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CHAPTER 1

BACKGROUND AND SCOPE OF STUDY
1.1

Role of Aerosol in Cloud Processes

Clouds form in the atmosphere when air is cooled to a temperature
at which it becomes slightly supersaturated with respect to water or

ice.

Water vapor then condenses onto minute particles (10

suspended in the atmosphere to form cloud particles.

R

to

10"

0

cm

If the temperature

is above 0C, the air must become slightly supersaturated with respect

to liquid water so that cloud droplets can form.

The portion of the

total aerosol population which serves as embryos upon which the water

vapor condenses to form cloud droplets is
nuclei (CCN).

called cloud condensation

When the temperature is below 0C, ice crystals may form

due to the action of a portion of the atmospheric aerosol termed ice

nuclei (IN).

Fairly large droplets (^100 urn) may also form just below

cloud bases, where the relative humidity is less than 100%, due to the

activation of another portion of the aerosol population which is termed

deliquescent particles.
Howell (1949) showed by numerical calculations that the size distri-

butions of cloud droplets in small fair-weather cumulus clouds could be

explained by the activity spectrum of CCN in the atmosphere.

The peak

super saturations were shown to be achieved near cloud base within about
two minutes of cloud formation, and to reach values between about 0.1

and 1.0%.

Braham et al. (1951) and Battan and Braham (1956) studied

radar records of cloud heights and the development of precipitation in

maritime, extreme continental, and transitional air masses.

The maritime

clouds were observed to develop precipitation more readily than continental
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clouds of similar size and intensity.

Squires (1956) found that droplet

sizes are larger and droplet concentrations smaller in small maritime

clouds than in otherwise similar continental clouds.

Squires (1958) showed that the observed differences in the microstructuresof maritime and continental clouds were due to the differences between
maritime and continental aerosol.

He postulated that the differences were

due to the higher concentrations over land masses of aerosol between about
0.1 and 1.0 pm in diameter.

Twomey and Squires (1959) directly measured

the concentrations of CCN at normal cloud supersaturationsus ing a technique
described by Twomey (1959)

These measurements showed that observed

differences in the microstructures of maritime and continental clouds
were due to the differences in the sub-cloud CCN concentrations.

Finally,

"

Twomey (1959) described a theoretical relationship between the CCN spectrum,
the cloud updraft velocity, and the resulting concentration of cloud

droplets near cloud base.

This relationship predicts the observed

differences in the microstructures of maritime and continental clouds
These results showed that the aerosol content of the sub-cloud mixing

layer determinesthe microstructure and, hence
small cumulus clouds.

(about 1

&~1)

the microstability, of

To achieve precipitable size,. a small number

of the particles in a cloud must increase in volume by

about 1 million times during the short lifetime of a cloud. Two mechanisms
have been proposed to explain this growth process

In the first, a

fraction of the total cloud droplet population near cloud base is assumed
to be larger than average by condensation on large deliquescent particles or

by chance collisions of smaller drops.

Bowen (1950) and Ludlam (1951)

showed theoretically that these larger drops could grow to precipitation
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size by capturing small droplets in the presence of sufficiently strong

updrafts.

Attempts to increase precipitation from warm clouds by seeding

them with sodium ’chloride particles
and Dennis

concept.

(e.g. Biswas et al, 1967

1971; and Koscielski and Dennis

Biswas

1972) are based on this

In the second method for the initiation of precipitation, ice

crystals, nucleated above the freezing level by ice nuclei (IN)

grow

rapidly by deposition of water vapor, by riming (at the expense of the
smaller cloud

droplets), and by aggregation.

It is clear from this brief discussion of cloud and precipitation

processes that any projects (such as the High Plains Experiment) which
are concerned with

modifying precipitation by cloud seeding, must depend

to a large extent on detailed knowledge of the nature of the natural
aerosol.

It is with this end in mind that the University of Washington has

initiated a study of the nature of the aerosol in the High Plains of the
United States.
1.2

Climatology of the High Plains

In the previous section
fall

it has been shown that atmospheric aerosol

into two basic categoriest maritime and continental.

categories also describe two of the basic climatic regimes.

These same two

While maritime

climates are characterized by moist air, frequent precipitation, and a

relatively narrow range of temperature extremes

continental climates are

characterized by drier air, more sporadic precipitation, and a much wider

range of temperature extremes

isolated from marine influences

Geographic regions which are effectively

,

by distance and/or by orographic features

experience extreme continental!ty in their climate

Vast land areas

such as the steppes of the central USSR, which lie in the lee of the
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Caucasus Mountains, and the Great Plains of the United States, which lie in
the lee of the Rocky Mountains

fall into the continental category.

The Great Plains region shown in Figure 1.1 clearly illustrates the

basic climatic features discussed above

Toward its eastern limits

the

humid Mississippi Valley,which is dominated by air masses from the Gulf of

Mexico, receives an average annual rainfall of over 100 cm, however, toward
its western limits the High Plains become semi-arid to arid due to the

rain-shadow effect of the Rockies.

variability increases

As the total rainfall decreases

its

the coefficient of variation for the annual precipi-

tation from 1931-1960 ranged from 40% over the southwestern High Plains to

between 25 and 30% over the rest of the High Plains
less than 20% over the eastern United States

By contrast, it is

(Changnon

et al., 1975)

As

a result of this natural variability, droughts are frequent; large areas
of the High Plains experience

one to three months per year

on average, severe or extreme drought

(by contrast, droughts

are experienced one

month or less over much of the eastern United States )

southern High Plains

Apart from the

which experiences Gulf-influenced rainfall maxima

in spring and fall with a minimum in the summer, the High Plains have a

rainfall maximum in the summer months

During the summer of 1975

the University of Washington obtained a

series of airborne aerosol measurements within the mixing layer over the

High Plains from Montana to Texas

These measurements were designed to

provide detailed information on the nature and concentrations of aerosol
and to establish a baseline from which to evaluate future attempts at

large-scale weather modification in the High Plains .1

A further set of even more detailed aerosol measurements was obtained
at Miles City, Montana during the summer of 1976. However, these measurements are not discussed in this report.
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SCALE- I! 10.000.000
Figure

A map of the High Plains area showing the state
boundaries.
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Goals of the Field Study

1.3

The aerosol study was designed to provide information on the following

principal topics.

Determination of the nature, concentrations

spatial and temporal

variations and sources and sinks of the total atmospheric aerosol
and the cloud-active aerosol (cloud condensation nuclei., ice
nuclei and large deliquescent particles

over the High Plains

Determination of the lifetimes and the scales of transport of the

various aerosol within the mixing layer over the High Plains

Determination of whether the aerosol concentrations at a given
site may be predicted using synoptic or climatological data.

Additional areas of interest for which data were obtained in this

study, but which are not discussed in this report, are the response of the

microstability of cloud systems to changes in aerosol, and interactions of
suspended aerosol, radiation fields

and wind fields within the mixing

layer.

1.4

Organization of the Report

In the following chapter we describe the University of Washington’s
B-23 Cloud and Aerosol Physics Research Aircraft which was used to obtain
the measurements presented in this report.

The organizational and operational

objectives which were established for the field study, a summary of the
data base, and an estimate of its quality, are described in Chapter 3.

Chapter 4 we outline the techniques used to reduce

In

analyze, and synthesize

the airborne data and the supplementary ground-based measurements

7

Chapter 5 details the results of the measurements of the total aerosol,
cloud condensation nuclei, ice nuclei and large deliquescent particles.

Conclusions are reached concerning the typical concentrations, horizontal

distributions, and scales of transport of the various cloud-active and
total aerosol within the mixing layer.

Meteorological influences on

aerosol are also discussed and used to explain the aerosol measurements

during the field study.

In the final chapter of the report a brief

summary is given of the major findings of this study and recommendations
are made for future work.
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CHAPTER 2
THE AIRBORNE INSTRUMENTATION SYSTEM
2 .1

Introduction

Cloud-active aerosol occur within the atmosphere over a wide range

of

sizes and concentrations.

The smallest

(10~2

102 cm"

present in high concentrations (10

1 ym in diameter) are
as cloud condensation

nuclei (CCN) which (together with updraft velocity) determine the number

concentration of droplets formed in the early stages of a cloud’s life

history.

A portion of the ’larger ’aerosol ’(1

present in lower concentrations (10

10 pm in diameter) are

10-1 cm~3)

as deliquescent particles

which can grow to about 100 urn in diameter in the high relative humidities

just below cloud base.

