
a and homogeneously evaporated parcel b; (e) 1:1 mixture of adi-
abatically formed parcel a and inhomogeneously evaporated parcel
¢; and (f) 1:1 mixture of homogeneously evaporated parcel b and
inhomogeneously evaporated parcel c.

been activated in an adiabatic ascent. In this case, par-
ticles that activate at supersaturations less than or equal
to about 0.05% are incorporated into the droplets, but
the supersaturation achieved by the hypothetical cloud
is insufficient to activate the remaining particles.
Therefore, the solid and dashed lines are congruent up
to about 0.05% S,, but at higher S_’s the solid line rep-
resenting the droplet nuclei is horizontal since no par-
ticles with higher S/’s are activated.

Homogeneous evaporation is essentially the converse
process of adiabatic growth, and the effect of homo-
geneous mixing on this same parcel would be to evap-
orate the smaller droplets with nuclei S.’s between
about 0.03% and 0.05% (Fig. 3b). The remaining larger
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droplets would retain the lower- S, nuclei, and the adi-
abatic relationship would be preserved—the lower-S,
particles are present within droplets, and of the droplet
nuclei, those with the lowest S,’s comprise the nuclei
of the largest droplets. Inhomogeneous or entity mix-
ing, on the other hand, could act to evaporate all drop-
lets in one parcel, while evaporating none in another.
This would result in an apparent evaporation of 50%
of the droplets in the parcel formed adiabatically (plot
a), independent of droplet size, for the ensuing mixed
parcel (Fig. 3c).

Other possible scenarios that may result from sub-
sequent combination of various cloudy parcels are as
follows: Fig. 3d—a combination of the homogeneously
mixed parcel (plot b) and the adiabatically formed
parcel (plot a); Fig. 3e—a combination of an inho-
mogeneously mixed parcel (plot c) and the adiabati-
cally formed parcel (plot a); or Fig. 3f—a homogeneous
(plot b)-inhomogeneous (plot ¢) mixture. These last
three cases will be referred to as “in-cloud” mixing in
order to distinguish them from the mixing of clear air
and cloudy air considered earlier. All these scenarios
are depicted in order to show the range of spectral
shapes that can occur in real clouds, either through
mixing with subsaturated air from outside cloud, in-
cloud mixing of parcels with different histories, or even
mixing of different parcels during the actual airborne
sampling process.

In Fig. 4, the six scenarios shown in Fig. 3 are de-
picted in the same sequence, except a higher maximum
supersaturation is assumed in Fig. 4 so that 100% of
the particles are activated in the parcel during adiabatic
expansion (Fig. 4a). Note that this initial activation of
even the high-.S, particles means that some of these
particles can remain in droplets in all mixing scenarios
except for that of simple homogeneous mixing (Fig.
4b). The distribution of nuclei S, with droplet size var-
ies with the mixing type, however, as discussed below.

The measured characteristics of the nuclei from
cloud droplets can be compared with the curves in Figs.
3 and 4 to provide insight into the mixing processes
active in a particular cloud region. Although all of the
mixing processes exhibit a deviation of the droplet nu-
clei curve below the ambient particle curve at higher
S.’s, only pure homogeneous mixing (Figs. 3b and 4b)
exactly follows the ambient spectrum at low S.’s and
then abruptly levels off. Parcels that have undergone
homogeneous mixing become less easy to distinguish,
however, when they are mixed with adiabatically
formed parcels (Figs. 3d and 4d) or with inhomoge-
neously mixed parcels (Figs. 3f and 4f).

The ability to separate and examine the character-
istics of only the larger droplets becomes useful in
identifying when inhomogeneous mixing is a dominant
process. In particular, inhomogeneous mixing is in-
dicated if the larger droplets contain some of the high-
est- S, particles, using the following reasoning: in the
homogeneous mixing case, no droplets contain the
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FiG. 4. Same as Fig. 3 but with 100% of particles activated in
adiabatically formed parcel (higher maximum supersaturation).

highest-S, nuclei because all the small droplets that
originally contained these particles have evaporated.
Figure 4e, a mixture of homogeneously evaporated and
adiabatic-formed parcels, reflects the involvement of
high- S, nuclei; however, these are present only in the
smallest droplets that were originally present in the
adiabatically formed cloud region. In contrast, with
large initial supersaturations and subsequent inho-
mogeneous mixing (Fig. 4c), some droplets originally
of all sizes (and having nuclei with various S.’s) survive
the evaporation process. With many cycles of evapo-
ration and subsequent condensation, these droplets can
ultimately grow to the largest droplet sizes.
Subsequent supersaturations could occur with any
of the above scenarios, one effect of which could pos-
sibly be to activate more particles. These might origi-
nate from the entrained air, or in the case of inho-
mogeneous mixing, from regions originally containing
droplets that were subsequently completely evaporated.
These particles will tend to form droplets that are small
relative to those surviving the previous evaporation,
yet their S, could be large. Characteristics of nuclei
from the entire droplet spectrum could therefore be-
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come more complex, but the S, characteristics of the
larger droplets would still be preserved.

