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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



have shown that the dependence on k can be quite weak [Hegg et al., 1991]. Therefore, the CCN
concentration at 1 % supersaturation rﬁay be the most important parameter for predicting the
cloud droplet concentration. Pruppacher and Klett [1997] summarize ¢ and k values measured at
different geographic locations. Currently the only long term CCN monitoring program is the
Australian “Atmospheric Baseline” program at Cape Grim. Measurements at Cape Grim show
that the CN concentration has increased by about 1.2% per year while the CCN concentration has
decreased by about 3% per year {Gras, 1995]. Recently Philippin and Berterton [1997] began a
CCN monitoring program at an isolated continental mountain site in Arizona,

The number of research projects that have measured CCN concentrations aloft is similar to
the number of research projects that have measured CCN concentrations at the earth’s surface.
This is the result of the importance of CCN measurements to cloud microphysics studies. Figure
1 presents examples of vertical CCN profiles obtained using aircraft. The profiles consist of four
to six measurements ranging from the surface to a maximum height of approximately 5 km. The
profiles show a general decease in CCN concentration with increasing height above the surface;.
however, due to the low vertical resolution of the profiles, it is difficult to discern if the source of
CCN is near the surface or if there is a major source within the atmosphere. The CCN
measurements in Figure 1 do not show a systematic decrease in concentration with decreasing
supersaturation. This indicates that CCN concentrations are highly variable and that a few
measurement locations are insufficient to determine the global scale distribution of CCN.
Aircraft measurements of CCN (Figure 1) have almost exclusively been confined to the lower
troposphere.  Upper tropospheric CCN measurements conducted by Hudson and Xie {1998]

found constant CCN concentrations with increasing altitude above the lower troposphere.



There is a great deal of research interest in marine CCN due to the larger susceptibility of
marine clouds, compared with continental clouds, to increases in cloud albedo resulting from
increases in CCN concentration [Twomey, 1991}, The larger susceptibility of marine clouds is
the result of lower CCN concentrations over oceans than over continents [Hobbs, 1993].
Numerous CCN measurements in marine environments have been made to investigate how cloud
droplet spectra, and hence cloud albedo, relate to CCN concentration [Hudson, 1993a; Hudson,
1995]. Lower tropospheric CCN measurements in the Arctic Ocean found concentrations of less
than 100 cm™ at 1% supersaturation [Hegg et al., 1995]. Lower tropospheric CCN measurements
in the summertime Southern Ocean found concentrations of approximately 200 c¢cm™ at 1%
supersaturation [Hudson, 1998]

4. Modeling the Climate Affects of Cloud Condensation Nuclei

Direct climate forcing by aerosols has_started to be incorporated into global climate models
{Boucher and An.derson, 1995; Haywood and Shine, 1995). Giobal climate models have been
developed that predict the acrosol mass concentration of anthropogenic and natural sulfate
[Langner and Rodhe, 1991; Langner et al, 1992; Taylor and Penner, 1994).  The predicted
aerosol mass is based on oxidation of gaseous dimethyl sulfide (DMS) and sulfur dioxide (SO,).
The predicted mass concentration is assumed to reside in the accumulation mode of the aerosol
number distribution.  The accumulation mode contains aerosols ranging in size from
approximately 0.1 m to 1.0 wm diameter [Singh, 1995). Global climate models determine the
direct forcing by aerosol by using the predicted aerosol mass énd a parameterization of the
aerosol’s optical properties [Boucher and Anderson, 1995]. The direct anthropogenic climate
forcing is determined by comparing the direct climate forcing by natural sulfate aerosols with the

direct climate forcing resulting from natural and anthropogenic sulfate aerosol.



It is more difficult to incorporate indirect climate forcing by aerosols than direct climate
forcing into global climate models since aerosol number distribution, not aerosol mass, is
important. Climate models incorporate aerosol number distribution by parameterizing lognormal
size distributions. A parameterization is then used to relate the aerosol number concentration to
the cloud droplet number concentration [Pan et al., 1998). Chuang et al. [1997) recently
addressed indirect anthropogenic forcing by using a coupled climate/chemistry model to predict
changes in the aerosol number distribution due to anthropdgenic sulfate. Pan er al, [1998]
investigated indirect forcing of CCN using the method of Charlson et al. [1992] to determine
changes in aerosol number concentration due to anthropogenic sulfate and three different
parameterizations [Twomey, 1977; Jones et al., 1994; Ghan er al., 1993] to relate changes in
acrosol number concentration to chaﬁges in cloud droplet concentration. They concluded that
refining the input parameters might be more important than improving models to minimize
uncertainties. Penner et al, [1994] stated that the limited understanding of the indirect forcing of
aerosol requires more research before it is understood well enough to be fully incorporated into
global climate models. Liu er al.,, [1996] noted that further knowledge of the relationships
between cloud condensation nuclei and the aerosol size distribution is necessary to support
modeling of the indirect effect of aerosols.

5. Sources of Cloud Condensation Nuclei

‘The formation, growth, and transport processes of cloud condensation nuclei (CCN), along
with their chemical composition, still pose unresolved questibns. The main obstacle to
answering these questions lies in identifying the sources of CCN, and the times and regimes in
which they are important. Four potentially important sources of aerosols that act as CCN are: 1)

direct emissions of anthropogenic aerosol, 2) surface derived aerosol, 3) aerosol resulting from



gas-to-particle conversion, possibly involving cloud processes, and 4) aerosol of stratospheric
origin transported downward into the troposphere. Direct anthropogenic sources of CCN are
certainly important in some cases [Hobbs, 1970, Hudson, 1991}; however, they are believed not
to dominate the global CCN budget, and will thus be negligible at remote sites. Hudson [1993b]
noted in a review of CCN that understanding the degree to which anthropogenic sources
contribute to the increase in continental CCN concentrations, compared to marine CCN
concentrations, is a major challenge for researchers.

Initial studies of CCN indicated that the Earth’s surface is an important source [Hoppel et al.,
1973]. More recent studies have shown that decreases in CCN concerntration with height are
usually observed in association with more polluted environments, and only a slight decrease in
concentration with height is observed in a clean environment [Raga and Jonas, 1995]. The large
decrease with height in poliuted environments is probably due to anthropogenic sources, while
the slight decrease in concentration is the result of a natural source of CCN. Near surface CCN
measurements show that deposition rather than production 'occurs at the earth’s surface, which
indicates that a near surface source would have to be a diffuse source within the surface layer
[Hudson and Squires, 1978).

A large amount of recent research has focused on clouds as a possible important source for
CCN as well as a sink [Hegg, 1990; Hegg, 1991; Lin et al., 1992; Saxena and Grovenstein, 1994;
Saxena, 1996]. Clouds are postulated to be a source of CCN by creating an environment where
new particles can be produced by homogeneous-bimolecular nuc}e-ation of sulfuric acid solution
droplets from H,SO, and H,0 vapor molecules [Perry and Hobbs, 1994). The recently nucleated
particles grow by uptake of vapor and coagulation of aerosols [Salk et al., 1986], to attain sizes

large enough to act as CCN. The observations of Radke and Hobbs [1991] of high total particle



concentrations in regions of high humidity suggests that relative humidity plays an important role
in new particle production. Clarke’s [1992, 1993} observations in the remote Pacific
midtroposphere show an inverse relationship between available acrosol surface area and new
particle concentration. Fux’chermore, the aerosol volatility data suggests a sulfuric acid
composition, which supports recent homogeneous-bimolecular nucleation of the aerosols.
Clarke [1993] presented evidence of a latitudinal gradient in ultrafine CN concentration with a
large increase above the strong convective region associated with the intertropical convergence
zone. Bigg et al. [1984] presented evidence of a link between the amount of solar radiation and
the concentration of total particles in remote regions of the Southern Hemisphere. Taken
together, these observations make a case for the importance of gas phase nucleation of sulfuric
acid, and subsequent growth, as an important source of CCN in the remote troposphere.
Observation and mode! studies indicate that favorable conditions for the production of new
particles are high relative humidity, low total aerosol surface area, low temperatures, high SO,
concentrations, and high solar radiation.

Stratospheric aerosol may also be a source for tropospheric CCN. Stratospheric aerosols are
composed of sulfuric acid and water [Rosen, 1971, Deshler et al., 19921 and thus should act as
effective CCN.  Stratospheric-tropospheric exchange occurring in association with irreversible
eddy exchange phenomena provides a transport mechanism [Holton et al., 1995]. Although
several vertical profiles of CCN have been obtained with aircraft [Squires and Twomey, 1966;
Hoppel et al., 1973; Hobbs, et al., 1985: Hegg et al., 1995; Raga and Jonas, 1995], none of the
vertical profiles presented in the literature extend into the lower stratosphere. Rogers et al,
[1981] measured stratospheric CCN concentration, activated at 1% supersaturation, in the range

of 100 to 1000 c¢m™. These stratospheric CCN concentrations are higher than the CCN



concentration below the tropopause. Indirect evidence of a stratospheric source of CCN comes
from satellite occultation measurements of 1.0 wm extinction which exhibits contamination of

the upper troposphere by stratospheric aerosol [Kent et al., 1988; Kent et al., 1991]. Recent
observations suggest that volcanic eruptions may affect the microphysical properties of clouds by
changing stratospheric aerosol concentrations which will subsequently affect tropospheric clouds
[Minnis et al. 1993; Wang et al., 1995). Mohnen {19907 points out that stratospheric CCN may
influence the microphysics of cirrus clouds due to the relatively low concentration of ice nuclei.
Hofmann [1993] presented twenty years of ball(;on—bo:ne aerosol measurements that show a

decrease in CN but an increase in aerosols with a diameters larger than 0.3 pm (Dg3) above the

tropopause. Since CCN comprise a subset of CN and Dgs are a subset of CCN, these
measurements do not clearly suggest a gradient of CCN across the tropopause.

6. Research Objectives

The purpose of this research is to examine the vertical structure of CCN concentrations from
the surface to the top of the troposphere and to relate these measurements to concurrent

measurements of CN and aerosol larger than 0.3 pum diameter. These measurements can be used

to examine the source of CCN at clean continental sites. Balloon-borne instruments are used to
obtain high-resolution vertical concentration profiles of CN, CCN, and large aerosols. The
highest CCN concentration within the vertical profile suggests CCN source regions. Currently
available CCN profiles (Figure 1) do not have the vertical resolution to clearly indicate if the
largest concentration of CCN is near the surface or aloft. The second objective of this research is
to investigate the vertical variation of CCN from the surface to the top of the troposphere. Small-
scale changes in CCN concentration will be discernible in the CCN profiles. CCN measurements

throughout the vertical extent of the troposphere will allow for the detection of layers with
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constant CCN concentration. The third objective of this research is to determine the relationship
between CCN measurements and other concurrent aerosol measurements. Other aerosol
measurements are obtained concurrently with the CCN measurements by using a balloon-bome
CN counter and optical particle counter. The optical particle counter measures the number
concentration of aerosols with a diameter greater than 0.3 um (Dg3). Ratios of CCN/CN and
Do 3/CCN will be determined throughout the vertical extent of the troposphere, The temporal
variability of CCN profiles will be illustrated by comparing at Laramie, Wyoming, at different
times of the year. The fourth objective of this research is to compare measurements made above
Laramie, Wyoming (41 °N), to measurements made above Lauder, New Zealand (45 °S).
Central to obtaining the research objectives is the development of an accurate calibration
procedure for the balloon-borne CCN counter at 1% supersaturation. An accurate calibration is
critical to obtaining dependable CCN/CN and Dy 3/CCN ratios. Furthermore, the calibration of
the CCN counter is necessary to ensure consistency within the data set when fundamental

changes to the CCN counter are performed.
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CHAPTER 2: Calibration of a Photometric Cloud Condensation Nucleus
Counter Designed for Deployment on a Balloon Package