An even smaller fraction of the total aerosol

population are active in quite low concentrations
nuclei (IN)

(^10~3

cm

) as ice

Over the entire range of time scales of interest in the

development of various cloud processes,the entire population of suspended
aerosol (10~0

1Q2 ym in diameter) interacts in a dynamic fashion with the

cloud-active aerosol:

the smallest aerosol collect on larger aerosol by

Brownian coagulation, diffusiophoresis

thermophoresis, etc.

while the

largest are removed from the aerosol system by sedimentation and impaction.
The aerosol system itself is continuously changing under the influence of the

various sources and sinks of

processes.

aerosol as well as chemical or mechanical

Therefore, to understand the properties of cloud-active aerosol

and the ways in which they are generated and removed from the atmosphere,
it is necessary to study the entire aerosol system.

In this chapter we

describe the University of Washington’s airborne particle-measuring
system which was used in the present study.

This system is capable of
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sampling and measuring the concentrations and properties of the cloudactive and total aerosol over the entire size range of interest, as well
as measuring the values of meteorological variables which aid in the

interpretation of the aerosol measurements.
2.2

Description of Airborne Systems

Measurement Capabilities

2.2.1

The size distributions of total aerosol from 0.01 to 100 pm in

diameter were measured aboard the University of Washington’s B-23 Cloud
and Aerosol Physics Research Aircraft by five aerosol sizing and counting

techniques.

Two additional techniques were used to measure the number

concentration and the optical effects of the entire aerosol population.
The number concentration of three types of cloud-active aerosol (CCN

active between 0.2 to 1.5% supersaturation, IN active from -12 to -20C,
and deliquescent particles larger than 5 pm in diameter were also measured.

The aircraft was equipped to measure the following basic meteorological
parameters:

free air (or static) temperature, total temperature, dewpoint,

pressure altitude, radar altitude, turbulence, and vertical electrical
field.

Additional instrumentation was used to measure the following

basic aircraft performance parameters:
angle of attack, X-Y position, and time.

true airspeed, rate of climb,

Specifications for the aerosol,

meteorological, and aircraft performance instruments are listed in Table
2.1.

A brief description of the aerosol instrumentation is given in 2.3;

for more details the reader is referred to Hobbs et al. (1976).

Techniques

used to reduce and analyze data from the various instruments are described

in 4.2-4.4.

TABLE 2.
SPECI FICATIONS ON RESEARCH INSTRUMENTS ON THE
UNIVERSITY OF WASHINGTON’ S B-23 AIRCRAFT (1975 CONFIGURATION)

(a)
Parameter

Aerosol Instruments

Instrument
Type

Manufacturer Ra nge
and Model No.

Aerosol
Particles

Electrical
mobi ity
analysi s

TSI 3030

Aerosol
Particles

90

ight
scattering

ROYCO 202

Aerosol
Particles

Forward
ight
scattering

ROYCO 225

Aerosol
Particles

Forward
ight

PMS ASSP100

3667 .8 ym

Glass sl ides

5- 100 pm

Error

Constant

r

0. 010. 56 ym
0. 3-12

(mod ified)

Aitken Nuclei

AN/ASH-2
Light
transmission (XN-3)
Optical
Light
Scattering

Meteorology
Research,
Inc. Model

2. 9-A4

urn

Ye-s

/n7

>0 .002 pm

Yes

^
^

No

.5 s

Yes

/n7

0 to

xl0-2’ 2.5,
m-1

1567
n.

Yes

i^nT

(modified)
Integrating
Nephelometer

Yes

urn

scattering
Direct
impact ion

On-board Remarks
Recorded?

/nT

(modified)

Aerosol
Particles

Time

Number of particles counted in category "i".

+/-10^

10 s

Yes

TABLE
Parameter

Cloud
Condensation
Nuclei

2.

(a) (continued)

Instrument
Type

Manufacturer Range
and Model No.

Error

Optical
count ing
by ight

In house

+/-\0%

0-5,000
cm

and

Ice

Direct

Impact ion

supersa-

n.

Mi

ipore

0.2-20 urn

Number of particles counted in category "i".

Recorded?

cycle
per 15 s

Yes

0.5%

supersaturation

turation

Nuclei

On-board

Constant

at

0.2 to 2%

scattering

Time

1’

^"7

No

Remarks

(conti nued)
Cloud Physics Instruments

TABLE 2.

(b)
Parameter

nstrument

Type

Manufacturer Range
and Model No.

Cloud
Particles

Forward
ight
scattering

PMS ASSP100

Cloud
Particle
Sampler

Continuous
particle
repi icator

Meteorology
Research [nc.
Model 1203D

Hydrometeor
Sampler

Metal foi
impactor

Meteorology
Particles
Research Inc. greater
Model 1220A
than

2.8-66 ym

Error

Time

On-Board

Constant

Recorded?

I*

Yes

/n7
No specs

Yes

250 urn in
size

Liquid Water

Weather Radar

Hot wire

Johnson
iams

Wi

0-2 or
0-6 g m

No specs

resistance

5 cm gyro

Radio Corp.
America
AVQ-10

93 km

No specs

stabi ized

i,

Number of particles counted in category "i".

No specs

Yes
No

Remarks

TABLE
(c)
Parameter

(continued)

2.

Meteorological Instruments

Instrument
Type

Manufactu rer Range
and Model No.

Error

Total air

Platinum

Rosemont Eng. -40 to

+/-0.

Temperature

wi re
resistance

Co. 102CY 2CG

+40C

In House

^

Static Ai r

Platinum

Temperature

wire

^STA^

resistance

Dewpoint
Two T ’s

Dew
Cambridge
condensation Model 880

ck

Pressure
Alti tude

Constant

On-Board ’Remarks
Recorded?

1C
(Manuf.
Spec.)

=1 s

Yes

-40 to
+40 C

+/-0,5C

=1 s

-40

=+1C

Rosemont
Eng. Co.

to

+50C

Model

0-1034

Modified to give

0-5V output
Yes

Minco resistance

element in reverse
flow housing (S1088)
Recovery coefficient
=0.2-0.3. Unrel iable
under icing conditions..

type

Absolute
capacitance
pressure

Time

2C/s

Yes

Mod f ed to g ve

(Manuf.

0-5V output for

Spec.

inear output over
-40 to +10C

No specs

Yes

=+/-10^

3 s

Yes

+/-10^

0.2 s

Yes

mb =+/-0.2^

ful
scale

830 BA

(Manuf.
Spec.
Ai r

Turbulence

Electric
Field in
Vertical

Plane

Differential Meteorology
Research
pressure
sensor
nc.
Model 120

Rotary
field mi

0-10

cm2^
-1

0-+/-100kV
Meteorology
Research Inc. -1
m
Model 61

Modified for 0-5V
output and
cal ibration
ci rcui try added

for +/-20kV

m~

(d)
Parameter
True Air
Speed (TAS)

Instrument
Type

TABLE 2. (continued)
Ai rcraft Performance and Position

Manufacturer Range
and Model No.

Differential Rosemount
Capacitance Eng. Co.
pressure
Model 831 BA

0-+/-69
mbar

Attack
Ai rcraft
Position and

Course

^+/-0.2%
ful
scale

Time

Constant

On-board Remarks
Recorded?

No specs

Yes

0.

Yes

(Manuf.
Spec.)

sensor

Angle of

Error

Potentiometer

Rosemount 861 +/-23

+/-0.5

Works off
DME and
VOR

In house

128 km

+/-1

Radar
altimeter

AN/APN22

0-6 km

+/-5% of

Time code
generator

Systron

.6 km

s

10 s

Yes

No specs

Yes

Plotter

Al titude
above

Time

Radio WWV

Gives real time
plot on sectional
map of area of
posi tion of
aircraft

indicated
value

Terrain

Time

TAS derived by means
of on-board in-house
bui t analog
computer

hrs, min,
part
s, (IRIG in 105
B code)

Yes

Donner
Model 8220
Gertsch

min

Yes

RHF

Modified for 28Vdc
operation. Hr, min,
s, display

2.5, 5, 10, 15 MHz
Voice announcements
are recorded on tape

TABLE 2. (d) (continued)

Parameter

Instrument
Type

Manufacturer Range
and Model No.

Ground
Communication

FM

Motorola

Photographs

35-mm time-

Error

Time

On-board

Constant

Recorded?

approx.

No

Remarks

150 MHz band

160 km

transceiver

Automax

s to

lapse camera Model
GS-2D-1

10 min

Automatic recording
of time of day,
ft ight number and
ai rcraft heading on
each frame
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2.2.2

Aircraft Installation and Crew Requirements
The instruments listed above are mounted on a Douglas B-23 aircraft.