Coalescence, aqueous-phase oxidation of SO,, and
scavenging of particles or trace gases can potentially
lower the S, of a droplet’s residual nucleus by adding
soluble material to it. We do not believe that these
processes significantly influence our results for the fol-
lowing reasons. First, nuclei from droplets larger than
40 pum are not transmitted by the CVI (see appendix ),
so few droplets that had undergone coalescence were
included in the CVI samples (e.g., Pruppacher and
Klett 1978). Cloud regions containing drizzle and pre-
cipitation were also eliminated from the dataset because
of the drop breakup phenomenon discussed in the ap-
pendix. Aqueous chemistry and scavenging effects are
discussed below.

We cannot completely rule out the possibility that
some enhancement of the droplet nuclei size could have
occurred due to aqueous-phase sulfate production, as
modeling studies (e.g., Bower and Choularton 1993)
and measurements (Hoppel et al. 1990) suggest that
significant sulfate may be produced under certain con-
ditions. We expect this process to have little, if any,
effect on our results for the following reasons. First,
the CCN in the marine environment are likely to be
composed of acidic NH;HSO, or H,SO, (e.g., Huebert
and Lazrus 1980; Clarke et al. 1987 ), and droplet acid-
ity resulting from nucleation scavenging will limit the
amount of sulfate produced. [Cloud water pH in this
location has previously been measured to be low ( Pa-
rungo et al. 1982).] Also, concentrations of gaseous
SO, (the precursor of sulfate produced in the aqueous
phase) are usually below the instrumental detection
limit (200 pptv) in nonvolcanically influenced bound-
ary layer air measured at Mauna Loa Observatory (G.
Hiibler 1994, personal communication). Finally, the
aforementioned studies predict that the primary impact
of sulfate production should be on nuclei of the smallest
cloud droplets, as they have a relatively small CCN

‘mass and a higher pH (neglecting coarse-mode sea-salt

particles, which are relatively few in number and inef-
ficiently sampled ). Our analysis focuses mainly on the
larger cloud droplets.

Regarding particle scavenging, substantial soluble
mass would have to be added to droplets to noticeably
decrease S, values, but scavenging of sizeable aerosol
particles is relatively slow for the conditions in which
we measured. For example, although the scavenging
half-life of 0.01-um-radius particles is only about 1 h
[using Eq. (12-92) of Pruppacher and Klett (1978),
with a mean droplet radius of 10 um and a liquid water
content of 1 g m™3], the scavenging half-life of 0.1-um-
radius particles is about 60 h. Also, the number of par-
ticles available to be scavenged is low in the un-
polluted environment. [ An insoluble particle, if incor-
porated into a droplet by scavenging, could produce
an additional residual nucleus after droplet evapora-
tion, but the majority of particles in the Pacific marine
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environment are soluble sulfate compounds (e.g.,
Clarke et al. 1987).]

For these reasons, we believe that adiabatic expan-
sion and mixing processes were the primary factors
governing the relationship between S, of the droplet
nuclei and droplet microphysics in our experiment.

¢. Analysis

Several steps were taken to put the data into the
form that is presented here. First, as discussed in the
appendix, time periods when large drop breakup oc-
curred inside the CVI were eliminated from the dataset.
Next, data from the CCN spectrometer needed to be
synchronized with the other instruments because the
CCN response lagged by 30-50 s, depending upon the
flow rate to the spectrometer. The time interval between
maxima in the FSSP number concentration when
passing through cloud and maxima in the number of
droplet nuclei measured by the spectrometer was used
as the effective lag time of the CCN instrument for
each flow rate. Determination of this lag time was lim-
ited by the integration period (2-10 s) of the CCN
samples. Some uncertainty is therefore introduced in
comparisons between the CCN spectra of droplet nuclei
and the measured microphysical cloud properties by
mismatches in the beginning and/or end times of the
sample periods. Sequential CCN samples that exhibited
similar number concentrations and spectral shapes
were averaged to reduce these temporal uncertainties.

The median S, (on the basis of number concentra-
tion) was used as a characteristic statistic to summarize
the spectra of both ambient particles and droplet nuclei.
Median S.’s were rounded to the nearest 0.01% S..
This represents several channels of the optical particle
counter used with the CCN spectrometer for S.’s less
than 0.10%, so differences in median S.’s = 0.01%
should be considered significant for these low S.’s. For
median S_.’s greater than 0.10%, the uncertainty in the
measured spectra is larger than the rounding error and
is estimated to be +0.02% S.. Future references to S,
refer to the median S..

3. Results
a. Overall data summary

Table | contrasts the median S, of ambient CCN
and droplet nuclei measured by the CCN spectrometer
during several HaRP flights. Each row in the table lists
the time and altitude range over which an individual
cloud band was sampled; also given are the average of
S, values obtained for ambient aerosol samples in the
environment surrounding the band (“ambient” col-
umn) and for horizontal passes through the band
(“droplet nuclei” column). The table includes all us-
able in-cloud data (i.e., when droplet breakup did not
occur) for bands where at least two samples were ob-
tained. Cumulative distances encompassed within each
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TABLE 1. Average S, of CCN spectra. Each time period corresponds
to one cloud or cloud band. The number of samples averaged is given
in parentheses.