Abstract

The importance of atmospheric aerosols in understanding global climate changes has
renewed interest in measurements of cloud condensation nuclei (CCN). To obtain high-
resolution (125 m) vertical profiles of CCN number concentration, a balloon-borne instrument
was developed. The instrument deduces the CCN concentration from measurements of laser
light scattered by water droplets that cdndense on CCN within a static thermal gradient-diffusion
chamber. The amount of light scattering is linearly proportional to the number of droplets within
the diffusion chamber. Correlating the number of droplets within the sample volume with the
amount of light scattered by the droplets provides the instrument’s calibration. The calibration
was tested by comparisons between the CCN counter and a CN counter when sampling
monodisperse aerosol larger than the CCN counter’s critical activation size. The CCN counter’s
calibration depends on supersaturation and slightly on the size of CCN that activate to form
droplets. The calibration dependence on CCN size is less than 10% at 1% supersaturation.
Calibration on ambient atmospheric aerosol is similar to calibration on laboratory-generated
polydisperse NaCl aerosol indicating that the laboratory calibration can be applied to field
measurements. The activation and growth of droplets within the diffusion chamber is similar
during field and laboratory measurements. The accuracy of the balloon-borme CCN counter’s

calibration is approximately 10% at 1% supersaturation.
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1. Introduction

Cloud condensation nuclei (CCN) have a major influence on the cloud droplet number
concentration and hence the radiative properties of clouds. Increases in CCN concentrations,
resulting from increased SO, emissions, has been suggested as a mechanism which could modify
clouds properties sufficiently to affect global climate [Wigley, 1989; Twomey, 1991). The
indirect affect of CCN on climate has started to be incorporated into global climate models
[Meehl et al., 1996; Chuang et al., 1997; Pan et al., 1998). Pan et al., [1998] concluded from
comparisons of climate models that refining input parameters might be more important than
improving models to minimize uncertainties. CCN measurements ai‘e an important link in
relating changes in aerosol concentration to changes in cloud droplet number concentration
[Bouch_er and Lohmann, 1995; Liy et al, 1996]. A balloon-borne CCN counter has been
developed to provide vertical profiles of CCN with a resolution of approximately 125 m. To
relate these CCN measurements to concurrent aerosol measurements, an accurate calibration of
the CCN counter is critical. The main objective here is to describe the calibration of the balloon-
borne CCN counter and determine the accuracy of field measurements.

The balloon-borne CCN counter is similar to other static thermal-gradient diffusion chamber
instruments [Lala and Jiusto, 1977; Bartlett and Ayers, 1981; Hoppel and Wajciechowski, 1981;
Lala, 1981). A 670 nm solid-state laser illuminates the center of the chamber where the
supersaturation is held at a prescribed value. To keep the instrument lightweight, a
photodetector, instead of a photographic or CCN camera, is used to measure the CCN
concentration. The photodetector voltage relates the amount of scattered light to a known CCN
concentration using the instrument’s calibration. To obtain a CCN measurement at a single

supersaturation requires 30 s. The temperature difference between the top and the bottom plate is
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checked for 5 s to ensure that it is within the prescribed range (+ 0.2 °C). The chamber is flushed

for 5 s to remove air from the previous sample. A new air sample is captured and held within the
chamber for 20 s, When a new air sample enters the chamber, CCN activate and droplets form,
grow, and fall out. The top plate temperature is allowed to float with the enclosed temperature of
the CCN counter, and the bottomn plate temperature is controlled using thermoelectric coolers to
achieve the prescribed supersaturation, which is calculated at the beginning of a measurement
based on the top plate temperature. Following the suggestion of Karz and Mirabel [1975], the
temperature and vapor pressure between the top and the bottom plates are assumed to be linear
functions of the height above the bottom plate. Both the top and the bottom plates are kept wet
for up to 3 hours using saturated blotter papers. Delene et al. [1998] provided an initial
description of the balloon-borne CCN counter, described calibration at 1% supersa.turation on
NaCl aerosols, and presented some preliminary CCN profiles. The focus here is on dependence
of the instrument’s calibration on supersaturation, aerosol size, and aerosol type.

2. Standard Calibration Procedure

Calibration of the CCN counter is accomplished using the method of Delene et al. [1998].
The CCN concentration is determined by counting the number of water droplets in a measured
portion of the laser beam using a video camera and personal computer (PC) frame grabber card.
Concurrent with the video counts, the photodetector voltage is measured. A least squares linear
fit between photodetector voltage and droplet count determines the calibration slope. The CCN
counter’s calibration constant is defined to be tﬁe calibration slope divided by the video sample
volume. The calibration here differs from Delene et al., [1998] by using a new video camera
with higher reso;ution, greater magnification, lower noise, and greater light sensitivity. The new

video camera counts more droplets within a 10 mm segment of the laser beam than does the old
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video camera. Recent inquiries of the laser manufacturer indicated that .the cross section of the
laser beam was S X 1.8 mm instead of the 4 x 1 mm used by Delene et al. [1998]. Measuring the
laser’s cross section is uncertain due to blooming of the laser beam on the measurement
apparatus. Our measurements of the laser beam width give 5.5 £ 0.5 mm comparing favorably to
the laser manufacturer’s width of 5.0 mm. Although the new video camera counts more droplets,
a larger sample volume is used, which results in a reduction of the calibration constant by
approximately 18% compared to the calibration constant determined with the old video camera.

The gain setting of the PC frame grabber card is used to test the sensitivity of the video
camera. The number of droplets counted with the new video camera does not increase with gain
increases on the frame grabber card. In contrast, the number of droplets counted with the old
video camera does increase with gain increases on the frame grabber card. Therefore, the new
camera seems sensitive enough to count all droplets within the field of view of the laser beam
without over counting due to video noise.

Correctly setting .the video camera’s lens focus is critical for accurate calibrations; however,
it is difficult to set the lens focus so that the whole depth of the laser beam is within focus. The
focus of the lens is set by focusing on hairs of a Q-tip placed within the video sample volume,
The focus is checked periodically during calibration by examining the video camera’s output on a
monitor to ensure that no large droplets with dim centers are present (out of focus droplets). The
laser beam is at a 45-degree angle with respect to the lens and the sample length along the laser
beam is 10 mm, thus the depth of field needs to be 14 mm. This is significantly larger than the 5
mm width of the laser beam. In an attempt to decrease the sensitive of the focus adjustment, the
lens was moved back from the edge of the chamber, which increases in the depth of field but a

reduces the magnification of droplets. Increasing the distance from the center of the chamber to
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the I-ens from 46 to 52 mm results in a decrease of the 1% supersaturation calibration constant by
approximately 10%. The reduced magnification resulting from this small iﬁcrease in length
probably resulted in under counting because some droplets were now too small to be detected.
For all calibrations presented here the lens was placed at 46 mm from the center of the chamber
to give the greatest magnification of droplet possible and the lens focus was carefully set to
ensure that all droplets within the video sample were within focus.

Another important step for accurate calibrations is the alignment of the CCN counter’s
chamber with the video camera’s lens. It is critical that the alignment be consistent for every
laboratory calibration. This includes having the lens in the exact cenfer of the chamber and’
ensuring that the video camera is level. The lens is placed in the center of the chamber by
aligning the center of the video sample volume with the center of the air inlet. A vertical line
overlay on the video camera’s output denotes the center of the video sample volume and the
center of the air inlet is on the direct opposite side of the diffusion chamber. The vertical
placement of the video sample volume is set in the calibration software to ensure that the 1.8 mm
height of the laser beam is enclosed within the video sample volume. The height of the laser
beam is illuminated by placing a ruler along the laser beam and the video camera’s outpuf, with
an overlay of the video sample volume, is examined on a monitor. After the video camera is
aligned, a level is used to level the lens/video camera. The CCN counter and lens are fixed to the
calibration bench to preserve the alignment setup during calibration. The alignment of the
calibration system is checked before each calibration run to ensure that it has not changed.

Standard calibration of the CCN counter consists of obtaining several hundred comparisons
of photodetector voltage and droplet concentration using laboratory aerosol produced from an

ultrasonic vaporizer using a solution of 0.1 gL of NaCl. The aerosol concentration is varied
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during a measurement sequence by changing the amount of filtered air mixed with the generated
acrosol. Figure 2 presents calibration data using the standard calibration method. The number of
droplets, at the time of the photodector voltage peak, and the video sample volume are used to
determine the CCN concentration. The voltage peak method, instead of the voltage summation
method of Delene et al. [1998), is used here because the resulting calibration constants are
similar, and it simplifies examination of the calibration dependence on supersaturation.

3. Testing the Standard Calibration Procedure

- The calibration of the CCN counter can be checked by comparing the CCN concentration
against measurements made by a model 3010 TSI CN counter, when sﬁmpling monodisperse
aerosol larger than the CCN counter’s critical activation size. A differential mobility analyzer
(DMA) [Knutson and Whitby, 1977] is used to produce monodisperse aerosol of different sizes.
A conductive bag, partiaHy filled with filtc_red air, is used to store the generated aerosols. Stori_n g
aerosols within a conductive bag is preferred to direct sampling from the DMA because there is
no possibility that the counters will affect the flow rates though the DMA. When the
concentration within the bag reaches the desired value, generation of aerosol is stopped, and the
CCN and CN counters concuirently sample aerosols from the bag. During sampling fiom the
conductive bag, the aerosol concentration decreases due to aerosols being collected by the walls
of the bag. Coagulation of aecrosols within the bag is less than 2% for the concentrations (<1000
~ em™) and times (<4 hr) of the laboratory comparisons (Willeke and Baron, 1993). Therefore, the
size of the aerosols within the bag will remain constant throughout the laboratory tests.

Figure 3 presents an example of the CCN and CN counters measuring 125 nm monodisperse
NaCl aerosol. The CCN concentration is determined using the video camera to count droplets, at

the time of the photodetector voltage peak, over a predetermined video sample volume. Below a
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concentration of 500 cm™, the averaged CCN concentrations agree with the CN concentrations.
Above a concentration of 500 c¢m™, the CCN concentrations are low compared to the CN
concentrations, The low CCN concentrations may be the result of under counting of droplets due
to coincidence. Droplet coincidence results from one droplet being partially obscured by another
droplet, resulting in two droplets being counted as one droplet. For the 3.5 hours required to
generate Figure 3, the CCN counter was run continuously without rewetting the saturated blotter
papers indicating that the saturated blotter papers on the top and the bottom plates will remain
moist for over three hours.

4. Calibration Dependence on Supersaturation

The condensation growth rate of droplets is proportional to supersaturation [Rogers and Yau,
1989]; therefore, droplets will obtain sizes large enough to begin to fall in a shorter amount of
time at higher supersaturations. Changes in droplet size will affect the calibration slope since the
amount of scatter laser light is proportional not only to droplet number but also to droplet size.
Changes in the CCN counter’s supersaturation may change the size of droplets at the time of the
photodector voltage peak, and hence change the calibration constant. Observation of droplet fall
velocities within the thermal-gradient diffusion chamber confirms that droplet size depends on
the CCN counter’s supersaturation. At lower supersaturations droplets are observed to fall
slower than at higher supersaturations. Figure 4 illustrates the dependence of the calibration
slope on supersaturation. The supersaturation dependence is fitted following the method of de
Oliveira and Vali [1995]. The increase in the calibration slope as the supersaturations decreases
indicates that droplets decrease in size as the supersaturation decreases.