This is a heavy ( >12,000

capacity ’(

;1000

kg) twin-engine plane with a large pay load

kg of instruments plus a crew of seven) and a service

Its excellent maneuverability and low cruising

ceiling in excess of 8 km.
speed (normally 60 m

s~l, range

of 35

85 m

s~l) reduces some of the

problems associated with airborne sampling of aerosol and cloud particles

During normal operation, the aircraft carries a pilot and co-pilot and a
crew of five scientists.

The Flight Scientist is responsible for the pre-

planning and in-flight direction of each flight.

Two Aerosol Scientists

monitor the performance and output of the various aerosol instruments with

the assistance of the Flight Scientist.

A Meteorological Observer notes

the conditions encountered during a flight and monitors the performance of
the X-Y plotter and its output of aircraft position on a sectional map of
the area.

During cloud physics studies

the Meteorological Observer also

describes the cloud systems under study and operates the instruments for

sampling cloud particles

An Instrumentation Engineer controls the

processing of data from the various instruments through interaction with a
mini-computer (16-bit word; 16 ,000 word capacity) and the signal conditioningdisplay systems.

Locations of the crew members and the instrumentation are

shown in Fig. 2.1.

2. 3

Aerosol Instrumentation
The aerosol instrumentation systems described below are quite similar

to those described in more detail by Hobbs et al. (1976)

17

Fig. 2.

Locations of crew and research instruments on the Universi ty of
Washington’s B-23 aircraft. Caption is on fol lowing page.
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Fig. 2.1 Locations of crew and research instruments on the University
of Washington’ s Douglas B-23 aircraft.

5" Aerosol Instrumentation Monitor I

1-2
3
4

Pilot and co-pilot
Observer
Instrumentation Engineer

A
B

5 cm gyrostabilized weather radar
Rosemount airspeed, pressure altitude and total temperature
probes, MRI-turbulence probe and electronics, J-W liquid water
probe, angle of attack sensor
VOR-DME slaved position plotter; research power panel (3 KW 110V
60 Hz; 1. 5 KW 110V 400 Hz; 150 amps 28 V dc)
Electronic controls for J-W liquid water indicator, reverse
housing thermometer, electrical cloud particle counter and
dew point thermometer, time code generator and time display,
WWV time standard receiver, TAS and T^ analog computers,
signal conditioning amplifiers, audio signal mixers, FSK timeshare data multiplexers (63 channels)
2-D electric field and
turbulence analog read-outs.
Minicomputer (16 bit word l6k word capacity)
computer interface
to instrumentation, remote A-D converter, keyboard and printer
Analog tape recorder (7 track, 1/2") and high speed, 6-channel
analog strip chart recorder
Inlet for isokinetic aerosol sampling
Aircraft oxygen, digital readout of all flight parameters, dew
point sensor, time code reader and time display, heated aerosol
plenum chamber, vertical velocity, Millipore sequential filter

C

D

E
F
G.

H

6
7

Flight Scientist
Aerosol Instrumentation Monitor II

system
I
J

K
L
M*
N*
0

P
Q
R

S*
T*
U
V
W

X* A
Y*

Controls for metal foil impactor and continuous particle replicator
Aerosol analysis section:
integrating nephelometer, sodium
particle flame photometer*, automatic cloud condensation nucleus
counter, VHF air-to-ground transceiver, Whitby .aerosol analyzer,
Royco particle counters, automatic condensation nucleus counter.
PMS axially scattering spectrometer (small droplet probe)
vertically mounted
Bomb rack hard point suitable for small instrument pods
Gas analysis system:
SO^, 03, NO, N03
Electric field mill sensor (fields along and horizontally perpendicular to the aircraft axis
Electric field mill sensor (vertical and horizontal field)
Reverse flow static temperature probe
Automatic ice particle counter* and metal foil hydrometeor impactor
MRI continuous particle replicator
Tracer ejection pyrotechnic racks (52 40mm units)
Tracer pyrotechnic rack (24 1.5" units)
Radar repeater, side viewing automatic camera.
Radar altimeter, 3-D electric field mill electronics, 20-channel
telemetry transmitter
Instrument vacuum system (consists of four high capacity vacuum
pumps connected individually to the cabin)
Anisokinetic large volume aerosol sampler
PMS optical array
PMS optical array precipitation spectrometer.

droplet probe
used for HIPLEX studies

______cloud

*Not
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2.3.1

Sizing and Counting of Aerosol

Measurements of the size distributions of atmospheric aerosol from
0.01 to 100 pro in diameter were obtained by synthesis of the measurements

obtained from the five techniques described below in (a) through (e)

(a)

Electrical Aerosol Analyzer

.(EAA)

This instrument, described by Liu et al. (1974)

was used to measure

the size distributions of aerosol from 0 .01 to 0 .56 ym in diameter.
is based on the relationship between the

It

size, mobility and electrical

charge of small aerosol as described by Whitby and Clark (1966)

Charged

aerosol flow across a radial electrical field applied between coaxial

cylinders.

Aerosol larger than a critical

size, i.e. below a critical

mobility, escape precipitation onto the central cylinder and are captured
by an absolute filter.

The resulting electrical current can be related

to the number concentration in the sample air of aerosol larger than the

critical size.

Each decade of aerosol size (e .g. 0.01 to 0 .1 ym in

diameter) is divided into four logarithmically equal intervals by appro-

priate choices of the voltage applied to the central electrode

By

stepping the voltage to precipitate successively larger aerosol, and
applying the calibration of Liu and Put (1975)
the aerosol can be obtained.

the size distribution of

Airborne sampling of aerosol with the EAA

was controlled by the mini-computer and recorded digitally.

(b)

Model 220 Royco Optical Particle Counter (OPC I)
This instrument, described by Zinky (1962), was used to measure the

size distributions of aerosol from 0.30 to 12 .0 pm in diameter.

Aerosol

are sized by measuring, with a low noise photo-multiplier system, the
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energy of electromagnetic radiation scattered by the aerosol at an angle
of 90 from a collimated beam from an incandescent light source, using
the theory of scattering by small particles developed by Mie (1908) and

Van de Hulst (1951)

The resulting electrical signal was processed by

a pulse-height detector and stored in one of the sixteen channels assigned

to the OPC I in a pulse height analyzer (the entire size range was divided

into fifteen approximately logarithmically equal size intervals

the

sixteenth channel counted aerosol larger than 12.0 pm in diameter)

The

sum of the counts in all sixteen channels was continuously displayed as

OPC I Rate, that is, the cumulative number concentration
larger than 0.30 pm in diameter.

(cm~3)

of aerosol

At the end of a standard 64 s sample

period, or after any single channel had accumulated 8000 counts

the

memory was purged to produce a digital record of aerosol counts per
channel.

The size-discrimination of the instrument was calibrated using

spheres of polystyrene latex and styrene divinylbenzene of known sizes
and indices of refraction using the technique described by Whitby and Liu

(1968)
(c)

Model 225 Royco Optical Particle Counter (OPC II)

In this instrument the electromagnetic energy from an incandescent
source is scattered in the near forward direction by single particles in
the size range 2.9 to 44 pm in diameter.

The sampling inlet was exten-

sively redesigned to give a nearly. 50% efficiency at 40 pm (the original
inlet passed fewer than 10% of the 10 urn particles)

The electrical

signals from the OPC II were processed as in (b) above except that the
sixteenth channel counted aerosol larger than 44 ym and the cumulative
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number of aerosol counted by the OPC II was not continuously recorded.
The OPC II was calibrated in the same way as the OPC I except that
glass spheres were used for the larger sizes.

(d)

Knollenberg Axially Scattering Spectrometer Probe (ASSP)
This instrument, designed by R. Knollenberg, was used to measure in

situ the size distribution of aerosol from 1.36 to 67.8 urn in diameter
over fifteen size intervals each about 4.4 pm wide.

Aerosol which pass

through the sample part of the ASSP in the airstream outside the aircraft
are sized by measuring the electromagnetic energy they scatter in the

near forward direction from an He-Ne laser.

The resulting electrical

signal was processed as in (b) above except that the sixteenth channel
counted aerosol larger than 67.8 pm in diameter and the cumulative
number of aerosol counted by the ASSP was not continuously displayed

(except during cloud penetrations, when the cumulative number became
the cloud "drop rate").

The size discrimination of the ASSP was calibrated

in the same manner as for the OPC I and OPC II.

(e)

Direct Particle Impaction on Slides (PIS)
Aerosol larger than 5 pm in diameter were sampled by direct impaction

on pairs of microscope slides (7 mm and 14 mm wide and 76 mm long) coated

with a thin (10 urn) layer of silicone grease.