Date Time Altitude Ambient Droplet

1990 (UTC) (m) S, (%) nuclei S, (%)
2 Aug 1758-1820 900-1900  0.14 (5) 0.02 (6)
2 Aug 1820-1912 300-2000  0.15(4) 0.08 (12)
3 Aug 1744-1823  1500-2300  0.39 (3) 0.33(9)
5 Aug 0223-0257 600-1400  0.34 (6) 0.27 (8)
5 Aug 0241-0256 700-1100 032 (4) 0.24 (6)
5 Aug 0300-0323 100-1500  0.26 (3) 0.15(3)
5 Aug 0412-0430 400-1300 0.25 (2) 0.22 (4)
8 Aug 0928-1022 200-1600  0.05 (10) 0.03 (7)
8 Aug 1039-1135 500-2700  0.14 (4) 0.05(9)
10 Avg  1800-1901 1100-2700  0.25(7) 0.08 (4)
10 Aug  1908-1930 800-1900 0.14(4) 0.02 (2)
10 Aug  1930-1945  1100-2100 0.12 (4) 0.11(7)
20 Aug  1832-1854 500-1100 027 (4) 0.20 (6)
20 Aug  1912-1937 1000-1600  0.32 (4) 0.19 (5)
20 Aug  1950~1958 500-1400  0.30(2) 0.16 (4)

sample ranged from 600 m to 10 km, with sampling
times governed by the cloud extent and its micro-
physical variability. The purpose of Table 1 is simply
to summarize the data and convey the overall sense of
the results. Since these data were obtained from a va-
riety of cloud regions in different stages of development,
more detailed information will be examined later for
several cases.

In examining Table 1, it is apparent that the S,’s of
the ambient CCN samples varied considerably
throughout the project. These variations in S, could
be a result of collision-coalescence processes, with dif-
ferent efficiencies of CCN removal through precipita-
tion. If coalesced drops had evaporated before reaching
the ground, for example, the released CCN would be
enlarged and the measured .S, would be relatively low;
if, however, the coalesced drops were all removed as
precipitation to the ocean surface, lower-S, particles
would be preferentially removed and the measured S,
could be relatively high. _

The number concentration and S, of the ambient
particles sometimes increased with height (Hudson
1993b). In a previous study of Hawaiian rainbands,
Raga et al. (1990) concluded that while entrainment
occurred extensively at the sides of the cloud bands,
approximately 7% of the air cycled through the cloud
had originated above the inversion, where downdrafts
were generated by either evaporative cooling or me-
chanical forcing. CCN within droplets near entraining
regions at the edges or top of the cloud may therefore
be a mixture of CCN from below cloud base and from
other clear air regions around the cloud. The source
region of droplet nuclei will depend on a variety of
factors including the cloud age, the vapor deficit in the
entrained air, the pressure scale of the entrainment,
and the droplet size (Baker and Latham 1992). The
below-cloud CCN spectrum is not, therefore, neces-
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sarily representative of the CCN spectrum on which
all droplets formed. Also, coalescence and precipita-
tion can modify the below-cloud aerosol spectrum
throughout the cloud’s life cycle, as discussed earlier.

Table 1 indicates that when S’s were averaged across
the band, droplet nuclei always exhibited a lower S,
than CCN sampled below the cloud or around the
cloud at similar altitudes. Particles with higher S,’s were
therefore not incorporated into droplets sampled by
the CV1 as frequently as particles with lower S.’s. How-
ever, our observations are not necessarily inconsistent
with the notion that some nuclei with high S, formed
droplets; in fact, particles with relatively high S.’s were
occasionally present even in samples from only the
large end of the droplet size distribution. Also, indi-
vidual samples of droplet nuclei from near cloud top
occasionally exhibited S,’s that were quite high.

The table also suggests that the magnitude of the
differences between ambient and droplet nuclei S.’s
varied for the different cloud bands. This was not nec-
essarily due to differences in the way that particles
formed droplets but could be related to the portion of
the droplet spectrum sampled by the CVI; both the
droplet size distributions and the CVI cut sizes differed
for each band. Also, the location and number of sam-
ples that were collected varied from band to band. It
is therefore informative to evaluate the characteristics
of ambient particles and droplet nuclei on a case-by-

case basis, as well as examining the summary statistics
in Table 1.

b. Case studies

Three cloud bands were selected for more-detailed
analysis. The first two were developing rainbands with
little precipitation, one sampled near midnight on 8
August 1990 and one in the daytime on 2 August 1990.
For the third case on 10 August, we focus on data from
the tops of more mature, precipitating rainbands. All
three bands were located approximately 25 km east of
Hilo, Hawaii.

1) CASE OF 8 AUGUST 1990

This rainband, sampled at night (0928-1022 UTC),
was in the early stages of development. Consequently,
we were able to obtain samples at several levels, in-
cluding just above cloud base, without encountering
precipitation. Updrafts were moderate (upto3m s™')
and droplet concentrations measured by the FSSP were
up to 300 cm™ in the regions of maximum updraft
velocity.

The median S.’s of the ambient (solid circles) and
droplet nuclei (hollow circles) spectra are plotted versus
altitude in Fig. 5. As expected and as in Table 1, the
droplet nuclei generally exhibit lower S.’s than the am-
bient CCN. The two droplet nuclei samples with S.’s
of 0.04% were taken at the minimum CVI cut size of
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FiG. 5. Median critical supersaturation S, of ambient CCN (solid
circles) and cloud droplet nuclei (open circles) as a function of pressure
altitude for cloud band sampled at 0928-1022 UTC 8 August 1990.

