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A balloon-borne instrument was developed for observations of vertical profiles of cloud
condensation nuclei (CCN) number concentration. The CCN concentration is deduced from
measurements of the laser light scattered by water droplets that activated on CCN within a cloud
chamber. The amount of light scattering is proportional to the number of droplets that form
within the chamber. The instrument is calibrated by correlating the number of droplets within a
sample volume with the amount of scattered light. The balloon-bomme CCN counter has been
flown on 12 balloon flights at Laramie, Wyoming (41 °N) and 2 balloon flights at Lauder, New
Zealand (45 °S). The instrument gondola for each of these flights also contained a condensation
nuclei (CN) counter and an optical particle counter to measure aerosols with diameter greater
than 0.3 wm (Dyp3). The vertical profile measurements from the 14 flights have been summarized
by classifying them into five distinct atmospheric layers: surface, lower tropospheric, upper
tropospheric, stratospheric and regions of high humidity. Laramie summer and winter profiles
show that the mean CCN concentration decreases between the }owc;r and upper tropospheric
layers (445 em™ to 126 cm™ in summer; 146 em™ to 64 cm” in winter). Variations in the vertical
profile of CCN concentration were typically positively correlated with changes in CN and Dy
concentrations, and often corresponded with changes in relative humidity, typically being
positively correlated but sometimes negatively correlated. The CCN/CN ratio typically increases
between the lower and upper troposphere. The summer CCN concentrations at Lauder, New

Zealand (45 °S) were about twice the summer CCN concentrations measured at Laramie,

Wyoming (41 °N) while the CN and Dg 3 concentrations were about the same.
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CHAPTER 1: Introduction

1. Overview

This dissertation focuses on conducting measurements of the vertical structure of cloud
condensation nuclei (CCN) concentrations from the surface to the top of the troposphere, and
relating these CCN measurements to coincident aerosol measurements of different sizes. The
dissertation is divided into six parts. Chapter 1 provides background information on CCN
measurements and defines the research objectives. Chapter 2 describes results of laboratory
calibration work on the balloon-borne CCN counter. Chapter 3 summarizes results from 14
high-resolution CCN profiles. Chapter 4 summaries the conclusions bf the dissertation and
suggests future research. Appendix I discuss aerosol volatility measurements. Appendix II and
Il provide technical information conceming the calibration of the CCN counter and the
processing of the balloon flight CCN measurements.

The calibration results presented in Chapter 2 and the summary of the balloon flight
measurements presented in Chapter 3 extends research I published in the Journal of Geophysical
Research [Delene et al., 1998}, Chapters 2 and 3 are written as stand-alone documents for
submission to peer reviewed j.ourna]s, Chapter 2 is planned for a technical jowrnal such as the
Journal of Atmospheric and Oceanic Technology. Chapter 3 is planned for the Journal of
Geophysical Research. Since Chapters 2 and 3 are stand-aioné documents, they each have an
abstract, introduction and conclusion and may repeat some information that is presented
elsewhere in this dissertation. The figures and tables for each chapter are placed at the end of the
chaﬁ)ter, as required for journal submissions. All references contained within this dissertation are

listed in the reference section on page 67.



2. Cloud Condensation Nuclei

Cloud droplets in the atmosphere form via heterogeneous nucleation involving aerosol
particles.  Aerosol particles that are capable of initiating cloud droplet formation at
supersaturations observed in the atmosphere are called cloud -condensation nuclei (CCN). All
aerosol particles are capable of initiating droplet formation if the supersaturation of water vapor
in the environment is high enough. Aerosol particles that form droplets at supersaturations of
several hundred percent are called condensation nuclei (CN). The CN concentration is the total
number of droplets per unit volume observed in a cloud chamber at supersaturations of several
hundred percent. Similarly, the CCN concentration is the total numsel' of droplets per unit
volume observed in a cloud chamber at a supersaturation typically observed in the atmosphere.
Characteristic supersaturations within the atmosphere are most often below 1%. Therefore, the
CCN concentration is always less than the CN concentration, and aerosol particles that act as
CCN are a subset of the aerosol particles that act as CN.