Circular carbon planchets,

14 mm in diameter, were glued to the 14 mm wide slides and coated with

vaseline.

One slide of each size (7 mm and 14 mm wide) was attached to a

steel wand 1.2 m in length, and manually deployed into the free airstream

outside the aircraft for exposures of 3-7 min; after exposure, the slides
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a dust-free plastic box at 50% relative humidity.

were stored in

In

the laboratory, the pairs of slides which had been exposed simultaneously

were photographed under an optical microscope to determine the size

distribution of the aerosol which had been collected on them [see 4.4.l(c)]
The slides were then placed in a closed petri dish above

a. saturated

solution of potassium nitrate which maintained the relative humidity at

95%.

After 10 min in this environment, the slides were examined and

photographed under the microscope to determine the fraction of the aerosol
which had deliquesced [see 4.4.4(c)]

Particles collected on the carbon

planchets were analyzed by Energy Dispersive Analysis of X-rays (EDAX)

under a Scanning Electron Microscope (SEM) to determine their elemental

composition.
2.3 .2

Integral Properties of the Aerosol

Two techniques were used to measure the cumulative effects of
aerosol over extended size ranges

(a)

Condensation Nucleus (CN). Counter

This instrument continuously measured the cumulative number concen-

tration

(cm~3)

of all aerosol larger than 0 .002 pm in diameter.

It is

based on the extinction of a light beam by a cloud of water droplets

which forms on aerosol subjected to high supersaturations produced by

rapid expansion.
Pollak

(b)

The CN counter was calibrated (indirectly) against a

counter.

Integrating Nephelometer
This instrument, described by Charlsori et al.(l969)

measured the light scattering coefficient (b

sp

continuously

) of the total aerosol
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population integrated over all scattering angles between 10 and 170.

The

total mass concentration of atmospheric aerosol between about 0.1 and
4 pm in diameter can be estimated from measurements of

empirical relationship developed by Charlsori et al.
calibrated using molecular (i.e

bg- using an

The instrument was

Rayleigh) scattering from particle-free

dry air and from particle-free Freon-12 gas.

2.3.3

(a)

Nucleation Properties of

Aerosol

Automatic Cloud Condensation Nucleus Counter
This instrument, which was designed and built by Radke and Hobbs

(1969) and improved by Radke and Turner (1972)

measures the number

concentration of cloud condensation nuclei (CCN) in the atmosphere at

supersaturations of 0 .2

0 .5

1.0 and

1.5% with respect to water.

It

is based on the production of a pre-determined supersaturation by estab-

lishing a temperature gradient between two moist parallel plates

CCN in

the air sample which are large enough to become activated grow to about
1.0 ym in diameter in about 15 s

at which time the energy of electro-

magnetic radiation scattered over a range of angles from about 15

160 is measured.

From this measurement of the scattering coefficient, and

the known mean size of the droplets

the concentration of the CCN in

the original sample may be derived.

The CCN counter was calibrated in

the laboratory by comparisons with direct visual counts of the number
concentrations of droplets which formed in the chamber at various

supersaturations and by comparisons with molecular scattering standards

(b)

Millipore Filter Measurements of Ice Nuclei
Measurements of ice nuclei (IN) active at -12

-16

and -20C were

obtained from the processing of Millipore filter samples of aerosol using
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the National Center for Atmospheric Research (NCAR) Membrane Developing Unit

[see 4.4.4(b)].

Airborne sampling was accomplished by drawing sample air

I
I
I

through the filter, mounted on an in-line filter holder, at the rate of
about 20 A

rnin"^-

for exposure times which ranged from 10

depending on flight conditions.

90 min,

The exposed filters were then carefully

B

removed from the filter holders and placed in clean, dry plastic boxes

until they. were processed.

I
I
I
I
I
I
I
I
I
I
I
I
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CHAPTER 3
COLLECTION OF DATA
3.1

Introduction

During June

July and August of 1975, the University of Washington’s

B-23 research aircraft was used to obtain a series of airborne aerosol

measurements over the western High Plains of the United States.
extensive set of data was collected on the compositions

sizes

An
and

concentrations of atmospheric aerosol from 0.01 urn to 100 ym in diameter,

mostly within the atmospheric mixing layer.

In addition, a limited set

of cloud physics measurements was gathered in several small to medium
sized cumulus clouds and a few cumulonimbus clouds.

Continuous airborne

measurements of meteorological variables supplemented data from various

ground-based sources.

In this chapter we outline the objectives of these

studies, describe the organizational and operational procedures and
conclude with a summary of the data set collected during the field studies.

3.2

Deployment of the Aircraft During HIPLEX Studies

The field studies were designed to obtain information on the

synoptic-, meso-, and cumulus-scale variations of the concentrations
and compositions of atmospheric aerosol over the High Plains.

To obtain

information on the larger-scale variations an aerosol survey flight was

flown from Miles City, Montana to Big Spring, Texas and back again

during June 19-25, 1975.

To investigate the smaller-scale variations

the aircraft later flew a series of on-site aerosol studies

with other groups, at Miles City (July 20-26)

in cooperation

Big Spring (August 3-9)
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and Goodland, Kansas

(August 24-30).

The locations of these field

studies are shown in Fig. 3.1.

Operational Objectives and Flight Plans

3.3

Survey and Ferry Flights

3.3.1

The survey flight across the length of the High Plains was designed
to describe the relationship between the synoptic- and meso-scale

variations of atmospheric aerosol near cloud base within the mixing

layer.

Each flight included a morning leg from about 0900-1100 LDT

at about 0.9 km above ground level (AGL) and an afternoon leg from about
1300-1500 LDT at about 1.4 km AGL.

If low clouds were present, each

leg was flown far enough below cloud base to avoid cloud penetrations.

Large cities, major highways and other potential sources of aerosol,
while not scrupulously avoided, were usually skirted.

Batch samples of

CCN spectra and large (>5 pm) particles were collected every 20 or 30

min in regions which appeared to be unaffected by large local sources;

otherwise, all instruments operated continuously or semi-continuously.
Figure 3.2 schematically illustrates a typical aerosol survey study day.
A similar set of procedures was followed over the High Plains or
plains-like terrain (such as Eastern Washington) on ferry missions between

Seattle, Washington, and the three field study sites.

Flight plans

were chosen as a compromise between maximizing flight time over High

Plains terrain and minimizing total flight time.

3.3.2

On-Site Field Studies

Airborne studies lasting one week were conducted at each of the
three HIPLEX field sites (Miles City, Goodland and Big Spring).

These

studies were designed to describe the meso-, cumulus-, and vertical-

Local Daylight Time.
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scale variations of aerosol within the mixing layer.

Occasionally

aerosol and cloud physics data were obtained above the mixing layer.

Batch samples of CCN spectra and large particles were collected every
10-20 min; otherwise, all instruments operated. either continuously or

semi-continuously.

No attempt was made to avoid local sources of

aerosol during these flights.

(a)

Daily Forecast

On-site forecasting was provided at each HIPLEX site.

The fore-

casters utilized satellite imagery, local and regional soundings,

standard National Weather Service facsimile maps, and an objective

analysis scheme to predict the probability of deep afternoon or evening
convection.

The operational goal was to provide a "yes,"

"no,"

or

"maybe" prediction .for deep convection by 1030 LDT, with a short-range
afternoon update by 1545 LDT on all

"yes"

or "maybe" predictions.

On

the basis of this forecast, and the consensus of the on-site scientists,
the day was tentatively designated either an "aerosol study" day or a

"cloud physics study" day.

Although these designations were usually

quite reliable the B-23 aircraft flew every day, regardless of weather
conditions.

(b)

Aerosol Study Option

If the 1030 LDT forecast predicted a "no" for deep afternoon

convection, the B-23 aircraft usually began an aerosol flight before
1200-1400 LDT, somewhat before the maximum surface heating and convective

mixing began.

The aerosol study option typically included a short

flight, about 90 min at most, with. a flight path over the field study
site or nearby cloudy regions within radio range of the site.

Each

flight included three or more constant altitude aerosol "soundings,"
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lasting 10-20 min, each with a single batch sample of large particles
and a CCN spectrum.

Measurements began at about 0.2 km AGL .on ascent

and included aerosol "soundings" every 0. 5-0.7 km up to 2-3 km AGL,
and they ceased at about 0.2 km AGL on descent.