about 9-um diameter; the other samples with lower
S.’s were taken at larger CVI cut sizes ranging from 16
to 27 um in diameter. CVI samples that included drop-
lets over a wider size range (using lower minimum cut
sizes) therefore have similar S,’s to the ambient spectra,
as expected if most particles have been activated. Sam-
ples that consisted of only the larger droplets (high cut
sizes) tended to lower S_’s, generally consistent with
adiabatic growth or homogeneous mixing. The droplet
size distributions were not the same for all samples,
however, and the detailed characteristics of the mea-
sured spectra are not apparent from the median S,
alone. We present below the droplet distributions for
several of the sampled cloud regions and compare the
shape of the ambient and droplet nuclei S, spectra in
the context of the mixing scenarios described earlier.
Droplet size distributions measured by the FSSP
during three different cloud penetrations are shown in
Fig. 6. The manufacturer’s standard calibration was
used for the FSSP sizing, rather than the sizes corrected
for electronic limitations of the probe at aircraft speeds
(e.g., Baumgardner and Spowart 1990). For this ex-
periment, such corrections tended to predict droplets
so large that liquid water contents were unrealistic (up
to several times the adiabatic value). The reason for
this is unclear, but as a consequence the root-sum-
square uncertainty in the FSSP sizing may be as large
as 41% (from Baumgardner et al. 1990; assuming co-
incidence corrections need not be applied for these low
droplet concentrations). Most of this uncertainty is
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FIG. 6. Average droplet size distributions measured by the FSSP for
three cloud regions sampled on 8 August 1990. Integrated number con-
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The minimum cut size used to sample each region with the CVI is
indicated by an arrow on the abscissa of each plot.
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due to instrument bias, rather than precision error, so
the relative differences in measured droplet size distri-
butions should still be significant.

The distribution in Fig. 6a was measured at 625-m
altitude, just above cloud base, in a region where the
liquid water content was approximately adidbatic (as
measured by a hot-wire probe, as well as derived from
the FSSP data). The narrowness of the distribution is
also typical of adiabatic growth, with few droplets larger
than 20 um in diameter. The second distribution (Fig.
6b), measured at an altitude of 1200 m, peaks at ap-
proximately the same size as the cloud-base distribu-
tion. The spectrum has widened, however, with sub-
stantial numbers of droplets between 20 and 35 um in
diameter. The final distribution (Fig. 6¢) was measured
at 1000 m but shows reduced droplet number concen-
trations (66 cm ™ vs 141 and 170 cm™2) and significant
spectral broadening indicative of mixing and subse-
quent condensation. The second and third regions both
had liquid water contents less than the adiabatic values,
suggesting that some drier air had been entrained.

The S, spectra of cloud droplet nuclei for these three
cloud regions are compared to an ambient CCN spec-
trum measured near cloud base (at 625 m) in Fig. 7.
The comparisons were made by first scaling the mea-
sured ambient spectrum (solid circles) so that the total
particle number concentration was equal to 100%. The
corresponding percent of droplet nuclei at each S,
(hollow triangles) was then calculated by normalizing
the number concentration of droplet nuclei activating
atan S, 0f 0.01% to the percentage of ambient particles
activating at 0.01%. By forcing the percentages to be
equal at 0.01%, we are not necessarily concluding that
all of the available CCN with S, < 0.01% are present
in the sampled droplets; this technique was merely used
to create spectral shapes for the ambient CCN and
droplet nuclei that could be compared with those ex-
pected for different types of mixing (Figs. 3 and 4).

Absolute number concentrations are not presented
in Fig. 7 as the droplet nuclei concentrations do not
compare directly with the ambient particle concen-
trations for several reasons. First, droplet numbers
are initially enhanced inside the CVI, but then some
will be lost to surfaces within the CVI, Although the
enhancement effect is well understood, transmission
efficiency decreases with increasing droplet size and
is more difficult to quantify (see appendix). The sec-
ond difficulty in specifying absolute concentrations
arises from the fact that the sampling period often
included both cloudy and clear-air regions—al-
though no additional particles were introduced into
the sample in the clear-air regions, the average num-
ber concentration measured by the CCN spectrom-
eter for the entire sample was reduced because of
these regions. Finally, a possible problem with the
CCN flowmeter on some flights meant that the ab-
solute magnitude of the concentrations was possibly
in error. The only one of these difficulties that could
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FIG. 7. CCN spectrum measured near cloud base (solid circles) and
droplet nuclei spectra (open triangles) measured in three cloud regions
on 8 August 1990 with droplet distributions shown in Fig. 6. Percent
critical supersaturation is plotted on the abscissa and cumulative percent
of total particle number on the ordinate. Distribution (a) was sampled
at a CVI cut size of 9-um diameter and had a median S, of 0.04%.
Distribution (b) was sampled at a CVI cut size of 9-um diameter and
had a median S, of 0.04%. Distribution (c) was sampled at CVI cut size
of 20-um diameter and had a median S, of 0.03%.

bias the shape of the spectra in Fig. 7 is the CVI
transmission efficiency. As droplets of different sizes
may be transmitted with varying efficiencies, the re-
sidual nuclei spectrum could be affected. This effect
was minimized by presenting data primarily when
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the majority of droplets sampled had sizes near the
CVI cut size, where transmission efficiency is max-
imized and varies slowly with droplet size (T. L. An-
derson 1994, personal communication). Potential
biases for specific cloud regions are also discussed
below. :

The spectral shape of the nuclei from droplets in
the cloud-base region (Fig. 6a) with.an adiabatic liq-
uid water content is shown in Fig. 7a. Here, the CVI
cut size was set at about 9-um diameter, so most
droplet sizes were sampled. The droplet nuclei spec-
trum has a very similar shape to the ambient spec-
trum up to about 0.1% S,, at which point it flattens
out. This behavior agrees with what is expected for
adiabatic growth (Fig. 3a). The small upward offset
of the droplet nuclei spectrum relative to the ambient
spectrum below 0.1% S, could be due to small dif-
ferences (less than a few per cubic centimeter) be-
tween the number concentration of the ambient
spectrum at 0.01% S. and the spectrum on which the
cloud parcel actually nucleated. We believe this is
within the uncertainty of the technique and does not
indicate any significant departure from adiabatic
growth. Another cloud-base sample exhibited a very
similar spectral shape.