The droplet size dependence on supersaturation is apparent in the shape of the average ratio

of droplet number and the average ratio of photodetector voltage. Figure 5 shows the average
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ratio values as the CCN counter’s chamber is flushed (first 5 s) and droplets activate, grow, and
fall out. The average ratios are calculated by dividing the measured droplet number or
photedetector voltage by the maximum droplet number or photodetector voltage obtained during
the sample to determine the ratio at each time interval and then averaging this ratio as a function
of time for hundreds of samples. The average ratios never equal one since the peak ratio does not
always occur at the same time for each sample. The peak in droplet number (solid lines) occurs
before the peak in photodetector voltage (dashed lines), This indicates that droplets continue to
grow larger, and hence scatter more light, after the occurrence of the droplet number peak. The
average ratios at 1% supersaturation, compared to 0.3% supersaturation, ﬁave peaks that occur
earlier in the measurement cycle and are narrower by a factor of 2. This difference is due to the
droplet size dependence on supersaturation that results from the supersaturation dependence of
the condensation growth rate of droplets [Rogers and Yau, 1989). Broad peaks in the average
ratio of the droplet number indicate that it does not make a significant difference exactly where
the count of the droplet number peak is obtained. However, with narrow peaks in the droplet
number it may make a significant difference. This may be the reason that in Figure 4 the data
points when compared to the data fit show a slight under counting at high supersaturations and a
slight over counting at lower supersaturations.

Figure 6 illustrates the time required to reach the droplet number and photodetector voltage
peaks as a function of supersaturation. The standard deviation of the average time to reach the
photodector voltage peak increases with decreasing supersaturation. The increase in the
variability in time to reach the peaks is due to broader peaks at lower supersaturation (Figure 5).
The time between the average droplet number peak and the average photodetector voltage peak

decreases linearly from 2.5 s at 0.3 % supersaturation to 1.0 s at 1.6% supersaturation (Figure 6).
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This further illustrates the dependence of condensation growth rale on supersaturation. Droplets
grow more quickly at higher supersaturations reducing the time between the droplet number and
photodetector voltage peak.

5. Calibration Dependence on Aerosol Type

The size distribution and chemical composition of atmospheric aerosols is highly variable
due to the complex interrelationships between several different sources and sinks [Singh, 1995],
Therefore, field measurements on atmospheric aerosols will have varying size distributions and
chemical compositions. Figure 7 gives the aerosol size spectrum for the NaCl laboratory-
generated aerosols produce with the vaporizer. The aerosol size spectrum ‘is obtained using a TSI
differential mobility analyzer and CN counter (Birmili et al, 1997). The laboratory-generated
aerosol has a bimodal, polydisperse size spectrum and it consists of totally soluble aerosols.
‘Therefore, the calibration aerosol is quite different from ambient atmospheric aerosols.

Calibration of the CCN counter on different aerosol types was conducted to determine if the
laboratory calibration can be applied to ficld measurements. Table 1 summaries several different
calibrations of the CCN counter. The first three rows give the calibration results for the standard
calibration method using polydisperse NaCl aerosol. Row one results are from March 1998, row
two from June 1998, and row three from October 1998. No changes in the configuration of the
CCN counter were made between these calibrations; however, the CCN counter was removed
from the laboratory calibration bench between each of these calibrations and used elsewhere.
The random errors of the calculated calibration. slopes are given by the standard deviations in
Columns 2 and 3. The change in the calibration slopes (Column 2 and 3) for the standard
calibration method (Rows 1-3) is lal‘gér than the random errors for any one calibration.

Systematic differences in the sctup and alignment of the CCN counter with the video calibration
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system are believed to cause the variability between calibrations. The observed variability in the
standard calibration method (Rows 1-3) indicates that the calibration is repeatable to within 10%.,

Roberts et al. {1997] observed a photodetector calibration dependence on the initial size of
CCN in a static thermal-gradient diffusion chamber. To check for a calibration dependence on
CCN size, the instrument was calibrated using monodisperse aerosol of several different sizes.
The generation and sampling of monodisperse aerosol was described earlier. Results of
calibrations on different monodisperse aerosol sizes are given in Rows 4-9 of Table 1. The
acrosol size that activates droplets appears to have no detectable affect on the time to reach either
the droplet number peak or the photodetector voltage peak (Columns 4 and 5). Furthermqre,
analysis of the measurements shows that there is no dependence between the time (o reach the
peaks and the aerosol concentration. An approximate 10% change in the calibration slope is
observed between 35 nm NaCl and 120/160 nm NaCl aerosol.

The calibration slope dependence on CCN size indicates that the size of CCN that activate to
produce droplets affects the amount of light scattered per droplet at the time of the photodetector
voltage peak. This droplet dependence on initial CCN size is not intuitive. Droplets are a few
micrometers in diameter at the photodetector voltage peak since they are observed to fall. Since
the diffusional rate of growth of a droplet is proportional to the inverse of droplet radius, the
droplet size spectrum becomes narrower as droplets grow to larger sizes [Rogers and Yau, 1989].
Intuitively, the narrowing of the droplet spectrum is expected to cause the droplets to be at
approximately the same relative size at the photodector voltage peak. Therefore, the calibration
would not depend on the initial CCN size. -

Due to the apparent dependence of the éalibration on CCN size, the calibration may change if

we calibrate on atmospheric aeroso! instead of laboratory generated aerosol (Figure 7). Figure 8
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shows calibration data using ambient atmospheric aerosols obtained from outside the laboratory
building on three consecutive mornings in early October at Laramie, Wyoming. The
measurements were made around sunrise under meteorological conditions of clear skies and high
pressure, similar to a typical balloon lﬂight. The ambient aerosol concentration was varied by
diluting the aerosol sample with filtered air. Calibration on outside aerosol does not show a
significant difference from the laboratory-generated NaCl aerosol. The slope obtained on the
outside air is within the range of slopes obtained for the 3 different calibrations on polydisperse
laboratory aerosol (Table I, Rows 1-3). Furthermore, the average time to reach the peak values
(Table 1, Columns 4 & 5) and shape of the average ratio peaks (not shox'vn) are consistent with
calibration on standard laboratory generated aerosol, The consistency between the calibration.on
laboratory-generated aerosol and atmospheric aerosol measured at the surface in Laramie,
Wyoming suggests that the ]aborétory calibration can be abp]ied to field measurements,

It is unknown-if atmospheric aerosols in the upper troposphere or at different geographic
locations are different enough to invalidate the calibration. While it is impossible to check the
calibration on all types of acrosols, the average time to reach the photodetector voltage peak may
indicate measurements that are not consistent with the laboratory calibration. Table 2 gives the
time to reach the photodetector voltage peak for various field measurements. The surface and
lower tropospheric time to reach the photodetector voltage peak are consistent with the
laboratory calibrations (Table 1). The upper tropospheric time to reach the photodetector voltage
peak shows more variability than the laboratory calibration data, but are still within the range of
the laboratory calibrations. The increase in variability in the upper troposphere may be related to
measurements being near the detection limit of the CCN counter. The peak is less well defined

near the detection limit since only a few particles are within the photodetector sample volume.
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6. Calibration Error

Accurate CCN measurements require accurate numb.er concentrations of droplets using the
scattered light signal and knowledge of the supersaturation within the thermal-gradient diffusion
chamber. Accurately measuring and maintaining the temperature difference between the top and
the bottom plates ensures a correct supersaturation. Measurements with a thermocouple placed
on the top and the bottom saturated blotter papers, within the thermal-gradient diffusion
chamber, confirm that the temperature difference is maintained to within + 0.1 °C or + 0.05%
supersaturation at a supersaturation of 1%. The supersaturation within the diffusion chamber
could be incorrect due to the occurrence of transient supersaturatibns beforé steady-state
temperature and moisture gradients are established [Firzgerald, 1970, Saxena et al, 1970]. To
avoid transient supersaturations that exceed the steady-state peak value, it is advantageous to
have air samples enter the diffusion chamber at the top plate temperature with a low relative
humidity [Fitzgerald, 1970; Saxena et al., 1970]. The balloon-borne CCN counter’s top plate
temperature is allowed to float with the box enclosure temperature. Before an air sample enters
the chamber, it travels though 5 mm, inside diameter, stainless steel tubing within the CCN
counter’s box enclosure for approximately 0.3 s. Heat transfer calculations show that the air
sample equilibrates with the enclosure temperature of the CCN counter before entering the
chamber. Heat produced by the electronics ensures that the box enclosure temperature is higher
thanl the ambient air temperature. Therefore, air entering at the enclosure temperature of the
CCN counter also ensures that the relative humidity of the air sample is lower than the ambient
relative humidity. Since air samples enter the CCN chamber at the enclosure temperature,
transient supersaturations above the steady-state peak values are believed not to occur within the

chamber under field measurement conditions,
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The relative error in CCN concentration can be computed using Poisson counting statistics
(Horvath et al., 1990). The Poisson counting eiror can be significant at upper tropospheric
concentrations since there are very few particles present in the laser beam. The counting error is
larger for video counting of droplets than for photodetector counting of droplets due to the
photodetector sample volume being approximately 2 times as large as the video sample volume
used during the standard calibration procedure. The photodetector sample volume of 0.16 cm”
determined by Delene et al [1998] was verified using measurements collected during laboratory
calibrations on monodisperse aerosols. The Poisson counting error agrees with the standard
deviation of 10 min averages of CCN concentration. Poisson counting statistics give a range of
errors from 36 to 11% for CCN concentrations (at ambient pressure) of 50 to 500 cm”. The
measurement threshold is approximately 20 cm™, which corresponds to 3 droplets being within
the photodetector sample volume. Below this concentration, the photodetector peak is not
discernible from the base line photodetector voltage determined during the chamber flush at the
beginning of the sample.

The agreement between the CCN counter and a }ab01'z;t0ry standard, commercially built TSI
CN counter seen in Figure 3 indicates a good absolute calibration of the CCN counter, It also
indicates that the video sample volume is correct, and the video camera/lens system is adequate
to calibrate the CCN counter at 1% supersaturation.  The variability, approximately 5-10%,
between standard calibrations of the CCN counter (Table 1, Rows 1-3) is thought to result from
systematic difference in the setup and alignment of the CCN counter with the video calibration
system. Counting droplets using the photodetector to measure the scatter light signal, instead of
counting droplets with a video camera system, has a small dependence on acrosol size. This size

dependence is approximately the same as the systematic error in the standard laboratory
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calibration. The calibration dependence on aerosol size does not seem to have a great affect in
the real atmosphere since calibration on real atmospheric aerosol produces a calibration similar to
the standard laboratory calibrations,

Considering all calibration results presented here, the c'a}ibration constant relating
photodector voltage to CCN concentration for the standard laboratory calibration of the balloon-
borne CCN counter is believed to have an accuracy of 10% at 1% supersaturation. The video
calibration of the CCN counter appears to work at supersaturations down to 0.2%. The
calibration slopes fit nicely to a power law function (Figure 4); howpver, video counting of
droplets is difficult at low supersaturation, due to the smaller droplets, and the dependence of the
calibration constant on aerosol size may be more significant at supersaturations lower than at 1%.
The video cali.bration method should be verified at low supersaturations.