Occasionally, high

surface temperatures caused instrument overheating problems; in this
case the sequence was reversed, with no measurements made until the

aircraft had quickly climbed to cloud level and the instruments had
cooled off (such problems were minimized by cooling the aircraft for
several hours before takeoff with a high capacity air conditioner).
When regions of small to medium-sized fair weather cumulus clouds were

located within reasonable flying range, additional aerosol measurements
were made above the mixing layer and several cloud penetrations were made
at mid-cloud level.

aerosol study day.

Figure 3.3 schematically illustrates a typical on-site

A series of such aerosol study flights during the

five days at each HIPLEX field site provided adequate coverage of the

available airspace near the field sites.

(c)

Cloud Physics Option

If the 1030 LDT forecast predicted a "yes" or a "maybe" for deep

afternoon or evening convection, the day was tentatively labeled a
"cloud physics study" day, and all aircraft and ground crews were on
standby until the afternoon update forecast.

If the update predicted

a "no" or a "maybe," the aerosol study option for the B-23 was again

chosen, subject to changes, and takeoff was usually about 1500-1600 LDT.

However, if deep convection materialized, the B-23 aircraft took off with
the Meteorological Research, Inc. (MRI) cloud physics aircraft to intercept

developing cumulus clouds under ground radar guidance.

On these designated cloud study days, and days when non-precipitating
clouds were within reasonable range, the B-23 aircraft flew a cloud
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This mission specified one or two aerosol

physics support mission.

"soundings" during a rather rapid climb to cloud base, followed by an
intensive series, of sub-cloud aerosol measurements.

These sub-cloud

measurements were gathered during multiple passes through active

updraft-regions and occasionally during circumnavigations of clouds or
their precipitation shafts.

As often as practical, the measurements

included batch samples of CCN spectra and large particles in clear
air free of the precipitation shafts.

In the meantime, the MRI aircraft,

which kept in close radio contact with the B-23, sampled the same cloud.

When the two aircraft were sampling different clouds, the B-23 aircraft
also gathered occasional aerosol and cloud physics measurements during

mid-cloud level circumnavigations and cloud-base penetrations.
Ideally, airborne and ground scientists carried on active communication and co-ordination throughout a cloud physics mission.

In practice,

poor radio communications and dry weather limited the frequency of such
well-coordinated studies of large cumulus clouds and most of the B-23

flights were devoted to aerosol studies.

3.4

Overview of the Data

During the four weeks of field studies, the B-23 aircraft surveyed
a region of the High Plains extending from near the Canadian Border

to the Gulf of Mexico.

Measurements of aerosol were obtained in pre-

frontal to post-frontal synoptic situations and in maritime to continental

air masses.

Local weather conditions included mostly clear skies or

scattered fair weather cumulus clouds; but a few large cumulus clouds,

thunderheads, squall lines, dust storms, and even a funnel cloud were
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encountered.
The B-23 aircraft logged 62 data-gathering hours, including 58

hours over the High Plains or plains-like terrain, and 46 hours in constant

altitude aerosol soundings or survey profiles.

About 11 hours were

logged on near-cloud measurements, including 7 hours of sub-cloud base

measurements, 1 hour of mid-cloud level circumnavigations, and 3 hours
of intermittent cloud physics/clear-air measurements.

Eight hours of

coordinated multi-aircraft flying time were logged, including 4 hours
of cooperative cloud physics studies and 4 hours of clear-air tandem

flights with the MRI aircraft.
Aerosol measurements obtained during the field period included

continuous measurements of the light scattering coefficient (b

sp

),

the number concentration of condensation nuclei (CN), over 2800
size distributions of aerosol from 0.01 to 65 pm in diameter, about
125 batch samples of CCN spectra (at

saturation)

0.2%, 0.5%, 1.0% and 1.5% super-

125 samples of large particles collected on slides (elemental

composition analysis was carried out on 75 of these samples), and 53

Millipore filters exposed for ice nucleus (IN) measurements (these were
subsequently processed at -12, -16, and -20C).

In addition to the

routine clear-air aerosol measurements, the data base includes a complete
set of aerosol measurements in a traverse of the downwind fringes of a

dust storm over Western Nebraska, a similar data set in the remains of
the dust storm which was advected over the Goodland, Kansas, field

study site on the following day, and a marginal data set on a traverse
of a frontal zone and a squall line near Goodland.
The usefulness of these data was slightly reduced by the marginal

33

performance of the CN counter, the limited range of performance of
the EAA, and sampling problems with the OPC II.

The CN counter experienced

intermittent mechanical problems which may have lowered its saturation

ratio, hence increasing the minimum detectable particle size and
lowering the CN measurement by an unknown factor.

Therefore, the CN

measurements were used primarily as a tracer for local sources of small

particles and were not incorporated into measurements of aerosol size
distributions.

The EAA did not work properly over much of the southern

portion of the survey flights; high temperatures and humidity coupled
with biological contamination apparently caused this malfunction.

In addition, the EAA is not designed to operate at typical cloud-base

altitudes, so that sub-micron particle size distributions collected at
altitudes higher than 2-3 km AGL were at best marginal.

Finally,

electrical problems limited the OPC II sampling efficiency throughout
the field study periods.

The OPC II samples were therefore calibrated

to match the performance of the DIS, but limited use was made of these

corrected measurements.
With the above exceptions, the entire airborne instrumentation

package performed reliably throughout the summer, and the overall data
base was not severely limited by the problems mentioned above.

The

entire data base and the conditions under which it was collected are
summarized in Table 3.1.

Techniques of data reduction and analysis for

aircraft measurements and supplementary data are described in Chapter 4.
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CHAPTER

4

REDUCTION AND ANALYSES OF DATA

4.1

Introduction
The airborne measurements described in Chapter 3 were gathered to

investigate the variations of the properties of atmospheric aerosol
over the High Plains.

In this chapter, we describe the techniques

which were used for reducing and analyzing the airborne aerosol
measurements and for relating these measurements to meso- and synopticscale meteorological conditions.

4.2

Continuous Airborne Measurements

During aerosol flights, measurements of time, radar altitude, OPC

rate, CCN, CN, and b
der.

sp

were printed on a 6-channel strip chart recor-

During measurements near large cumulus clouds, OPC rate and

radar altitude were replaced on the strip chart by cloud drop concentration and aircraft vertical velocity.

All continuously mea-

sured variables were simultaneously recorded on analog magnetic tape.

In the laboratory, a permanent set of digitized tapes was created
from the analog tapes on the University of Washington’s Raytheon
computer.

Averages of time, dewpoint temperature, total tempera-

ture, b

OPC rate, CN, aircraft position (in plotter coordinates)

true air speed, static pressure, and radar altitude were printed on

paper, computer cards, and magnetic tape every 25s

sity of Washington’s CDC 6400 computer.

on the Univer-

Finally, analog records

of time, dewpoint temperature, total temperature, static pressure,
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vertical electric field, and turbulence were printed on an additional

6-channel strip chart record.

Airborne Meteorological Measurements

4. 3

The values of certain meteorological measurements required either
correction or initial calculation.

These calculations were performed on

the CDC computer using the 25s averages recorded on computer cards.

4.3.1

State Variables

(a)

Static temperature, T(C)

erature, T (C)

was calculated from the total temp-

using the following low-speed approximation for the ram

pressure effect:

T

T

0.0005

V2

(4.1)

where V is aircraft true air speed (m s

).

Comparisons with corrections

calculated from the exact formula demonstrate that Equation (4.1) is a

reliable approximation at normal aircraft speeds.
_0

(b)

Air density, p(kg m

), was calculated from the following form

of the ideal gas equation:
p

P (2. 867

T)~1

where P is the static pressure (mb)

(c)

(4.2)
and T the static temperature (K).

Potential temperature, 0(K), was calculated using the standard

formula:
0

T (1000

p-1)0-288

(4.3)

where T and P are defined as in Equation (4.2).

(d)

Relative humidity, RH(%), was derived in the following form

from the Clausius-Clapeyron equation:

RH

100 e

5390

(T-1-^-1)

^
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is the dewpoint temperature (K).

where T

(e)

Time-height cross sections were prepared for p, 0, RH and

turbulence for each on-site study period.

Average values of p

9, and

RH as a function of altitude were determined by inspection of the calculated 25s averages; average values of turbulence were determined by

visually averaging the strip-chart record.

4.3.2

Aircraft Position
Aircraft position relative to a given VORTAC transmitter was

calculated for all flights near HIPLEX field sites using the following
set of equations:

X

Y

(4. 5a)

X^ X^
Y^ Y^

(4.5b)

where X and Y are the distances east and north of the VORTAC (km)

X

and Y

follow the aircraft position in plotter coordinates over the

time interval (t.

t.