The spectra of the droplet nuclei sampled in the
regions with subadiabatic liquid water contents at
1200 m (Figs. 6b and 7b) and 1000 m (Figs. 6¢ and
7c) have a different shape from either the ambient
spectrum or the spectrum of droplet nuclei in the cloud-
base region. Droplets 9 um and larger were collected
for the 1200-m sample and 20 um and larger for the
1000-m sample, encompassing most of the droplet dis-
tribution in both cases. Comparing Figs. 7b,c with Figs.
3b,c, the shape of the two samples taken at higher levels
in the cloud may indicate some degree of inhomoge-
neous mixing (Fig. 3c¢) as opposed to homogeneous
mixing. However, it is also possible to obtain spectral
shapes similar to those in Figs. 7b,c through in-cloud
mixing processes (e.g., Figs. 3d-f). Despite the apparent
mixing, the lower- S, particles were still preferentially
incorporated into the cloud droplets and all three spec-
tra flatten out at an S, of about 0.1%.

Samples taken in the cloud regions shown in Figs.
6b,c, with relatively high concentrations of droplets
much larger than the CVI cut size, might be affected
by the reduced transmission efficiency of the CVI for
larger droplets. Assuming that any large droplets that
were not transmitted efficiently had higher percentages
of low-S, nuclei than the smaller droplets had, this
could mean that lower-S, nuclei might be underrep-
resented in the nuclei spectra shown in Figs. 7b,c.
Greater numbers of low-S, nuclei would only act to
reduce the slope of the droplet nuclei curves further,
however, with mixing still being indicated.

2) CASE OF 2 AUGUST 1990

The cloud band sampled on the morning of 2 August
(1820-1912 UTC) was recently formed and moder-
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ately vigorous, with maximum updraft velocities of 4
m s~!. Maximum droplet concentrations were about
300 cm ™3, but the cloud was nonuniform with an un-
even cloud base and large variations in droplet number
concentrations at all altitudes.

The median S,’s measured at different levels for the
ambient samples and for the droplet nuclei are shown
for the 2 August case in Fig. 8. In general, the droplet
nuclei exhibit lower S.’s than the ambient particles at
similar altitudes. Also, there is an increase in S, with
height for both ambient particles and droplet nuclei.

The CVI minimum cut sizes were 10 gm for the
cloud-base sample (725 m), 14-19 um for the cloud-
middle samples (1025-1475 m), and 22 um for the
samples at cloud top (1625-~1775 m). This was an at-
tempt to sample a similar portion of the droplet spec-
trum despite the growth to larger droplet sizes with
increasing height, although the nonuniformity of the
clouds meant that this was not always accomplished.

Figure 9 shows droplet distributions measured by
the FSSP for a region near cloud base (Fig. 9a), a region
at a middle cloud level of 1350 m (Fig. 9b), and a
cumulus turret at 1625 m (Fig. 9¢) that penetrated the
base of the inversion. The cloud-base distribution ex-
hibits a narrow range of small droplet sizes. The average
liquid water content of 0.18 g m™> was subadiabatic
but varied from less than 0.1 to 0.32 ¢ m™ (near adi-
abatic). The droplet distribution taken along the cloud
edge at 1350 m peaks at about the same size as the
cloud-base sample but is extended at the large droplet
end. Liquid water content for this region was definitely
subadiabatic. Larger droplets predominate in the turret
at cloud top, although the distribution is fairly wide
and apparently has a second mode characterized by
droplets smaller than 10 um in diameter. Liquid water
content was slightly subadiabatic in this region.

The S. spectra of the droplet nuclei for these cloud
regions are normalized and compared to an ambient
below-cloud spectrum in Fig. 10. (Critical supersatu-
ration measurements below 0.02% were not available
for this flight, so droplet nuclel number percentages
were normalized to the ambient spectrum at 0.02% S,
rather than 0.01% S, as in Fig. 7.) Since the cloud-base
sampie was taken at a 10-um cut size, droplets of most
sizes were collected by the CVI. The cloud-base droplet
nuclei spectrum is similar to the ambient spectrum up
to about 0.06% S,, then deviates below the ambient
spectrum and flattens out at S.’s greater than 0.1% (Fig.
10a). This behavior is similar to that predicted if an
adiabatically formed cloud region was combined with
a region that had undergone homogeneous mixing,
such as that shown in Fig. 3d. The characteristics of a
single sample averaged across different cloud regions
would not be readily distinguishable from actual in-
cloud mixing of such regions; in fact, the inhomoge-
neity observed in droplet concentration and liquid wa-
ter content across the sampled region suggests that
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FIG. 8. As in Fig. 5 but for a rainband sampled at
1820~1912 UTC 2 August 1990.

sample averaging, rather than in-cloud mixing, could
be the cause of the spectral shape in Fig. 10a.