7. Conclusions

A photometric CCN counter was calibrated using a video camera and PC frame grabber card
to count droplets. Droplet number is linearly related to the amount of laser light scattered by the
droplets. The standard calibration procedure for the CCN counter is repeatable to better than
10% accuracy. The calibration relationship between droplet number and photodetector voltage
was verified by a comparison between the CCN counter and a CN counter when sampling
monodisperse acrosol. Calibration of the CCN counter is found to depend on supersaturation and
to have a slight dependence on the size of CCN that activate to form droplets. The dependence
on supersaturation is easily accounted for by using a power law function to relate the calibration
slope to supersaturation. The calibration dependence on CCN size is less than 10% at 1%
supersaturation.  Calibration on ambient atmospheric aerosol appears similar to the standard

calibration procedure. Laboratory calibration measurements, compared to field measurements at
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various locations and within different atmospheric layers, give average photodetector voltage
peaks that occur at similar times after an air sample enters the thermal gradient-diffusion
chamber. Therefore, it appears that within the diffusion chamber atmospheric CCN behave
similar to laboratory produce CCN. Random errors in measured CCN concentration can be
computed using Poisson counting statistics and range from 36 to 11% for CCN concentrations in
the range of 50 to 500 cm™. The calibration constant that relates photodector voltage to CCN

concentration is believed to have an accuracy of 10% at 1% supersaturation.
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Figure 2. The photodetector voltage peak versus the number of droplets counted within the video sample volurne
and the corresponding droplet concentration. Droplets are counted at the time of the photodetector voltage peak.

The droplets nucleated on polydisperse NaCl aerosols produced using a solution of 0,1 /L of NaCl in an witrasonic
vaporizer. The calibration slope (solid line) is the least squares linear fit to the data with a forced zero y-intercept.
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Figure 3. Measurements of the concentration of 120 nm monodisperse NaCl aerosols using the CCN counter at 1%
supersaturation (circles) and CN counter (solid line). The CCN concentration is measured using the video camera to
count droplets over a predetermined video sample volume. The CCN concentration is averaged over approximately
20 samples (10 min) with the standard deviation given by the error bars. The decrease in concentration with time is
the result of aerosol being removed to the walls of the sampling bag. Filtered air was continuously added to the
sampling bag after 115 minutes

29



N N
- N

Alpha = 6.710
S19] Beta = 3.287

3]
O

o
o

|

—h

w
I

—_
o =
T T

I

I

60 02 04_ 06 08 10 12 14 1
Supersaturation [%]

Figure 4, The CCN counter’s calibration slope dependence on supersaturation. The data are fitted using the
equation, C = Alpha + Beta/SS, where Alpha and Beta are calibration constants, SS is the chamber supersaturation,
and C is the calibration slope. Error bars represent one standard derivation in the calculated calibration slope.
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NaCl Aerosol, 1.0% Supersaturation
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photodetector voltage (solid line). The definition of the average ratio is given in the text. The legends give the
average and standard deviation times for the peak number of droplets and peak photodetector voltage. Time zero is
at the beginning of a 5 s chamber flush. Following the chamber flush, an air sample is captured within the chamber,
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Figure 6. Supersaturation of the CCN counter versus the average time to reach the peak. The error bars on the
photodetector voltage time are one standard deviation of the average. Error bars (not shown) on the average time to
reach the droplet number peak are similar, The left axis and solid triangles denote the time between the droplet
number peak and photodector voltage peak.
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Figure 8. CCN counter calibration data using aerosol from the ambient atmosphere outside the laboratory building
in Laramie, Wyoming. The photodetector voltage peak versus the number of droplets counted within the video
sample volume and the corresponding droplet concentration are shown. Droplets are counted at the time of the
photedetector voltage peak. The calibration slope (solid line) is the least squares linear fit to the data with a forced
zero y-intercept.
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Aerosol Type | Peak Method | Summation Method Droplet Peak | -Voltage Peak
0.1 ¢/L.NaCl| 9.44 +0.09 3.57+0.03 10.6+17 | 125+1.5
0.1 g/L NaCl | 10.08 + 0.08 3,78 +0.02 10519 | 124+14
0.1 g/L NaCl| 9,73 +0.13 3.64 +0.03 106+1.6 | 122+1.1
35nm | 10.20+0.18 3.94 +0.05 102+12 | 121+1.1
50 nm 9.84+0.11 3.66 +0.03 105+15 | 126+ 1.1
60 nm 9.60 +0.13 3.55+0.04 107415 | 12.5+12
80nm | 921+0.12 3.40 £0.03 105+14 | 124+12
120nm | 9.09+0.08 3.39 + 0.02 108+17 | 125+14
160nm | 9.12+0.09 |  3.37+0.03 104416 | 122+12
Outside | 9.84+0.10 3,72 £0.03 104+17 | 122+14

Table 1. Calibration of the balloon-borne CCN counter at 1% supersaturation. The first column gives the
calibration aerosol type: laboratory produced aerosol using a solution of 0.1 g/L NaCl in a vaporizer, monodisperse
NaCl aerosol of different diameters, or aerosol from the ambient atmosphere outside the laboratory building, The
second column gives the calibration slope using the photodetector voltage peak. The third column gives the
calibration slope using a three-point sum around the photodetector voltage peak [Delene et al., 1998]. The fourth
column gives the average time to reach the number peak in seconds since the beginning of the sample. The last
column gives the average time to reach the voltage peak in seconds since the beginning of the sample. The first 3

+ rows give the results of the standard calibration of the CCN counter in March, June, and, October 1998. The CCN
counter was removed from the laboratory calibration bench between each standard calibration of the CCN counter
and used elsewhere. The calibrations presented in rows 3-10 were preformed using the same focus and video camera
alignment with the CCN counter,
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Layer Location Scason - | Voltage Peak | Samples

Surface Laramie, Wyoming | Summer| 122+ 1.4 400

Surface Fairbanks, Alaska Winter 12.7+ 1.8 144
Lower Troposphere | Laramie, Wyoming | Summer| 12.5+1.1 86
Lower Troposphere | Laramie, Wyoming | Winter 123+1.0 18
Lower Troposphere | Lauder, New Zealand | Sumnmer 12.4 £ 0.7 23
Upper Troposphere | Laramie, Wyoming | Summer| 118 +1.6 117
Upper Troposphere | Laramie, Wyoming | Winter 13.1£2.7 68
Upper Troposphere | Lauder, New Zealand | Summer 121+1.3 67

Table 2, Time to reach the photodector volage peak for ficld measurements in Laramie, Wyoming {41 °N), Lauder,
New Zealand (45 °S), and Fairbanks, Alaska (65 °N). Due to a clear difference in aerasol concentration, the field
measurements are divided into summer and winter seasons. The third column gives the average and standard
deviation of the time to reach the photodetector voltage peak. The fourth column gives the number of samples used

to compute the average,




CHAPTER 3: Vertical Profiles of Cloud Condensation Nuclei Above Wyoming
and New Zealand

Abstract

The importance of atmospheric aerosols in understanding global climate change has renewed
interest in measurements of cloud condensation nuclei (CCN). To obtain high-resolution (125
m) vertical profiles of CCN number concentration, a balloon-borne 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 flj ghts also conta'ined a condensation nuclei
(CN) counter and an optical particle counter to measure aerosols with diameter greater than 0,3
pm (Do3). 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,
Aerosol profiles generally show several distinct layers defined by the thermodynamic parameters
of equivalent potential temperature and relative humidity. These layers are used to summarize
the 14 vertical profiles by classifying aerosol measurements 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 lower and upper tropospheric layers (445 cm'3 to 126 cm™ in summer; 146 cm™ to 64 ¢m in

winter). 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 Dy

concentrations were approximately the same. The average summer CCN/CN ratio in Wyoming
shows an increase from 0.09 in the lower troposphere to 0.17 in the upper troposphere, while in

New Zealand the average summer CCN/CN ratio shows an increase from 0.27 to 0.59.
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1. Introduction

Increases in cloud condensation nuclei (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]. The number concentration and
activity of CCN influences the cloud droplet spectra and hence precipitation processes, cloud
albedo, and global climate [Hobbs, 1993; Jennings, 1993]. Aerosols directly affect climate by
scattering and absorbing radiation and indirectly affect climate by altering the scattering
characteristics of clouds [Chartson et al., 1992]. The direct climate forcing of acrosols has
started to be incorporated into global climate models [Boucher and Aﬁderson, 1995; Haywood
and Shine, 1995]; however, the limited understanding‘of the indirect forcing of aerosols requires
more research before it is understood well enough to be fully inéorporated into global climate
models [Penner er al., 1994]. Chuang et al. [1997] recently addressed indirect anthropogenic
forcing by using a coupled climate/chemistry model to predict changes in the aerosol number
spectrum due to anthropogenic sulfate. Using a microphysics model to improve the
parameterization of Ghan et al. [1993], the change in the number concentration of cloud droplets
is related to the change in the aerosol spectrum. Pan et al., [1998] investigated indirect forcing
of aerosols using the method of Charlson et al, [1992] to determine changes in aerosol number
concentration due to anthropogenic sulfate and three different parameterizations [Twomey, 1977;
Jones et al., 1994; Ghan et al., 1993] to relate changes in aerosol number concentration to
changes in cloud droplet concentration. VThey concluded that refining the input parameters might
be more important than improving models to minimize uncertainties.

Several studies have measured continental CCN number concentration near the earth's

surface [Hudson and Squires, 1978; Hudson and Frisbie, 1991; Philippin and Betterton, 1997,
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and field campaigns have used aircraft to measure continental CCN concentrations aloft {Hobbs
et al., 1985, Hudson and Xie, 1998]. Figure 1 presents examples of vertical CCN profiles
obtained using aircraft. The profiles consist of four to six measurements ranging from the
surface to a maximum height of approximately 5 km. The profiles show a general decease in
CCN concentration with increasing height above the surface; however, due to the low vertical
resolution of the profiles, it is difficult to discern if the source of CCN is near the surface or if
there is a major source within the atmosphere. The CCN measuremeﬁts in Figure 1 also do not
show a systematic decrease in concentration with decreasing supersaturation. This indicates that
CCN concentrations are highly variable and that a few measurement locations are insufficient to
determine the global scale distribution of CCN. Aircraft measurements of CCN have almost
exclusively been confined to the lower troposphere.  Recent upper tropospheric CCN
measurements conducted by Hudson and Xie [1998) found constant CCN concentrations with
increasing altitude above the lower troposphere.

To improve the vertical resolution and altitude range of existing CCN profiles, a balloon-
borne CCN counter has been used to obtain 14 CCN profiles extending from the surface to 200

mbar at 2 continental sites. The CCN counter, operated at a constant supersaturation of 1%, was

included on 12 flights at Laramie, Wyoming (41 °N) and 2 flights at Lauder, New Zealand (45

°S). The balloon flights typicaily start at dawn with clear skies and light winds. On each flight a
condensation nucleus (CN) counter and optical particle counter (OPC) were included to obtain
complementary measurements of CN and aerosols with diameter greater than 0.30 um (Dg3).

Although the instrument package ascends to a pressure of 10 mb, the CCN counter is switched
off at 200 mbar to avoid overheating resulting from reduced heat transfer at low pressures, A

heater on the common inlet for the aerosol instruments raises the air temperature to 40 °C during
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ascent and 160 °C during descent. After passing the heated inlet, the air sample temperature
decreases as it flows through 0.6-1 m of stainless steel tubing to each instrument; however, the
air entering each instrument remains above the ambient temperature. Thus, the humidity is low
enough that the aerosol instruments measure dry particles. CCN measurements are obtained
every 30 s providing a vertical resolution of approximately 125 m. The CN and Dgs
measurements are made by counting individual acrosols with continuous flow instruments. The
total aerosol count is recorded every 10 s so that the average concentration, determined using
total aerosol count and instruments flow rate, has a vertical resolution of approximately 40 m.
The high vertical resolution of the balloon profiles allows for the detection of small-scale
changes in concentration. Several flights at a single location provide an indication of the
common features of a CCN profile. Concurrent aerosol measurements allow for CCN
concentrations and vertical profiles to be related to concentrations and profiles of both smaller
(CN) and larger (Dg.3) aerosol.