The size and chemical composition of an aerosol particle determine if it will activate and
produce a cloud droplet. Larger-sized aerosols activate at lower supersaturations than smaller-
sized aerosols. Hygroscopic aerosols {soluble aerosols that have an affinity for water) activate at
lower supersaturations than aerosols that are insoluble. The effects of aerosol size and chemical
composition is incorporated into the Kohler equation which predicts if an aerosol will activate to
produce a cloud droplet in a supersaturated environment [Pruppacher and Klett, 1997]. Good
agreement was obtained between modeled and measured CCN concentrations during a recent
field campaign {Covert et al., 1998]. Kohler theory was used to model the CCN concentration
using the aerosol number distribution and data on the aerosol’s hygroscopic growth. Chylek and

Wong [1998] recently showed that the original Kohler equation, with a variable van’t Hoff factor,



agrees with experimental data of the condensational growth of a single levitated ammonium
sulfate solution droplet.

CCN measurements determine the concentration of aerosols that have a size and composition
to activate and produce cloud droplets at a certain environmental supersaturation. CCN
measurements at several supersaturations can be obtained to construct a CCN spectrum. CCN
spectra often can be expressed in the form (Twomey, 1959):

n=cS* (1)
Equation (1) shows that the CCN concentration, z, in units of cm>, can be related to the
supersaturation, S, by two parameters, ¢ and k. Parameter ¢ is the CCN concentration at 1%
supersaturation, and parameter k indicates how CCN concentration depends on supersaturation.
The cloud droplet concentration resulting ﬁ'om lifting an air parcel is predicted by (1) if ¢ and &
are known or assumed. As an air parcel is lifted, the parcel’s temperature decreases resulting in
an increase in relative humidity. When the relative humidity increases above 100%, a
supersaturated environment is created and a subset of the aerosol population activates to serve as
CCN. As CCN activate and grow by the condensation of water vapor, they increasingly offset
the increase in supersaturation caused by lifting an air parcel [Hobbs, 1993]. This competition
between supersaturation increasing due to lifting an air parcel and supersaturation decreasing due
to uptake of water vapor by droplets results in the supersaturation reaching a peak value and then
declining. The peak supersaturation depends on the CCN spectrum and updraft speed [Rogers
and Yau, 1989]. Forest fires [Eagan et al., 1974] and paper mills [Hindman et al., 1977] have
beeh shown to produce large amounts of CCN and thus change the droplet concentration of
clouds. Chuang et al. [1992]) found agreement between a microphysical entrainment model and

measurements of the cloud droplet spectra for the initial stage of cloud developmént over large



fires. Hegg et al. [1991] presented observations showing a relationship between CCN
concentration at 1% supersaturation and mean concentration of droplets in marine stratus clouds.

Since the number concentration and activity of CCN have a large influence on cloud droplet
spectra, CCN affect precipitation processes, cloud albedo, and global climate [Hobbs, 1993,
Jennings, 1993, Charlson and Heintzenberg, 1995]. Increases in CCN concentration, resulting
from increased SO, emissions, has been suggested as possibly offsetting global temperature
change expected from increased CO, concentrations [Wigley, 1989; Twomey, 1991]. CCN
directly affect climate by scattering and absorbing radiation and indirectly affect climate by
altering the scattering characteristics of clouds [Charlson et al., 1992]. Increases in CCN
concentrations may alter global scale radiative characteristics by increasing cloud albedo and by
increasing cloudiness. Global scale analysis of cloud droplet effective radii found systematic
differences between continental and maritime environments and hemispheric contrasts that are
indicative of differences in CCN concentration [Han er al., 1994]. Statistical analysis of the
change in total oceanic cloud amount between 1930 and 1981 shows a significant positive trend
of increased cloudiness which may be the result of an increase in SO, emissions [Panrungo et
al., 1994]. Decreases in precipitation efficiency, resulting from increases in CCN concentration,
may be responsible for an increase in cloudiness [Albrecht, 1989].

3. Review of Cloud Condensation Nuclei Measurements

Several studies have measured CCN number concentration near the earth’s surface [Hudson
and Squires, 1978; Hudson and Frisbie, 1991; Philippin and Betterton, 1997], and field
campaigns have used aircraft to measure CCN concentrations aloft [Hobbs et al., 1985; Hudson
-and Xie, 1998]. Twomey and Wojciechowski [1969] reported the paramctcrs in equation 1 as; ¢ =

600 and k = V4 for continental air and ¢=100 and & = ¥ for maritime air. Numerical cloud models


























































































































































































































































