The droplet nuclei spectrum measured for droplets
larger than 19 um at 1350 m is compared with the
below-cloud spectrum in Fig. 10b. Note from Fig. 9b
that only the large end of the droplet distribution was
sampled in this case. The shape of the nuclei spectrum
suggests some degree of inhomogeneous mixing (Fig.
3c), but again it is possible that the other in-cloud mix-
ing processes shown in Fig. 3 could produce a similar
spectrum. Nearly all the nuclei of these large droplets
still have S.’s less than about 0.1%.

All three samples from the upper levels (Fig. 8) were
taken in cumulus turrets, with droplets larger than 22
um and approximately the same portion of the droplet
size distribution sampled in all three turrets. However,
the S.’s of the sampled turrets are substantially different.
Two of the three turrets have S, values similar to those
at cloud middle and the other has an S, 0of 0.16%, which
is between the medians of the ambient distributions
below cloud (0.10%) and above the inversion (0.24%).
The final droplet nuclei spectrum shown in Fig. 10¢
represents this extreme situation, with the largest S,
(0.16%) of the three cloud-top samples. Even with a
22-um cut size, a substantial portion of the droplet
spectrum was sampled in this region (refer to Fig. 9¢).
The turret exhibits significant deviation below the curve
of the ambient spectrum and approximately half of the
sampled droplets have nucle1 S,’s greater than 0.1%.
This suggests inhomogeneous mixing may have been
active in this turret. However, since the 22-um cut size
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included a relatively large portion of this particular
droplet distribution, and median S./’s of the ambient
spectra increased with altitude on this day, it is possible
that some of the high-.S, nuclei actually originated from
air entrained at higher levels. In the next case, however,
we observed similar behavior at cloud top even when
the smaller droplets were excluded and the ambient
spectra did not vary substantially with height.

3) CASE OF 10 AUGUST 1990

The cloud band sampled at 1800-1901 UTC 10 Au-
gust 1990 was a fully developed, vigorous rainband
with maximum updrafts of 6 m s ! and precipitation-
sized drops at lower cloud levels and below cloud base.
As discussed earlier, data from regions of the cloud
that actually contained precipitation could not be used,
so usable data from lower cloud regions were scarce.
Droplet number concentrations varied substantially,
although mean droplet concentrations for samples in
the middle and upper regions of the cloud were often
quite low (<50 cm™). These low droplet concentra-
tions at the higher cloud levels are indicative of mixing
with drier environmental air, and, possibly, the effect
of collision coalescence with subsequent precipitation.

Figure 11 shows the median S.’s of the ambient and
droplet nuclei samples at different altitudes. The S,’s
of ambient CCN vary, but not systematically with
height as in the 2 August case. All droplet nuclei sam-
ples except that at 1200 m were taken at a large CVI
cut size of 28-um diameter. The droplet nuclei in the
middle levels have S.’s noticeably lower than those of
the ambient samples and the cloud-top samples. Like
the previous case, the CVI samples taken near cloud
top exhibit a substantial spread in S.. However, the
above-cloud CCN spectra do not have substantially
higher S,’s than spectra measured at lower altitudes.

The droplet distributions for the selected cloud re-
gions on this day are shown in Fig. 12. The distributions
in Figs. 12a,b, from the middle cloud levels (1875 and
1800 m, respectively), are similar, while the one from
cloud top (2150 m) is shifted to smaller droplet sizes
with a lower total number concentration (22 cm™ vs
102 and 98 cm~?). The first two regions had liquid
water contents that were approximately half of the adi-
abatic value, but the liquid water content for the cloud-
top region was only about one-tenth of the adiabatic
value.

The measured S, spectra corresponding to these
cloud regions are shown in Fig. 13. The droplet distri-
butions (Figs. 12a,b), cloud levels, and CVI cut sizes
were approximately the same for the first two regions.
The second region (Fig. 13b), however, has a higher
S: (0.06% vs 0.02%) and exhibits significant involve-
ment of high-S, nuclei in the droplets, even though
only droplets greater than 28-um diameter were sam-
pled. The last plot (Fig. 13c) shows the cloud-top case
with the highest S, (0.23%). Here, even nuclei with
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FIG. 10. Below-cloud CCN spectrum (solid circles) and droplet nuclei
spectra (open triangles) measured in three cloud regions on 2 August
1990 with droplet distributions shown in Fig. 9. Percent critical super-
saturation is plotted on the abscissa and cumulative percent of total
particle number on the ordinate. Distribution (a) was sampled at a CVI
cut size of 10-um diameter and had a median S, of 0.05%. Distribution
(b) was sampled at a CVI cut size of 19-um diameter and had a median
S, of 0.04%. Distribution (c) was sampled at CVI cut size of 22-um
diameter and had a median S, of 0.16%.

S.’s greater than 0.4% were incorporated into the drop-
lets, despite the fact that only the large droplet “tail”
of the spectrum was actually sampled.

Another cloud band located near shore on 10 August
was studied extensively near cloud top, where low
droplet concentrations were again observed. The six
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cloud-top regions sampled again had quite disparate
S.’s, ranging from 0.01% to 0.27%, higher than for any
of the ambient CCN spectra. This variation again could
not be readily correlated to differences in the droplet
size distribution and may indicate the influence of dif-
ferent types of mixing processes.