)

and X

and Y

are the plotter coordinates

of the VORTAC position over the same time interval.

and Y

The values of X

01

were determined in the following manner.
Hand plots of the 25s averages of X

scale grid.

and Y

were made on a plotter-

Plotter charts of aircraft position relative to the VORTAC

were carefully positioned on the hand plots over the grid until corresponding

sections of the flight path matched as closely as possible.

The X and

Y coordinates of the VORTAC position were read from the grid and recorded
as the X

and Y

used in Equations

(4.5); the corresponding relocation

times of the VORTAC position were determined from the 25s printed averages
and recorded as t.

Computer plots of aircraft flight paths have been
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prepared from the position records calculated from Equations (4.5).
These plots represent the aircraft flight paths with less distortion than
do connected tracings of successive segments of plotter chart flight paths.
The reduction of distortion, as determined by inspecting the flight paths

and comparing them with visual position sightings, demonstrates that this

method successfully represents the flight paths of the aircraft.

4.4

Airborne Aerosol Measurements

Sizing and Counting of Aerosol

4.4.1

The analysis techniques described in this section follow closely
those used by Hindman (1975).

(a)

Data from the Electrical Aerosol Analyzer

Aerosol measurements from the EAA were printed on paper tape in
terms of the clock time at which the measurement cycle ended, the length

of the

cycle(s), and the number concentration function dN/d(log D )

where. N is the number concentration (cm

D (i)

D

) of particles with diameters

For discrete size intervals bounded by particle

greater than or equal to D
diameters D. and D.

_3

becomes the geometric mean of the size interval:

(D^

x

D^^2

(4.6)

Values of the number concentration function for each D (i) were calculated

P

from EAA measurements on the mini-computer aboard the aircraft using the

following formula:

[AN]

dN

[

]

d(log D )

-----+/---1

[A(log D

)]^

)
(AN/AI) .(I.
I
-----i-+/----+/-I-Llog
(log

D^

D^)

(4.7)
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where (AN/AI)

is the number concentration (cm

picoamp (pA) for the i

(1975), I

) of particles per

size category from the calibration of Liu et al.

are the analyzer currents (pA) generated by particles

and I.

with diameters greater than D. and D.

category, i

-3

l, 2,

and i specifies the size

8.

The density-corrected geometric means of [dN/d(log D ]

were

calculated on the CDC computer from the following formula, using EAA
measurements from the four automatic aerosol sampling cycles which most

nearly overlapped the CCN and DIS batch sampling periods
4

[dN/d(log D

P

)]^

(p/4p^)(

^

[dN/d(log D

j=i

P

)]^ 3 )

where [dN/d(log D )] is "defined by Equation (4.7)
p i

density at which the EAA was calibrated (1.1963 kg m
air density calculated from Equation (4.2).

(4.8)
p

is the air

o

_3

)

and p is the

Zero values of Equation

(4.7) in a given size category were not included in the calculations of

Equation (4.8) for that size category.

The calculated values of

Equation (4. 8) were punched on computer cards for further analysis.
(b)

Data from the Optical Particle Counters and the Axially
Scattering Spectrometer Probe

Aerosol measurements from the OPC I, OPC

II, and ASSP were printed

on paper tape in terms of the number of particle counts per channel

per counting cycle for each of 16 channels per instrument, the clock
time at which each cycle ended, and the length of the cycle(s).

Measurements from these instruments were chosen from the sampling
periods described in 4.4.1(a).

The total number of counts per channel per
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and the total length of the sampling period,

sampling period, n.

t(s), were calculated and punched

on computer cards.

The values of n.

for the OPC II were adjusted by a calibration against the ASSP and the DIS.
When either the OPC I or II was being calibrated during one of the chosen

counting cycles, both the cycle length and the channel counts for that cycle
were deleted from the calculations of n. and t for the instrument being

calibrated.

Average values of dN/d(log D ) were then calculated on the

CDC computer for each D (i) of each instrument using the following
formula:

[AN]

dN

[

d(log D )

-----^--[A(log D

L1

)]^

n.

1

[Ft(log D.+/-’1

log D.

1

)]"1

(4.9)
where i is the size category, i
rate

(cn^s"1)

16; F is the sample flow

(200 + 0.1P)/60 for the OPC I, F

given by F

for the OPC II, and F

1, 2, 3,.
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0.00773V for the ASSP; P is defined as in

Equation (4.2), and V is true air speed (cm s

).

To estimate the statistical uncertainty of these measurements,

sampling errors, as defined by Cornford (1967, 1968)
the values of [dN/d(log D )]

E^

+/-

were calculated for

using the following equation:

l/y4^’

where E. is the sampling error (fraction) for the i

(4.10)
size category.

Because the sample volume for each instrument is fixed and aerosol
number concentration typically falls off rapidly as particle size

increases, n. also falls off rapidly to zero and E. increases from
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near zero to unity as D (i) increases.

E.

For example, if n.

0.10; at the detection limit for a given D (i)

(c)

n.

100, then
1 and E.

1.

Data from the Direct Impactor Surfaces

The particles collected on the microscope slides were sized and
counted from photographs taken of the slides at 50% relative humidity under
an optical microscope.

Three photographs, covering an area of 0.01 cm

2

each at a magnification of 100X, were taken at arbitrary locations on

the 7 mm wide slide to minimize the effects of spatial variations in particle

coverage of the slide.
of 0. 09 cm

2

Similarly, four photographs, covering an area

each at a magnification of 35X, were taken of the 14 mm slides.

Negatives of these photographs were projected onto a large opaque plastic
grid which subdivided the field of view into 25 areas.

Particles with

equivalent diameters between 5 and 10 pm, 11 and 15 pm, and 16 and 20
were counted from the photographs taken at a

pm

magnification of 100X;

similarly, particles with equivalent diameters between 21 and 40 pm,
41 and 60 pm, 61 and 80 pm, and 81 and 100 pm were counted from the photo-

graphs taken at a magnification of 35X.

The number of particles in a given

size category was counted from each of the 25 sub-areas of each photograph

until at least 100 particles had been recorded in that size category.
The number of counts and the number of sub-areas required to reach that

count were recorded for each size category.

If the particle count reached

100 in a given size category with some particles in that size category left

in the sub-area being analyzed, the count was increased to include those

particles.

If, however, the particle count did not reach 100 in a given

size category, all available sub-areas were analyzed and the total number
of counts achieved was recorded.
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The number of particles per size category which were counted from
the slides, n.

the area analyzed to obtain n.

2

A.(cm ), the true

), and the sampling time, t(s), were tabulated on computer

airspeed, V(cm s

Values of the number concentration function [dN/d(log D )]

cards.

were calculated on the CDC computer for each D (i) using the following

expression:

(AN)

dN

[

].

d(log D )

x

n.

(log D

)^

i

[E.A Vt(log D
l l

log D

)]’

(4.11)
where i

1, 2, 3,.

7 represents the size categories and E. is the

collection efficiency of the slide for a given D (i).
for a ribbon, derived by Noll and Pilat (1970)

Collection efficiencies

were used for E.

Sampling errors, as defined by Equation (4.10), were calculated for each

size category.
4.4.2

Size Distributed Properties of Aerosol
The average values of the number concentration function,

were calculated for each D (i) of the EAA, OPC I, OPC II
ments for each aerosol sample according to Equations

and (4.11).

[dN/d(log D )]

and DIS measure-

(4.7), (4.8), (4.9),

The average values of the related surface area and volume

concentration functions, dS/d(log D ) and dV/d(log D )

were then calculated

on the CDC computer for each D (i) of each instrument using the following

pair of equations:

[AS]

dS

L

[
d(log D )

-----^--[A(log D
)]^

TTED d):]2^].

--p-------3[A(log D )]^

TTEDd)]2:
p

dN

]

d(log D )

(4.12 )
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and

[AV]

dV

L

[

d(log D )

-----J:--[A(log D

)]^

7r[D

(i)]3[AN]

6[A(log D

dN

TT

--2-------3-

[D

)]^

6

p

(i)][

]

d(log D )
(4.13)

2 -3
where S and V are the surface area and volume concentrations, (urn cm )

3

and (ym cm
Values of

-3

)

of particles with diameters greater than or equal to D

[dN/d(log D )]

and Equations (4.12 and (4.13) were super-

imposed on a single log-log graph for each aerosol sample.
All of the calculated values of [dN/d(log D )]

for all field

periods combined and for each field period separately, were plotted
on log-log scattergrams.

These scattergrams were contoured and examined

for the existence of multi-modal frequency distributions at each

particle size.