The balloon-borne CCN counter uses a static thermal-gradient diffusion chamber to create a
supersaturated environment where CCN active and water droplets form. The CCN concentration
is deduced from the amount of laser light scattered by droplets within the diffusion chamber.
Delene et al. {1998] provided a description of the balloon-borne CCN counter, described
calibration at 1% supersaturation on NaCl aerosols, and presented some preliminary CCN
profiles. The Poisson counting statistics for the CCN counter at concentrations (at ambient

? are 36 to 11% and the minimum detectable concentrations (at

pressure) of 50 to 500 cm’
ambient pressure) is approximately 20 cm™ [Chapter 2].

"The optical aerosol counters, which have been used for balloon-borne measurements by the

University of Wyoming since 1971, are based on the measurement of scattered light by
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individual particles passing through the instrument. The instruments were initially developed by
Rosen (1964), and were most recently modified in 1989 to measure larger, more volatile
particles, at lower concentrations .{Hoﬁmnn and Deshiler, 1991]. The aerosol size is determined
from measurements of the intensity of white light scattered at 40 degrees from the forward
direction using Mie theory and assuming spherical particles with an index of refraction of 1.45.
For the midlatitudes the instruments now provide in situ observations of integral number
densities for particles with diameter larger than 0.3 - 4.0 pm. For CN, the particles are forced to
grow to optically detectable sizes with a growth chamber using ethylene glycol vapor. For

acrosol 2 0.3 pm diameter, the Poisson counting statistics for concentrations of 0.001 to 1.0 cm™

are 75 to 2%. For CN, the uncertainties for concentrations of 1.0 to 10.0 cm™ are 8 to 3%. The
minimum detectable concentrations from these aerosol counters are 0.0006 cm”.

The accuracy of each aerosol instrument is critical since we want to compare and combine
the measurements. Careful evaluation of each aerosol instrument under tropospheric flight
conditions has resulted in some data modifications since the preliminary results of Delene et al.
[1998]. Connecting the inlet heater to the OPC with 5 mm (inside diameter) stainless steel
tubing adds a pressure drop, which decreases the laboratory measured flow rate by 5%, resulting
in a 5% increase in the aerosol concentration. The added pressure drop is negligible for the CN
counter, which has a flow rate of 0.8 LL min’!, instead of the OPC’s 10 L minh, Therefore, there
was no correction to the CN concentration. To measure both tropospheric and stratospheric CN
concentrations, it is necessary to dilute the tropospheric air before it enters the CN counter
(Rosen and Hoﬁnan}z, 1977]. Recent laboratory testing indicates that the actual dilution ratio is
greater than used by Delene et al. [1998] leading to a correction of the tropospheric CN

measurements reported by Delene et al. [1998] by a factor of 1.6. Laboratory calibrations of the
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balloon-borne CCN counter using a higher resolution, greater magnification, lower noise, more
light sensitive video camera and comparisons of the CCN counter to a mode] 3010 TSI CN
counter resulted in a more accurate absolute calibration of the CCN counter. Thus, the CCN
concentrations reported here are 18% lower than reported by Delene et al. [1998]. Calibrations
with the new video camera have shown that the CCN counter has an accuracy of approximately
10% at 1% supersaturation {Chapter 2],

2. Atmospheric Aerosol Layers

. Figure 9 presents 6 of our 14 aerosol profiles. The left-hand panels contain the Dg3, CCN,
and CN concentration, and the right-hand panels conta‘in the equivalent potential temperature and
relative humidity. Figure 9a is typical of the 8 aerosol profiles not shown. The equivalent
potential temperature increases in the first 300 m above the surface, is nearly constant or slightly
decreases until 5 km above mean sea level, and then increases in the upper troposphere. The
relative humidity is nearly constant in tﬁe lower troposphere, decreases abruptly at approximately
5 km, and is relatively constant and less than 20% in the upper troposphere. The aerosol
concentrations are relatively constant from the surface to approximately 5 km, decreases sharply
at approximately 5 km, and are relatively constant in the upper troposphere. Figures 9b-9f differ
from Figure 9a in showing variations in aerosol concentration which correspond to relative
humidity changes, in addition to the typical decrease at approximately 5 km.

The aerosol profiles (Rigure 9 and 8 profiles not presented) show several distinct layers
defined by the thermodynamic parameters of equivalent potential temperature and relative
humidity. These layers can be used to group the aerosol measurements, thus providing a broad
organization to the data into five atmospheric layers: surface, lower troposphere, upper

troposphere, stratosphere, and humidity, Different physical processes, described more fully
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below, drive the mixing within each layer, resulting in different mixing fime scales and affecting
the distribution of atmospheric aerosols. Since the manifestation of these physical processes
change from day to day and with time of year, the altitude boundaries of each layer were
determined independently for each sounding using a clear and concise definition. Aerosol
concentrations above Laramie, Wyoming are summarized by averaging measurements over the
lower and upper tropospheric layers. These layer averages are then compared with layer averages
obtained above Lauder, New Zealand. Measurements within the surface, stratospheric, and
humidity layers are not extensive enough in the current data set to provided meaningful averages.
These layers are useful to define so thatlmeasurements within the layers can be excluded from the
lower and upper tropospheric layers,

Nighttime cooling of air near the earth’s surface produces a temperature inversion resulting in
a surface layer of approximately 300 m. The equivalent potential temperature strongly increases
from the bottom to the top of the surface layer, which is clearly apparent in Figure 9a, 9¢, and 9d
and somewhat apparent in 9¢ and 9f. The top of the surface layer is located where the equivalent
potential temperature starts to increase relatively slowly or is constant with height. The first
horizontal solid iine‘above the surface on the right hand side of the equivalent potential
temperature profiles in Figure 9 indicates the top of the surface layer. Figure 9¢ shows that the
aerosol concentration decreases through the surface Jayer; however, Figure 9a shows no change
with height through the surface layer. By examining all of the aerosol profiles, it becomes
evident that the surface layer is most apparent in the smaller sized aerosol. The CN
concentration typically decreases sharply while the Dy 4 concentration decreases very slightly.

The contrast between the aerosol concentration at the surface, compared to the lower

tropospheric layer, may be due to a strong temperature inversion trapping newly produced
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aerosols. These newly produced aerosols could be natural or an anthropogenic effect of Laramie
(population 26,000). Hudson [1991] points out that even a small coastal town produces a
significant increase in CCN concentration, There seems to be some correlation between the
strength of the temperature inversion and the degree to which the CN concentration changes from
the surface to the bottom of the lower tropospheric layer; however, the current data set is too
limited to arrive at any conclusions.

The jower tropospheric layer incorporates the atmospheric region where surface heating
produces convection and cumulus cloud formation, which vertically mixes the atmosphere, The
lower tropospheric layer extends upwards for several kilometers above the surface layer and is
capped by the first sharp increase in equivalent potential temperature. If the first sharp increase
in equivalent potential temperature is difficult to discern, then the first sharp decrease in relative
humidity is used as an aid in defining the top of the lower tropospheric layer. Thé lower
tropospheric layer is similar to a thermodynamically well-mixed layer; however, the lower
tropospheric layer is more general. While the well-mixed layer would be defined by a strict
criterion in the change of equivalent potential temperature, no such restriction is placed on the
lower tropospheric layer. Consequently, a lower tropospheric layer can always be identified in
our profiles. Figure 9a shows an example of the lower tropospheric layer, which runs from near
the surface to approximately 5.1 km. The equivalent potential temperature slowly increases
within the layer, followed by a relatively sudden increase above the layer. The relative humidity
is nearly constant throughout the layer and decreases sharply above the layer. The lower
tropospheric layer has slightly decreasing aerosol concentrations with a sharp decrease above the

layer. Aerosol concentration does not always decrease with height in the lower tropospheric

44



layer as is evident by the slight increases in CCN and CN concentration observed in the lower
tropospheric layer in Figure 9¢,

The upper tropospheric layer incorporates the portion of the troposphere that has not been
recently involved in cloud formation. Humidity layers (layers with high relative humidity;
clearly defined later) are excluded from the upper tropospheric layer; therefore, layers that were
possible involved in recent cloud formation are excluded from the upper tropospheric layer. The
upper tropospheric layer extends from the stratosphere downward until the equivalent potential
temperature decreases sharply. Within this layer, the equivalent potential temperature increases
linearly with height, and the relative humidity is low and relatively constant. The upper
tropospheric layer is evident in Figure 9a from approximately 6 to 12 km. The Dy and CCN
concentrations are constant throughout this layer, while the CN concentration decreases slightly.

The stratospheric layer is above the upper tropospheric layer and defined by increases in
equivalent potential temperature and measured ozone. No stratospheric layers are present in
Figure 9 since the tropopause is above 200 mbar; however, a definition of a stratospheric layer is
necessary because winter flights may have tropopauses below 200 mbar and thus have the upper
tropospheric layer stop at the bottom of the stratospheric layer instead of 200 mbar. Winter
flights typically show increases in CCN concentrations above the upper tropospheric layer., The
number of examples of stratospheric CCN layers however is too limited to warrant further
discussion. Future measurements are planned to investigate stratospheric CCN.

In addition to the four general layers described above, which can be identified on all profiles,
there are sometimes layers where the relative humidity changes abruptly. CCN concentration
changes within humidity layers are usually mirrored by similar changes in Dg3 and CN

concentrations. Figure 9a presents no humidity layers, while Figures 9b-9f present all the
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examples of humidity layers found in the data set. These examples can be divided into negative
correlation or positive correlation between relative humidity and CCN concentration. Figure 9b
at 4 km and Figure 9c at 10 km show negative correlation cases where relative humidity
increases, to a maximum of approximately 70%, are associated with a decrease in aerosol
concentration. Figure 9b at 4 km shows a two order of magnitude decrease in Dg3 as compared
with a one order of magnitude decrease in CN. Figure 9b is atypical of the balloon flights due to
a trace amount of precipitation reported upwind on the previous day. The high relative humidity
of the layer suggests that the air has been recently involved in the fo;'mation of precipitation
where hydrometers could have removed acrosols from the layer. A more substantial decrease in
the larger aerosols, which is observed to be the case in Figure 9b, is to be expected if
precipitation is responsible for the aerosol decrease. Even if precipitation did not occur, CCN
can still be removed due to Brownian capture (Hoppel et al., 1990] and coalescence scavengin g
[Hudson and Frisbie, 1991]. The high relative humidity, with respect to water, observed in
Figure 9c at 10 km suggests that the air was within or near a cirrus cloud which may be
responsible for the observed decrease in aerosols. The OPC would not detect ice crystals present
in a cirrus cloud due to the 40 °C heater on the inlet.