¢. Discussion

The large variability in measured S, spectra at cloud
top was somewhat surprising. Since airflow motions
can affect the relative wind with respect to the CVI
inlet and potentially droplet collection efficiency, air-
craft attitude and air motion data were also examined
for a possible influence. No relationship between the
median S.’s of the droplet nuclei and wind direction
or aircraft attitude was found, however, indicating that
changes in sampling angle were not the cause of the
range of spectra observed.

A strong tendency for median S.’s to be lower for
the droplet nuclei than for the ambient samples was
observed, except at cloud top. Because the CVI usu-
ally sampled relatively large droplets within the
cloud, this suggests that the larger droplets were more
likely to contain low- S, nuclei than the small drop-
lets. One therefore might expect a relationship be-
tween CVI cut size and droplet nuclei S,, but even
for samples from the same altitude, no clear rela-
tionship of this nature was detected. However, the
number of samples was small. Also, because the
droplet size distribution usually varied across the
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rainband, each sample actually represented a cloud
element with a unique thermodynamic history. As
such, the properties of these disparate samples would
not be expected to vary systematically with cut size.
We do not believe that these results are necessarily
indicative that mixing processes nullified the rela-
tionship between the droplet spectrum and the as-
sociated nucleus spectrum at the middle cloud levels,
just that the sampled parcels had dissimilar histories.
In this type of situation, a dual CVI that could be
operated at two different cut sizes simultaneously
would be needed to detect size-dependent variations
in nuclei properties, if they were present.

An attempt was also made to construct mixing
diagrams (Paluch 1979) in order to identify the or-
igins of the air incorporated into a cloud. A number
of difficulties, however, such as the well-mixed char-
acter of the boundary layer, the nonconservative na-
ture of total water content (due to precipitation),
and the wetting of sensors in cloud, prevented this
approach.

Our results using this new technique in cumulus
clouds show evidence of near-adiabatic growth near
cloud base, with increasing involvement of entrainment
and mixing at middie and upper cloud levels. The fact
that significant differences between CVI-derived and
ambient CCN spectra that are consistent with certain
cloud processes were found demonstrates the funda-
mental merit of this experiment. The results presented
here should be taken as preliminary, however, because
of the limited quantitative nature of this analysis and
the high degree of microphysical variability, particularly
at the middle cloud levels, in these cumulus clouds.
These limitations made it difficult to unequivocally
distinguish inhomogeneous mixing from other types
of mixing. Also, the below-cloud CCN spectra used for
comparison purposes may not have been identical to
the ones on which the sampled droplets were formed
if, for example, the below-cloud spectrum had been
recently modified by cloud processes, such as precipi-
tation, or if some droplets had formed on different CCN
entrained through the sides or top of the cloud. The
presence of even high-.S, particles within relatively large
droplets in some cloud-top regions, however, certainly
suggests that inhomogeneous mixing (Baker et al.
1980) may in fact occur near cloud top in these vig-
orously entraining cumulus clouds.

This analysis served to suggest improvements for fu-
ture investigations. For example, the time constant for
the CCN spectrometer has since been decreased in or-
der to capture smaller-scale structure, and the airborne
CVl inlet is being redesigned to more efficiently trans-
mit all droplet sizes. These improvements will permit
more detailed and quantitative comparisons between
the ambient and droplet nuclei spectra in the future.

4. Summary

To investigate relationships between the S, spectra
of ambient CCN and those of residual nuclei from
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FiG. 13. Below-cloud CCN spectrum (solid circles) and droplet nuclei
spectra (open triangles) measured in three cloud regions on 10 August
1990 with droplet distributions shown in Fig. 12. Percent critical super-
saturation is plotted on the abscissa and cumulative percent of total
particle number on the ordinate. Distribution (a) was sampled at a CVI
cut size of 28-um diameter and had a median S, of 0.02%. Distribution
(b) was sampled at a CVI cut size of 28-um diameter and had a median
S, of 0.06%. Distribution (c) was sampled at CVI cut size of 28-um
diameter and had a median .S, of 0.23%.

droplets, the CVI was combined with a CCN spec-
trometer in a series of maritime cumuli cloud pene-
trations by aircraft. A compilation of median S.’s for
nearly 100 cloud regions associated with 18 individual
cumulus cloud bands showed that, in almost all cases,
median S, values were lower for the droplet nuclei than
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for the ambient CCN in the near-cloud environment.
These results verify a general tendency for the lower-
S; nuclei to be preferentially incorporated into cloud
droplets, despite evidence that entrainment and mixing
occurred at most cloud levels.

The study also revealed interesting variations in the
S, spectra of droplet nuclei with height above cloud
base. Regions near cloud base with near-adiabatic lig-
uid water contents exhibited droplet nuclei spectra that
were similar to those expected for adiabatic growth on
measured below-cloud CCN spectra. Droplet nuclei in
the middle regions of the cloud bands consistently ex-
hibited median S.’s that were less than or equal to those
that were measured in ambient air below and around
the cloud, and particles with very high S,.’s were still
excluded from the larger droplets. The shapes of these
spectra, however, were suggestive of some type of mix-
ing process.