The most probable values and the spreads of the

measurements of [dN/d(log D )]

were visually determined for each mode

and recorded in the form [D (i), f(i), o(i)] where f(i) (cm
most probable value of [dN/d(log D )]

_3

is the

and o(i) (dimensionless) is the

spread of the measurements for each D (i).

The value of o(i) was

determined as follows

o(i)

f(i)

max

f(i)~1

f(i) f(i)

mm

where about two-thirds of the measurements lie between f(i)

(4.14)

max

and f(i)

mm

Corresponding values of Equations (4.12) and (4.13) were calculated from
the f(i) and plotted on log-log graphs with the f(i).

Following Whitby et al. (1975)

the volume concentration function

of the measured aerosol was assumed to be bi-modal, with a so-called

"accumulation mode" near 0.5 pm in particle diameter (which Whitby
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attributes to the coagulation sink for particles below 0.05 urn in diameter)

and a "coarse-particle mode" near about 10 pm (which Whitby attributes to

mechanically-produced particles).

The volume concentration function for

each sampling period and each study period was parameterized to give
a best fit to a pair of log-normal distributions of the following form:

V

dV

----a---/27 In o
ga

d(ln D )
P

)2

-(In D
In D
exp [ ----p-----i3- ]
2 In o
ga

(.4.15)

and
dV

^

d(ln D )
P
where [v

-(In D

v

In D

)2

----2--- exp [ -----I------- ]

D

a

o

ga

In o

2 In o

gc

(4.16)

gc
3

ga

] represent the parameterized amplitude (pm cm

-3

)

geometric mean diameter (ym) and geometric standard deviation (dimension-

less) of the volume concentration function of the accumulation mode,
and [v

D

] the corresponding parameters for the coarse particle

o

For each selected sampling period, values of these parameters were

mode.

printed and contoured either along the flight path for the survey study
or on a time-height cross-section for each on-site study.

Finally, values of the cumulative number, surface area, and volume
concentration functions were calculated on the CDC computer for each D.
of each instrument as follows:
log D.

N.
log

/
D,

m

JL

dN

d(log D )

^V

p

s

^^

3=i

(AN)
3

(4.17)
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log D.

;

S.

Lg D,

dS

V1

d(log D

^ Dp)

log D.

log D,
where N.

S.

^V

3

-3

(4.18)

(AN) .[D (j )r

m

IT

^

d(log D )
p

and V. are the number (cm

and volume (pm cm

^^

j=i

dV

; V1-------

V.

TT

p

(AN) .[D (j )]"

(4.19)

6 j=i

-3

)

2 -3
surface area (pm cm )

) concentrations of all particles between D. and

in diameter, im is the number of size intervals in the measurements
+1
m
from a given instrument, and (AN) is defined in Equations (4.7) (4.9)
D.

i

and (4.11).

The EAA was considered to span the accumulation mode and

the OPC I and DIS to span the coarse particle mode sufficiently that cumulative

functions for the entire distribution were derived from these direct

measurements and not from the parameterizations described in Equations

(4.15) and (4.16).

4.4.3

Integral Properties of Aerosol

Measurements of CN, b
sp

and OPC rate, after being transformed to

25s averages, were plotted on a set of graphs on the CDC computer.

The

vertical variations of each measurement were shown on three-dimensional

scattergrams where the horizontal axes were the pressure altitude (with
10 mb resolution) and the aerosol measurement (on a logarithmic scale

with six percent resolution)

and the third axis was the frequency of

occurrence of an aerosol measurement at a given altitude.

The cross-

relationships of aerosol measurements were shown on aerosol-aerosol loglog scattergrams with six percent resolution; the third axis was the

frequency of occurrence of a given pair of aerosol measurements.

The
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horizontal variations of the aerosol measurements, with six percent

resolution on a logarithmic scale, were shown along the aircraft flight
paths.
The x-y plots of on-site aerosol measurements and the tabulations
of survey aerosol measurements were then contoured to locate potential
aerosol sources, calibration periods, and spurious measurements.
measurements were removed from the two sets of scattergrams.

Such

The

scattergrams of the vertical variation of the background aerosol measurements were then contoured at the pressure altitude of each aerosol

sounding.

The most probable values and the spreads of the measurements

were visually determined and recorded in the form

[P, a, o], where P

is the pressure (mb). at which the measurements were taken, a the most

.probable value of the measurements, and o the spread of the measurements

(dimensionless).

The values of o were determined as follows:

o

a

max

a"1

a

a~1
mm

(4.20)

where about two-thirds of the measurements lie between a

mm

If the value of

a_

was not obvious,

a_

and a
max

was chosen to be the visually-

determined geometric mean of the measurements.

The values of a and o

were printed and contoured on a time-height cross-section for each on-

site study and along the aircraft flight path for the survey study.

Aerosol-aerosol scattergrams were contoured in a similar manner.

The

contour which enclosed two-thirds of the pairs of measurements was described

by "linear," "clustered," "unrelated," or some other appropriate term.
The spread of the measurements was described by the half-width of this
contour in terms of the logarithmic axes of the scattergram.
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Finally, the x-y contours of the aerosol measurements at each HIPLEX
site were overlaid on a map of the site to determine whether a given
location was a consistent aerosol source.

If so, measurements of the

nucleation and size distributed properties of the aerosol collected near
that location were designated as non-background measurements.

The horizontal

and vertical scales of the region influenced by the source were visually

determined from the contours, and an estimate of the strength of the source
was made by comparing measurements near the source to measurements under

background conditions.
4.4.4

Nucleation Properties of Aerosol

(a)

Data from the Thermal Gradient Diffusion Cloud Chamber

Continuous measurements of CCN at 0. 5% supersaturation were recorded
on the aircraft strip chart recorder.

No use was made of these continuous

measurements unless a member of the crew was monitoring the performance

of the counter.
1.

Batch measurements of CCN spectra at 0. 2, 0. 5, 1.0 and

5% supersaturation were recorded on log-log graph paper as they were

being made, with date, time, and pressure altitude of the measurements.
These measurements were later transferred to computer cards to calculate

[d(CCN)/d(log S a )], the activity function of the
[d(log CCN)/d(log S a )]

CCN(cm~3)

and

the slope of the CCN spectra (dimensionless) on

a log-log scale, where CCN is the number concentration (cm

-3

condensation nuclei activated at a supersaturation S a (%).

) of cloud

For discrete

supersaturation intervals bounded by supersaturations S.i and S ii -L

S

a

becomes the geometric mean of the supersaturation interval:

S,(i)
d

(S. x S
1

ITJ-

)372

(4.21)
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The CCN activity function and the spectrum slope were calculated by the

following equations for each S a (i)

A(CCN)

d(CCN)

C

(CCN.

]

d(log S a )

1

A(log S a

i

CCN. )

------^----^--(log
log S. )
S..IT_L

(4.22)

i

and

d[log(CCN)]
[

d[log S d. ]

A[:log(CCN)]

---------a-

]^

A[log S d. ] 1

(log CCN.

log CCN.

------i--------^+/-1(log S..J-T-L
log S. )
1
(4.23 )

where CCN. and CCN.

are the number concentrations(cm

_3

densation nuclei activated at supersaturations S. and S.

of cloud conValues of

Equation (4.22) from background CCN measurements were plotted and contoured
on a time-height cross section for each on-site field study and along the

aircraft flight path for the survey study.
Values from Equation (4.22) were plotted on log-log scattergrams for
all background measurements combined and for each field period separately.
These scattergrams were contoured and examined for the existence of

multi-

modal frequency distributions. The most probable values and the spreads of

each mode in the CCN measurements were determined in the same way as described
for aerosol counting measurements in 4.4.2 and by Equation (4.14).

(b)

Data from the Millipore Filters

Millipore filters which had been exposed to sample air during a flight
were carefully removed from the in-line filter holders, returned to

clean, dry plastic boxes, and labeled with the filter number and date of

exposure.

The exposure times for each filter were recorded in the remarks

of the Flight Scientist.
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The exposed filters were processed for IN content by G. Langer

at the National Center for Atmospheric Research (NCAR) using the Membrane

Developing Unit (MDU).

The MDU, first described by Langer (1975), has

now been slightly modified

air at 1 fc min

(private communication).

cools the filter segment

Briefly, cold, dry

(usually one-fourth of

a filter)

to the desired temperature without prematurely activating any nuclei.

Warm, moist air, directed normal to the sample at 30 fc min

for 15s,

activates all available nuclei simultaneously, after which the moist flow
is reduced to 5 A min

for 2 min or more to allow ice crystal embryoes

to grow to visible size.

The filter segment is then placed under a microscope

to count the ice crystals.

The ice crystal counts per segment are normalized

to give IN counts per filter at the given temperature.