Figure 9d at 6.8 km, Figure 9e at 6.8 km, and Figure 9f at 6.5 km show changes in aerosol
concentrations that are positively correlated with relative humidity. When these positively
correlated humidity layers are present in the balloon ascent profiles they are not present in the
balloon descent profiles. Therefore, they do not have a large horizontal extent (<50 km). These
flights were conducted in fair weather conditions with the air mass probably not involved in the
formation of precipitation for many days. Changes in the aeroso! source between the different

layers may be the cause for the observed variations. Different aerosol sources could be due to
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distinctly different geographical origins of the air within the humidity layer; however, this scems
unlikely because the humidity layers are thin and have a small horizontal extent. Another
possibility is that the humidity level is an important factor in controlling the formation and/or
growth of the aerosols [Salk er al., 1986; Hegg, 1990; Perry and Hobbs, 1994]. Still another
possibility is that clouds are responsible for elevating the CCN concentration within humidity
layers [Saxena and Grovenstein, 19941. Radke and Hobbs [1991] give some support to this idea
with their observations of high CN concentration associated with high relative humidity around
some small cumulus clouds. The observations for any one flight show that the rel.ative humidity
is comelated with the CCN concentration, however, there is little correlation between relative
humidity and CCN concentration for measurement made on different balloon flights. This would
indicate that relative humidity is only a contributing factor and not a controlling factor in
determining the CCN concemration.

3. Summary of Laramie, Wyoming Aerosol Profiles

To summarize the measurements above Laramie, Wyoming, the aerosol measurements are
grouped into the different atmospheric layers. Due to observed seasonal change in aerosol
concentration, the balloon flights have been divided into summer and winter categories. Summer
flights include June, July, August, and September balloon flights, and winter flights include
November and January balloon flights. The October 22, 1997 balloon flight (Figure 9b) falls
between the summer and winter season; therefore, it is not included in the summary. Figure 10
shows the variability of the lower and upper tropospheric measurements and gives aerosol
seasonal averages and standard deviations. The summer averages indicate that between the lower
and upper tropospheric layers the Dgs concentration decreases by more than an order of

magnitude and the CN and CCN concentrations decrease by less than an order of magnitude.
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The winter averages, compared to the summer averages, indicate that between the lower and
upper tropospheric layers the Dg3 and CCN concentration decrease is not as pronounced while
the CN concentration decrease is similar. The difference in the concentration decrease for Dy
and CN between the lower and upper troposphere is probably related to differences in sources
and sinks and hence aerosol residence times.

The CCN concentrations presented in Figure 10 seem reasonable when compare to previous
Iﬁeasurements. Pruppacher and Klett’s [1997] summary of continental CCN measurements give
a range of 600 to 5000 cm™. The most extensive data to compare our measurernents with is that
collected by Hobbs et al. [1985} in the High Plains of the United States. Frequency distributions
of the High Plains CCN measurements indicated two modes: a relatively low CCN concentration
mode with mean concentration of 310 ¢cm™ and a higher CCN concentration mode with mean
concentration of 2200 cm™, These concentrations are at 1% supersaturation at ambient pressure
not STP. Converting these concentration to STP would cause a change in concentration by less
that a factor of 2 assuming lower tropospheric measurements. Hobbs et al. [1985] postulate that
the low concentration mode is the result of a background source of CCN and that the high
concentration mode is due to additional natural and/or anthropogenic sources of CCN. The
lower tropospheric CCN concentrations presented in Figure 10 agrees with the low “background”
CCN concentration of 310 em™,

The CCN/CN ratio and the Dg3/CCN ratio for summer and winter fights at Laramie,
Wyoming are presented in Figures 11, The CCN/CN ratio is larger in the upper troposphere than
in the lower troposphere (Figures 11a and 11b), while the Dy +/CCN ratio is larger in the lower
troposphere than in the upper troposphere (Figures 11¢ and 11d). The CCN/CN ratio is relatively

consistent between the summer and winter flights, whereas the Dgy+/CCN ratio in the lower
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troposphere decreases between the summer and winter flights. The increase in CCN/CN ratio in
the upper troposphere would suggest that the aerosol size spectrum has shifted to larger sizes or
that the aerosols are more hydroscopic. Pruppacher and Klett [1997] present results from three
studies where the continental CCN/CN ratio is from 0.004 to 0.21. These ratios are comparable

to the summer lower tropospheric ratio of 0.09 £ 0.07 and the upper tropospheric ratio of 0.16 +

0.08.

Figure 12 presents the percentage change in concentration per kilometer (acrosol gradient) for
the lower and upper tropospheric layers. It is evident that even in the lower tropospheric layer
the aerosol concentration typically decreases with height above the smﬁce. Usually, the CN
gradient is the largest indicating that the smaller sized aerosols have the largest decrease with
height. The aerosol gradients for CN, CCN, and Dy are similar in the upper summer
troposphere but variable in the lower summer troposphere and in both the upper and lower winter
tropospheric layers. The observed decrease of CCN with altitude indicates a source or gas
precursor source near the earth’s surface. The change in concentration with height within the
lower troposphere may be related to the strength of the midlevel temperature inversion that caps
the layer. Strong inversions may trap CCN near the top of the lower tropospheric layer, while
weak inversions allow CCN to mix with air above the layer. Evidence of a relatively strong
midlevel temperature inversion possibly trapping CCN is observed in Figure 9f At
approximately 5.3 km there is a temperature inversion present and the CCN concentrations has
increased slightly from the surface to just below the inversion. The observed decrease in CN
concentration in the summer and winter upper troposphere is inconsistent with previous
observations of a CN maximum below the tropopause (Hofnann, 1993). The discrepancy

between these observations may be due to the addition of the heated inlet to the CN counter.
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Diffusion losses within the tubing connecting the heater and the CN counter are less than 20% in
the upper troposphere, which are insufficient to account for the observed difference.

Conditioning the air with the 40 °C heater may reduce the size of small sulfuric acid aerosols to

the point where they are too small to be detected with the CN counter.

4. Comparison between Wyoming and New Zealand Profiles

To compare the northern midlatitude continental CCN measurements with a southern
midlatitude site, 2 balloon flights were conducted at Lauder, New Zealand (45 °S). Lauder, New
Zealand is a Southern Hemisphere, midlatitude site that has a landscap¢ and climate similar to
Laramie, Wyoming (41 °N). The site is 150 km downwind of the west coast of the south island
where an abrupt north-south mountain bartier extends to over 3 ki above mean sea level. Table
3 compares the average summer Wyoming and New Zealand measurements. The most striking
difference between these measurements is that the CCN concentration is approximately twice as
high in New Zealand as in Wyoming, whereas the concentration of Dy 5 and CN are similar in the
New Zealand measurements as in Wyoming, The higher CCN concentrations in New Zealand
are not the result of enhanced local pollution since the measured CN and ozone (not shown)
concentrations were below the concentrations measured in Wyoming. The larger CCN
concentration may be the result of obtaining New Zealand measurements at the height of the
seasonal cycle in CCN concentration [Hobbs et al., 1985); however, none of the Wyoming
profiles has CCN concentrations near those obtained in New Zealand. The higher CCN
concentration is more likely due to differences in the aerosol spectrum or aerosol chemical
composition.

The upper tropospheric CCN measurements above New Zealand agree well with late

spring/early summer upper tropospheric measurements made by Hudson et al. [1998] of
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approximately 200-300 cm™ over the Southern Ocean. This agreement suggests that there is no
major change in CCN concentration when upper tropospheric air passes over New Zealand.
However, the CCN concentration substantially increases in the lower troposphere over New
Zealand compared to the approximate 200 cm™ measured in the marine boundary layer over the
Southern Ocean [Hudson et al., 1998]. A similar contrast between marine air and continental air
over New Zealand is observed in the CN concentration. The upper tropospheric CN
measurements above New Zealand agree with upper tropospheric measurements of
approximately 600 cm” made by Hudson et al. [1998] over the Southern Ocean. The CN
concentration substantially increases in the lower troposphere over Newl Zealand compared to
measurements in the marine boundary layer. Hudson et al. [1998] obtained CN concentrations of
less than 500 cm™ in the marine boundary layer, which is a factor of 10 lower than the lower
tropospheric CN concentration obtained above New Zealand (Table 3). The contrast in CN and
CCN concentration between marine air and continental air has been observed in previous studies
{Pruppacher and Klett, 1998;]. Hudson [1991] observed that the CN concentration is much
higher 100 km inland while the CCN concentration at 0.7% supersaturation shows litile change
in concentration. Comparison between the batloon profiles and Hudson’s [1998] measurements
show that 150 km inland there is marked change in the CN and CCN concentrations in the lower
troposphere, while the upper troposphere concentrations are similar.

5. Conclusions

Fourteen, unique, high vertical resolution, midlatitude, continental CCN profiles have been
summarized. These CCN profiles were measured with a balloon-borne instrument and have a
higher vertical resolution and a greater altitude range than previously available profiles, In

addition to the CCN measurements, concurrent aerosol measurements were also made at smailer

51



(CN) and larger (D>0.3 um) sizes. The high vertical resolution of the balloon profiles shows that

aerosol measurements can be classified into distinct atmospheric layers based on the
thermodynamic properties of equivalent potential temperature and relative humidity. The
profiles reveal that changes in CCN concentration are correlated with changes in the aerosol
concentration at other sizes, and are associated with humidity changes. A typical profile consists
of a relatively constant CCN concentration within the lower tropospheric layer typically from 0.3
to 2.5 km above the surface, a decrease above the lower tropospheric layer, and a relatively
constant CCN concentration in the upper troposphere. This typical profile indicates that vertical
mixing plays an important role in the distribution of CCN. Differences from this typical profile
occur in the presence of humidity layers, which may be related to cloud processes. Humidity
layers were observed on 5 out of 14 CCN profiles. Profile changes caused by humidity layers are
evident in the three different aerosol size measurements, CN, CCN, Dy ;.

The average summer lower and upper tropospheric CCN concentration at Laramie, Wyoming
(445 £ 157 and 126 * 34, respectfully) shows little variability between flights conducted under
similar meteorological conditions. Two measurements of CCN profiles above New Zealand
indicate concentrations, which are approximately ltwice as high, in both the lower and upper
troposphere, as CCN concentrations in Wyoming. The comparison between Wyoming and New
Zealand measurements suggests that geographic location is an important factor in determining
CCN c-oncentrations and there relationship to the smailer (CN) and larger size aerosols (Dg3).
The CCN/CN ratio increases between the lower and upper troposphere, which suggests that in
the upper troposphere, the aerosol spectrum has shifted to larger sizes or aerosols are more
soluble. The average summer CCN/CN ratio in Wyoming shows an increase from 0.09 in the

lower troposphere to 0.17 in the upper troposphere, while in New Zealand the average summer
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CCN/CN ratio shows an increase from 0.27 to 0.59. Aerosol gradients within the lower and
upper tropospheric layers show relatively small changes within the layers and indicate that
smaller sized aerosol decrease the greatest with increasing height above the surface. The
decrease in CCN concentration between the lower and upper troposphere and the typical negative

gradient in CCN concentration within the lower troposphere suggests a CCN source near the

surface.
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Figure 9. Aerosol profiles that include the smallest size channel of the optical particle counter (D>0.3 wm, thin
line), the CCN concentration (1% supersaturation, circles), and the CN concentration (D>0.01 pm, thick line). Open
circles represent measurements below the detection limit of the CCN counter. The concentration measured by each
aerosol instrument has been corrected to standard temperature and pressure (STP). Equivalent potential temperature
(thick line) and relative humidity (thin line) are shown in the right-hand panel. The left axis denotes the measured
atmospheric pressure and the far right axis denotes the altitude above mean sea level. The surface at Laramie,
Wyoming is at approximately 2.2 km above mean sea level. The horizontal lines on the far right of the equivalent

potential temperature plots denote the lower (solid lines) and upper (dashed lines) tropospheric layers.
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Figure 10. Summer and winter measurement of an optical particle counter (D>0.3 um, circles), a CCN counter (1%
supersaturation, squares), and a CN counter (D>0.01 pim, asterisks) for balloon flights at Laramie, Wyoming. The
error bars represent one standard deviation for the measured concentrations within the layer, The aerosol
concentrations have been corrected to standard temperature and pressure (STP). Due to instrument problems, some
data are missing. The average and standard deviation for the balloon flight data presented in each plot is displayed
within the plot. Only measurements above the detection limit of the CCN counter are included, so the upper
troposphere CCN concentration may be biased to higher concentration, espectally for winter measurements,
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Balloon Flights at Laramie
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averages.