Nuclei spectra from droplets at or near cloud top
displayed a wide variation in S, characteristics. Spectra
from some of the cloud-top regions seemed indicative
of inhomogeneous mixing, with high- S, particles pres-
ent even within the larger cloud droplets. Further stud-
ies of this nature are being conducted with improved
instrumentation to clarify the relationships between
CCN and cloud microphysics in different cloud types,
looking particularly at effects of mixing processes.
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APPENDIX
CVI Sampling Characteristics

The CVI operates on the principle of inertial im-
paction, where droplets (or ice particles) having suf-
ficient inertia are impacted into a slowly moving flow
of dried, filtered air. The relative wind due to the air-
craft motion provides the impaction velocity for the
airborne CVI. For droplets with sufficient inertia to
enter the CVI against the counterflow airstream, the
number of droplets entering during a time period ¢
equals the number concentration N, of these droplets
that are outside the probe times the air flow rate im-
pinging on the CVI probe tip. This droplet number
also equals the number concentration of droplets inside
the CVI Ny, times the air volume inside the CVT; hence,
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N¢0AVUI = N¢[Al/it,

where A is the cross-sectional open area of the inlet
tip, V, is the droplet speed as it approaches the inlet
tip, and V; is the droplet speed inside the inlet. The
ratio of droplet number concentration inside the CVI
to that in the ambient airstream may then be described
as

Nai _ Vo

Nd.o Vi '

The droplet speed V, may be approximated by the air-
craft true airspeed and V; by the mean flow speed inside
the CVI; for typical values of 120 and 5 m s~', droplet
concentrations inside the CVI are enhanced by a factor
of 24. The initial enhancement of droplets inside the
CVI means that substantial concentrations of droplet
nuclei will still be collected, even if transmission effi-
ciency of these droplets through the inlet system is less
than 100% (see below).

Some cloud droplets that enter the airborne CVI
inlet will be deposited on internal surfaces, either by
gravitational settling or by direct impaction, before they
completely evaporate. Both model calculations (T. L.
Anderson 1994, personal communication) and mea-
surements ( Twohy 1992b) indicate that the transmis-
sion efficiency for droplet nuclei averages about 50%.
However, efficiency can vary with probe alignment,
flow rate, and droplet size. To minimize losses due to
misalignment, the CVI axis was aligned with the mean
flow streamlines predicted by airflow analysis ( Twohy
and Rogers 1993).

Additional modeling and comparisons of model re-
sults to measurements is under way to better charac-
terize transmission efficiency under different condi-
tions. Corrections to measured droplet nuclei concen-
trations could be made either by using model results
or by scaling to the droplet concentrations measured
by the FSSP in different size ranges. However, due to
the large uncertainty in model results and FSSP mea-
surements ( Baumgardner et al. 1990), we have not
chosen either of these approaches. Instead, we simply
present droplet nuclei characteristics in terms of me-
dian S.’s or as normalized S, spectra, which should not
be influenced by errors in absolute number concentra-
tions. Varnations in efficiency as a function of droplet
size could, however, influence the shape of the .S, spec-
tra. Calculations indicate that transmission efficiency
is a slowly varying function of droplet size and is max-
imized just above the minimum cut size (T. L. An-
derson 1994, personal communication). When pos-
sible, the internal flow rate and the cut size of the probe
were adjusted to maximize enhancement and trans-
mission efficiency for droplets of interest. For example,
when the droplet size distribution peaked at relatively
large droplet sizes (20-30 um), the sample flow rate
inside the CVI inlet might be decreased, increasing the
counterflow rate and the minimum droplet cut size.
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The reduced internal flow rate minimizes impaction
losses of larger droplets in the bend immediately
downstream of the inlet. (Nuclei from droplets ap-
proximately 40 um and larger in diameter will not be
transmitted by this version of the CVI because they
will impact in the bend before they evaporate to sizes
small enough to be transmitted. Fortunately, the num-
ber concentrations of these droplets were only a few
percent or less of the total droplet concentration and
should not affect our results.)

We have undertaken detailed analyses of droplet
nuclei spectra primarily for those sampling situations
where these size-dependent transmission effects should
be small (e.g., relatively narrow droplet distributions
and those with maximum concentrations near the CVI
cut size). We have also considered the possible influ-
ence of size-dependent losses in the discussion of our
results.

The frequent presence of drizzle and precipitation-
sized droplets in the Hawaiian clouds led to another
complication. If these very large droplets had sufficient
kinetic energy upon impaction to break up, enhanced
particle concentrations were observed downstream of
the inlet when the resulting smaller droplets evaporated.
Trajectory calculations predict that the position of the
CVI during HaRP was actually shielded from drops
100 to 800 pm in diameter by the aircraft itself (Twohy
and Rogers 1993). Also, comparisons of particle con-
centrations downstream of the CVI inlet with large drop
concentrations measured by PMS 2D probes indicated
that drops larger than 800 um were the most likely to
breakup and generate enhanced particle concentra-
tions. This breakup phenomenon, discussed in more
detail by Twohy (1992b), has also apparently been
observed using more standard inlets for sampling par-
ticles in clouds (Hudson and Frisbie 1991; Hudson
1993b).

Time periods when drop breakup was judged to oc-
cur were eliminated from the dataset. CVI particle
concentrations were compared to droplet concentra-
tions measured by the FSSP, and data from any time
period when the droplet nuclei concentration inside
the CVI was greater than twice that expected from the
FSSP data were discarded. This approach was justified
when several of these rejected time periods were ex-
amined and drops larger than 800 um were found to
be present; conversely, a survey of several time periods
that were retained verified that drops larger than 800
um were not present.
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