Summer Flights at Laramie
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Figure 12, Summer and winter Dy 3 {circles), CCN (squares), and CN (asterisks) gradients for the lower and upper

tropospheric layers. Negative gradients indicate a percentage decrease in concentration with increasing height above
the surface. The averages and standard deviations of the layer data presented in each plot are displayed in the
legends.
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Summer Balloon Flights
at Laramie, Wyoming

Summer Balloon Flights

at Lauder, New Zealand

Lower Upper Lower Upper
Troposphere | Troposphere | Troposphere Troposphere
DQ.3 [em™] 168 1.3+£0.8 7.0+ 1.8 09104
CCN [em™) 445 + 157 126 £ 34 964 + 17 246 £ 49
CN [em™] 6837 £3842 | 966541 | 5662 +4860 | 445 +206
D, ,/CCN 0.041£0.026{0.011 % 0.006}0.007 + 0.002 |0.004 + 0.001
CCN/CN 0.09£0.07 | 0.17+0.09 | 0274024 | 0.59+0.16
Dy Gradient [%/km] 9 £ 20 -13 %15 -30+3 18 + 30
CCN Gradient [%/km] -8+ 18 -7+ 10 -3+25 2+0.3
CN Gradient [%km] | -19+12 | -14+9 | -34+46 348

Table 3. Average acrosol concentrations and standard deviations in the lower and upper troposphere for summer
balloon flights at Laramie, Wyoming (7 flights) and Lauder, New Zealand {2 flights). The aerosol ratios are
computed by averaging measurements within a layer and then taking the ratio of the aerosol averages. Negative
aerosol gradients indicate a decreae in concentration with increasing height above the surface.
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CHAPTER 4: Conclusions

1. Summary

A photometric CCN counter was calibrated using a video camera and PC frame
grabber card to count droplets. Droplet number is linearly related to the amount of laser
light scattered by the droplets. The standard calibration procedure for the CCN counter is
repeatable to better than 10% accuracy. The calibration relationship between droplet
number and photodetector voltage was verified by a comparison between the CCN
counter and a CN counter when sampling monodisperse aerosol. Calibration of the CCN
counter is found to depend on supersaturation and to have a slight dépendence on the size
of CCN that activate to form droplets. The dependence on supersaturation is easily
accounted for by using a power law function to relate the calibration slope to
supersaturation. The calibration dependence on CCN size is less than 10% at 1%
supersaturation.  Calibration on ambient atmospheric aerosol appears similar to the
standard calibration procedure. Laboratory calibration measurements, compared (o field
measurements at various locations and within different atmospheric layers, give average
photodetector voltage peaks that occur at similar times after an air sample énters the
thermal gradient-diffusion chamber. Therefore, it appears that within the diffusion
chamber atmospheric CCN behave similar to laboratory produce CCN. Random errors in
measured -.CCN concentration can be computed using Poisson counting statistics and
range from 36 to 11% for CCN concentrations in the range of 50 to 500 ¢m™, The
calibration constant that relates photodector voltage to CCN concentration is believed to

have an accuracy of 10% at 1% supersaturation,
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Fourteen, unique, high vertical resolution, midlatitude, continenta] CCN profiles have
been summarized. These CCN profiles were measured with a balloon-borne instrument
and have a higher vertical resolution and a greater altitude range than previously available
profiles. In addition to the CCN Incasurements, concurrent aerosol measurements were
also made at smaller (CN) and larger (D>0.3 um) sizes. The high vertical resolution of
the balloon profiles shows that aerosol measurements can be classified into distinct
atmospheric layers based on the thermodynamic properties of equivalent potential
temperature and relative humidity,  The profiles reveal that changes in CCN
conceniration are corvelated with changes in the aerosol concentration at other sizes, and
are associated with humidity changes. A typical profile consists of a relatively constant
CCN concentration within the lower tropospheric layer typically from 0.3 to 2.5 km
above the surface, a decrease above the lower tropospheric layer, and a relatively constant
CCN concentration in the upper troposphere. Differences from this typical profile occur
in the presence of humidity layers, which may be related to cloud processes. Profile
changes caused by humidity layers are evident in the three different aerosol size
measurements, CN, CCN, Dy.

The average summer lower and upper tropospheric CCN concentration at Laramie,

Wyoming (445 + 157 and 126 + 34, respectfully) shows little variability between flights

conducted under similar meteorological conditions, Two measurements of CCN profiles
above New Zealand indicate concentrations, which are approximately twice as high, in
both the lower and upper troposphere, as CCN concentrations in Wyoming. The
comparison between Wyoming and New Zealand measurements suggests that geographic

location is an important factor in determinin g CCN concentrations and there relationship
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to the smaller (CN) and larger size aerosols (Do3). The CCN/CN ratio increases between
the lower and upper troposphere, which suggests that in the upper troposphere, the
aerosol spectrum has shifted to larger sizes or aerosols are more soluble. The average
summer CCN/CN ratio in Wyoming shows an increase from 0.09 in the lower
troposphere to 0.17 in the upper troposphere, while in New Zealand the average summer
CCN/CN ratio shows an increase from 0.27 to 0.59. Aerosol gradients within the lowgr
and upper tropospheric layers show relativel y small changes within the layers and indicate
that smaller sizéd aerosol decrease the greatest with increasing height above the surface.
The decrease in CCN concentration between the Jower and upper troposphere and the
typical negative gradient in CCN concentration within the lower troposphere suggests a
CCN source near the surface.

2, Future Work

Several improvements could be made to the balloon-borne CCN counter to obtain
measuremnents that arc more accurate. The thermoelectric coolers do not maintain the
temperature difference between the top and the bottom plates as closely as the newer
aircraft CCN counters. It seems that the thermoelectric coolers are not a efficient, and
hence generate more excess heat on the balloon-borme CCN counter compared to the
aircraft CCN counters. By improving the system to cool the bottom plate, it may be
possible to obtain measurements above 200 mbar without the possibility of over heating
the CCN counter. The sensitivity of the balloon-borne CCN counter is less than the
sensitivity of the aircraft CCN counter. The cause for the difference in sensitivity is not
apparent, Initially, it was believed that the balloon-borne CCN counter’s laser might have

been damaged when it was installed; however, the laser was replaced in November 1998
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which resulted in an 18% reduction in the calibration (Appendix II). Therefore, it seems
unlikely that the laser is the cause for the difference. Major changes and recalibration of
the CCN counter are necessary to improve the CCN counter’s thermoelectric coolers and
sensitivity.

While the improvements discussed above should be incorporated into the design of a
new balloon-borne CCN counter, the current balloon-borne CCN counter has some
features that need to be preserved in future designs. The passing of air through the CCN
counter for 0.3 s before it enters the chamber s very important, It allows air to come to
thermal equilibrium with the enclosure temperature of the CCN couﬁter before it enters
the thermal-gradient diffusion chamber. This minimizes the possibility of creating
transient supersaturations above the steady  state supersaturation, Transient
supersaturation above the steady state supersaturation also can be produced by creating
turbulence when introducing an air sample into the chamber, Turbulence invariably
brings an incoming sample in contact with the hotter moist surface thereby generating
unpredictable supersaturations [Saxena et al, ‘1970]. To minimize the possible of
turbulence when introducing a sample, the current design of having a long straight tube
on the chamber’s inlet should be preserved. The long straight tube allows for the
development of laminar flow, which should be preserved when an air sample enters the
chamber.,

Another critical advantage of the balloon-borne CCN counter over the new aircraft
CCN counts is the long duration of time that the blotting papers remain moist. The
blotting papers. in the balloon-borne CCN counter remain moist for over 3 hr (Figure 3),

while the aircraft CCN counters need to be rewet every hour, and sometimes more often.
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Manually rewetting the blotting papers every hour is not possible during a 3 hr balloon
flight. The time difference for which the blotting papers stay moist may be related to the
difference in the flow rates though the CCN counters. The balloon-borme CCN counter
has a flow rate of approximately 2.25 L/min, while the aircraft CCN counters have a flow
rate of 3-4 L/min.

The generation of calibration aerosols could be improved by using a currently
available model 3075 TSI constant output atomizer. A diffusional dryer can be used to
remove water from the generated aerosols. The high concentration of aerosols produced
with the atomizer can be diluted using dry filtered air. This type of aerosol generation
system will allow better control, compared to the current system, over the concentration
of aeroso! that enter the CCN counter. It will also ensure that there is no contamination
of the air sample by room aerosols. Figure 13 presents example of the aerosol spectra
produced with the constant output atomizer. The atomizer produces a single model
polydisperse size spectrum. The peaks in Figure 13 are probably an artifact since they are
only present in a single measurement and the locations are not consistent between
measurements,

The CCN counter’s calibration needs to be verified at supersaturations lower than 1%
by comparing the CCN counter’s concentration to the concentration measured by the TSI
CN counter when both instruments are concurrently sampling monodisperse aerosols.
This is necessary since droplets are smaller at lower supersaturations; therefore, the video
camera system may not be adequate to count all droplets within the video sample volume.
The calibration dependence on initial aerosol size needs to be checked at supersaturation

lower than 1% since the dependence on aerosol size may be more substantial at lower
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supersaturations. Once the calibration at lower Supersaturation is varied, the activation of
CCN within the thermal-gradient diffusion chamber needs to be compared with Kohler
theory. Sampling monodisperse, totally soluble acrosols, over a range of
supersaturations, is a check that acrosols activate at supersaturations consistent with
Kohler theory.

To address climate change issues, it is important to relate CCN measuremenis to
concurrent aerosol measurements.  Aerosol information in climate models is typically
represented by lognormal distributions of the aerosol number spectrum and aerosol
chemical composition [Ghan et al.,, 1995). Each lognormal distn’buﬁon is derived from
the total particle number, the geometric number mean diameter, and the geometric
standard deviation. Climate models also typically use a parameterization to relate acrosol
number concentration to cloud droplet number concentration [Pan et al,, 1998). CCN
measurements can represent the cloud droplet number concentration. This representation
is valid if the maximum supersaturation that a parcel experienced during its ascent is the
same as the supersaturation in the CCN counter and if the droplets growth is the result of
condensation of water vapor alone.

Relationships between CCN measurements and aerosol properties can be used to test
and improve climate models. One method of relating CCN measurements to aerosol
properties is to develop a relationship between CCN concentration and aerosol volume.
There may not be much correlation bétween CCN concentration at 1% supersaturation
and aerosol volume since each is dominated by a different aerosol size mode; however,
Boucher and Lohmann (1995] used the relationship between sulfate aerosol mass

concentration and CCN concentration at 0.3% supersaturation derived by Berresheim et
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al [1993] in their modeling of the indirect forcing by CCN. A second method is to relate
CCN concentration to aerosol surface area, While aerosol surface area is not typically
computed in climate models, a comparison could be used to test climate models. A third
method, which is the most interesting and difficult, is to relate the CCN concentration to
the aerosol number distribution. Each of these methods for relating CCN concentration to
aerosol properties should be investigated. Measuring the aerosol number concentration is
difficult with the balloon borne instruments because of a lack of size resolution in the
nucleation mode (<0.30 pm Vdiameter). A determination should be made to see if the
balloon aerosol instruments could be used to patameterize the aerosol number spectrum
sufficiently to allow a useful relationship to be developed between the aerosol number
spectrum and CCN concentration. CCN measurements at lower supersaturation, instead
of 1% supersaturation, will probably have better correlation with the aerosol properties
measured using the balloon-borne instruments. Thus, an additional measurement at a

lower supersaturation will be helpful in relating CCN measurements to aerosol properties.
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Polydisperse NaCl Aerosol
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Figure 13. Examples of the aerosol size spectrum generated using a solution of 0.1 g/L of NaCl in a model
3075 TSI constant output atomizer. Legend gives the total number concentration, in cm™, for each aerosol
size spectrum,
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Appendix I

1. Aerosol Volatility Measurements

Upon balloon descent, the aerosol inlet was heated to 160 °C to investigate the
volatility of aerosols. Heating the air intake to 160 °C will evaporate sulfuric acid from
lthe aerosol droplets within the air sample {Pinnick et al., 1987: Rood et al., 1987,
Jennings and O’Dowd, 1990]. Aerosol volatility at 160 °C indicates that sulfuric acid
aerosols have not been neutr.alized by ammonia (NH3). O'Dowd et al. [1997] presented
aerosol volatility measurements made in the South Atlantic and Antarctic Oceans that
indice* a deficit of ammonia in polar air masses compared with maritime air masses.
Silven.  :»d Legrand [1993] concluded from their measurements in Greenland that NH;
is una'e to neutralize the acidity of the high latitude atmosphere. These studies, along
witic Clarke’s [1993] observation in the remote Pacific, suggest that tropospheric air
above Lavamie, Wyoming could be deficient in ammonia, which would allow sulfuric
acid droplets to exist.

Figure 14 presents the summer Laramie, Wyoming descent (heated) aerosol
concentrations and summarizes the ratio of the heated (160 °C) descent concentration to
the 40 °C ascent concentration. The aerosol number ratios include measurements from all
atmospheric layers, along with CCN measurements below the detection limit. For
measurements below the detection limit (~ 20 cm'3), the CCN concentration is
determined using any detectable peak no matter where it occurs within the sample time or
if no peak is detectable the concentration is set to ! cm™. The median ratio is largest for

the CN aerosol, decreases for the CCN acrosol, andlis lowest for the Dy 3 aerosols. This
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indicates that heating the air to 160 °C had more of an effect on the larger size acrosols
than on the smaller size aerosols. The inlet heater probably reduced the size of aerosols
resulting in larger size aerosols not being large enough to be counted with the OPC, while
smaller aerosols still have nonvolatile nucleus large enough to be activated within the CN

counter.
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Figure 14, Plot showing the average upper tropospheric Dy 3 (circles), CCN (squares), and CN {asterisks)
concentrations for each summer balloon descent profile obtain in Laramie, Wyoming. Histograms showing
the ratio of heated (160 °C) descent to 40 °C ascent aerosol concentration ratios for all summer flights at

Laramie, Wyoming.
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Appendix II
1. CCN Counter Calibration Procedure

Calibration of the balloon-borne CCN counter consists of relating the measured
photodetector voltage, resulting for the scattering of laser light by droplets, to the number
concentration of droplets, and hence the number concentration of CCN. This relationship
is determined by simultaneously measuring the photodetector voltage and using a video
camera to image droplets within CCN counter’s static thermal-gradient diffusion
chamber. Delene er al., [1998] presents background information on the calibration of the
CCN counter. Below are listed the detail steps to follow whenAcalibrating the CCN
counter. A complete calibration at one supersaturation consists of six runs of 100
samples each. Each calibration run begins by wetting the top and bottom pads and
checking the alignment of the video camera. An accurate calibration requires very close
attend to the video camera alignment and lens focus setting. Video camera alignment
consists of ensuring that the video camera is level and centered on the inlet tube. A
missed aligned camera or an incorrectly set focus could easily results in a calibration that
is incorrect by more than 10%.

1. Use a Q-tip with 2-Propanol to clean the laser, photodetector, and video camera
windows. Also, clean the top and bottom plates of the chamber. It is best to clean
the chamber the day before doing a calibration and after finishing using the CCN
counter for the day. This allows time for the 2-Propanol to evaporate.

2. Remove the balloon-borne CCN counter from its plastic enclosure box

3. Bolt the CCN counter to the calibration bench.

4. Attach the video camera and lens to the calibration bench.
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10.

11

i2,

Turn on the video camera.

Turn on the TV monitor.

Turn on the PC computer, start windows, and run the calibration program
“WINCCN4”,

Check the dimensions of the rectangle that defines the video sample volume by
sclecting the set/rectangle bottom. The dimension should be, top = 240, left = 95,
bottom = 360, and right = 405.

Display the video sample box by selecting the “Image Start” but_ton.

Align video camera with the CCN counter. This requires adjusting the location of
the video camera’s lens so it is as close as possible to the CCN chamber window.
The center of the video sample volume needs to be in the exact center of the inlet -
tube opening. The video camera needs to be checked with a small level to ensure
that it is level.

Check that the video-sampling window encloses the top and bottom of the laser
beam. This requires placing the “Ruler Top™ on the chamber and connecting the
CCN counter to power supply. After the video-sampling window is aligned,
disconnect the CCN counter from its power supply and remove the “Ruler Top”.
The alignment of the video camera is very important and may require several
adjustments.

Adjust the focus of the video lens by placing a Q-tip in the center of the chamber.
Focus the lens on a Q-tip hair that is in the exact center of the chamber. A lamp may
be used to illuminate the Q-tip hair. Q-tip hairs will appear dim when out of focus.

The focus setting is very critical and difficult to set correctly.
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13.

14.

15.

16.

7.

18.

19.

20.

21.

23.

24.

25.

206.

Connect the “Balloon-borne CCN Counter 9-pin Cable” from the PC’s comm port #1
to the “Storage” input on the CCN counter.

Connect the PC’s comm port #2 to the “Console” input on the CCN counter.

Start the Windows Terminél Program.  Select File/Open and choose the
“BCCN.TRM” file. |

Prepare a 0.1 g/L solution of NaCl and distilled water.

Full humidifier half full of solution,

Place humidifier in comer next to the acrosol-mixing chamber., Turn on the
humidifier and set “Mist Output” to ~80%. |

Place PVC drying chamber tube on top of humidifier output. Turn on clear/dry air
supply.

Connect the PVC aerosol output (top of PVC tube) to the aerosol/shealth alr-mixing -
chamber.

Connect the mixing chamber to the CCN counter’s air intake.

. Turn on the ceiling pump. Switch is located on the back wall near to the hood.

Prepare two blotter pads by allowing them to sit in distilled water on a dish for 10
minutes. Only touch the edge of the pads with your figures.

Place pads on the bottom and the top plates of chamber. Secure the top plate to
chamber,

Connect CCN counter to power supply.

Start the Windows calibration program by selection the “Run” button. If the button
is not in bold font, stop the video sample window by selecting the “Image Stop”

window,
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27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38,

39.

40.

4].

Set CCN counter’s supersaturation using the terminal window,

Start the CCN counter by enter “10” in the terminal window,

Note the CCN counter supersaturation.

Note the “DN Threshold” value given in the Message window.

Select a low concentration of CCN (~10 droplets counted) by adjusting the ball value
on the outlet of the drying chamber.

Check that the baseline voltage is less than -5.5, If not, stop and rewet pads.

Check that droplets are visible in the video sample box.

Check that all droplets within the video sample box are within focus. Out of focus
droplet will appear large with dim centers. If there ig out of focus droplet, stop and
readjust the lens focus.

Increase the aerosol supply about every 20 samples, Don’t exceed a count of 50
droplets.

After sample number 100 is completed, stop the calibration by pressing ctrl-D in the
terminal window.

Close calibration program window.

‘Turn off CCN counter by disconnecting it from the power supply.

Calibration data is located in C:/delene/ccn/winccn4/ccn_ca].out. Copy this file to
new directory and filename,

Use Excel template (o analyze the calibration data.

To begin another calibration Tun, rewet pads and check the video camera alignment.

Proceed to step 25.
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2. Balloon-borne CCN Counter’s Calibration History

Figure 15 presents the calibration constant of the balloon-borne CCN counter using
the voltage peak method. The calibration constant is defined to be the calibration slépe
(e.g. Figure 2) divided by the v-ideo sample volume. The CCN counter’s laser was
replace in November 1997, resulting in a 17% decrease in the calibration of the CCN
counter. The thermal-gradient diffusion chamber was disassembled in February 1998 to
replace the differential thermocouple. The CCN counter's differential thermocouple was
tested in December 1997, before field measurements in New Zealand, and after being
replaced in late February 1998. The tests consisted of measur'ing the temperature
difference between the top and the bottom plates using a laboratory standard differential
thermocouple. The differential thermocouple was placed within the thermal-gradient
diffusion chamber with one lead placed on the top blotter paper and the other lead place
on the bottom blotter paper. The tests confirmed that the CCN counter’s prescribed
temperature difference is accurate. A new video camera, with a different video sample
volume, resulted in an 18% decrease in the CCN counter’s calibration constant as
compared to the old video camera, Since the calibration using the new video camera is
more accurate (see chapter 2), the calibration difference between the old and new video
camera is used to adjust the calibration constant when processing field data taken before
November, 1997. The calibration difference between 0.5 g/L of NaCl and 0.1 g/L of
NaCl (Figure 15) is probably due to systematic difference in the alignment and setu.p of

the video camera system.
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Appendix III;
1. CCN Counter Data Processing

During balloon flights, the photodetector voltage, top plate temperature, temperature
difference between the top and bo.ttom plate, laser current, laser power, ambient pressure,
CCN counter’s state, and enclosure temperature of the CCN counter are stored at 1 Hz on
a nonvolatile data module. Along with storing the CCN counter’s data, the data module
is also used to backup data from the balloon package aerosol instruments. A BASIC
program, “read. bas”, uses the comm port on a PC to download the data module. A C
processing code, “cen”, extracts the baI]oén package data fo an ASCII file (B*.ral) and
produces several ASCII text files containing the CCN processed data. The processing
code produces a “readme” file that contains processing notes and a dgscription of each
data file produced. A Matlab code, “ccn.m”, is used to analyze the balloon flight data and
produce standard data plots. The Matlab code combines the CCN data with processed
data from the balloon package aerosol instruments. The Matlab analysis program uses a
description file, “balloon_*.m”, to provide balloon flight information, input data file
locations, and information about what plots to produce. The description file needs to be
edited when additional balloon flights are added to the data set. After each plot is
displayed on the screen, an encapsulated postscript file is produce that can be printed or

imported into a word processor, such as “Microsoft Word”
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2, Standard Plot of all Balloon Flights

The Matlab code, “ccn.m”, produces several standard plots that combine the CCN,

CN and optical aerosol concentrations. Shown on the following pages are the balloon
profiles for all fourteen flights that have CCN data. Each plot gives the optical aerosol
concentration for aerosols larger than 0.3 pum in diameter (Dos, thin line), the CCN
concentration (circles), and the CN concentration (D>0.01 um, thick line). Open circles
| represent measurements below the detection limit of the CCN counter. The concentration
measured by each aerosol instrument has been corrected to standard temperature and
pressute (STP). This gives a concentration which is similar to mixing ratio where the
change in concentration due to changes in pressure and temperature have been removed.
Equivalent potential temperature (thick line) and relative humidity (thin line) are shown

in the right-hand panel. The lines on the right side of the right-hand panel denote the

lower (solid lines) and upper (dashed lines) tropospheric layers.
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