If measurements

are desired at an additional temperature, an additional filter segment is

processed at that temperature.

Measurements of IN were received in the form [L, T.
where L is

AT.

n. ]

the filter identifier, T. the processing temperature

(C),

AT. the temperature difference (C) between the moist air and the filter,
and n. the number of IN counts per filter under these conditions.
measurements were transferred to computer cards.

IN (A

These

The spectra of

) active at temperature T (C), the activity function,

d(IN)/dT

a

a"10^1)

and the slopes of the IN spectra, d[log(IN)]/dT

a

(C~1)

were calculated on the CDC computer using the following equations:

IN

(T^)

(n^

n^)(Ft)~1

(4. 24)
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Cd(IN)/dT d ]

(AIN) (AT
1

J.

)71

[IN(T. )

IN(T. )](T.

IT-L

1

1

T.

l+J.

1

)~1
(4.25)

[d(log IN)/dT cL ] J_

A(log IN) 1 (AT d )71
1
Clog

IN(T^)

T^)~1

IN(T^)](T^

log

(4. 26)
where, for discrete temperature intervals bounded by T. and T.
i

becomes 0. 5(T. + T.

), n

IT-L

T

a

is the average number of counts per filter

at temperature T. on all unexposed filters which were tested, F is the

) from the manufacturers calibration,

density corrected flow rate (A min
and t is the exposure time (min).

(4.10)

Sampling errors, as defined by Equation

were calculated for the values of (n.
1

n
01

fractional uncertainty associated with low IN counts.

to estimate the
Values of

Equation (4.25) were plotted and contoured on time-height cross-sections
for each on-site study and along the flight track for the survey study.

(c)

Composition and Deliquescence Data from the Direct Impactor

Following the procedures used by Hindman (1975)

information about

the elemental composition and deliquescent properties of the surface

layer of particles larger than about 5 pm was derived from DIS samples.
About half of these samples included a carbon planchet which had been glued
to the 14 mm. wide microscope slide.

These planchets were carefully removed

from the slides, glued to scanning electron microscope (SEM) stubs with

conducting paint, labeled with the DIS sample number, coated with
palladium (or carbon) in a vacuum jar, and placed in a dust free plastic
box.

One area near the central portion of each planchet was photographed

Sl

at a magnification of 200X.

Five particles were chosen from each photograph

to cover the available range of sizes (^5 ym to ’v’50 pm in diameter) and

appearances (weakly to strongly charging, crystalline to amorphous, encircled
by "haloes" or "halo-free"); with these exceptions, the particles were chosen
at random.

The elemental composition of these particles was determined

using energy dispersive analysis of X-rays (EDAX) with the SEM.

Data

from these measurements consisted, of a histogram of X-ray counts versus

energy per count.

Each element with an atomic number greater than or equal

to 16 (sulfur) possesses a unique EDAX signature; the magnitudes of the
counts in a given histogram can be assumed to be a rough indication of the

relative abundance of identifiable elements in the surface layer (at most
5 ym deep) of each particle.

Data from this analysis were recorded in the

form of a Polaroid photograph of the chosen area on each planchet, with each

analyzed particle circled and labeled; a photograph of one histogram per
one or two planchets; and a written record which included the DIS sample

number, the magnification factor of each photograph, any unusual observations

(such as:

"rough substrate," or "many haloes")

an identifier for each

particle, and its characteristic size (pm) and elemental composition

(the relative order of abundance of each constituent element and whether
or not each element was present above the trace level).

This record was

scanned for the presence of elements which are likely to be part of a
soluble compound, such as sodium (Na).

The DIS samples containing such

elements above trace levels were tentatively considered to have included

deliquescent particles.
Further information about the deliquescent behavior of the large

particles was obtained by exposing the slides to. a controlled 95% relative
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humidity for 10 mins.

Two of the areas on the 14-mm slides which had

been photographed at 50% relative humidity (4.4.1(e) ) were rephotographed
at 35X, and one area on the 7 mm slide was rephotographed at 100X.
All photographs were registered by DIS sample number, photograph number,

location on the microscope stage, and whether or not the sample had
been humidified.

Pairs of photographs of the same area taken at 50 and

95% relative humidity were compared.

Particles which remained the same

size under humidification were assumed not to have deliquesced; particles

which grew were assumed to have deliquesced.

The fraction of particles

which had deliquesced was estimated and recorded for each photograph.
Incidence of deliquescence under humidification for a given DIS sample
was compared to potential for deliquescence, as determined by EDAX

composition analysis, and to the existence of haloes under SEM analysis
of that sample.

4. 5
4.5.1

Supplementary Meteorological Data

Satellite Imagery
Facsimile imagery of visible and infrared photographs by the NOAA-4

polar orbiting satellite and the GOES, SMS-1 and SMS-2 geosynchronous
satellites was collected at standard times through the National Weather
Service (NWS) network.

In addition, high resolution laserfax imagery

of SMS-2 visible measurements over the High Plains was collected for

selected time periods during the July and August field studies.

4. 5. 2

National Weather Service Maps

Surface, 850, 700 and 500 mb synoptic maps, maps of weather

depictions, radar echo regions, maximum/minimum temperature, rainfall and
other standard NWS maps, were collected for the duration of each field

study period.
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Rawinsonde Soundings

4. 5.3

During each field period, computer printouts of NWS rawinsonde
soundings were collected for all reporting High Plains stations near the
area of operation of the B-23 aircraft.

Supplementary soundings made at

each HIPLEX site during the on-site field periods were also collected.
4. 5.4

Federal Aviation Administration Surface Observations

Microfiche records of FAA surface observations were collected for
all reporting stations in the contiguous United States west of about

95W for June, July, and August of 1975.
4. 5. 5

Calculated Airmass Trajectories

A regional-continental scale terrain-following trajectory model,
developed by Hefter (1973)

was applied to upper-air wind data for the

entire North American Continent.

Hefter used this model to calculate and

plot 5-day layer-averaged backward trajectories beginning every six
hours from the desired stations.

The results of this analysis were

received in the form of computer plotted trajectories for the layers
300-1200 m AGL and 1200-2500 m AGL for the stations of Miles City, MT

(MLS), Chadron, NE (CDR), Goodland, KS (GLD), Amarillo, TX (AMA)

and

Big Spring, TX (BGS) (see Fig. 3.1 for the locations of these stations).
Because of computer software problems, the trajectories for the 1200-2500 m
layer were missing from the survey and the Goodland field periods.

These

gaps, as well as limitations which are built into the model itself,
somewhat limited the scope of applications of the trajectory calculations.

Briefly, the trajectory model uses wind reports every six hours to
calculate a representative wind speed and direction for each endpoint of
a trajectory segment.

All reported winds within the desired layer are
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averaged for each station within 300 km of the endpoint.

The contributions

of the calculated winds for each station are weighted such that stations
nearest the endpoint and upwind or downwind from the endpoint receive

the highest weightings.

The location of the new endpoint is found by

a three-hour backward extrapolation of the representative wind for the

previous endpoint.

Three-hour forward and backward persistence of the

reported winds is assumed, and a carefully prescribed hierarchy of

criteria for aborting the trajectory calculation is included in the
model.

This model is most reliable under conditions of low wind

speed, low wind shear, low vertical air velocities, and over relatively
flat terrain.

It is, therefore, least reliable near frontal zones or

mountainous terrain.

4. 5.6

A Comprehensive Meteorological Description

Data from the above sources was used to obtain a comprehensive
description of the meteorological conditions which existed during the
field study periods.

Satellite imagery was used to describe the

synoptic-scale meteorological conditions, including the locations of
frontal zones.

The high-resolution satellite imagery was also used to

describe regional cloud cover at flight time near the HIPLEX site at
which the B-23 was operating.

The locations of surface fronts at OOOOZ

and 1200Z were traced from re-analyzed surface maps and compared for

consistency with the satellite photographs.
Trajectories which ended at 1800Z and 2400Z were traced from the
computer plots and marked with the airmass positions at 24-hour intervals
from the end time.

The tracings were overlaid on a computer-scale map

of the United States and marked with the location of nearby mountain ranges,
When a trajectory apparently approached or traversed a frontal zone, the

55

location of the surface front was also marked on the tracing.

Each

trajectory was then terminated where it approached either a mountain
range or a frontal zone.

When the upper level trajectories were available,

the trajectories for the two layers were compared; trajectory pairs which

traversed the same region were considered to indicate the absence of
directional wind shear and to be the most reliable for further analysis.

Measurements from rawinsonde soundings made at each HIPLEX site
during a field study period were transferred to time-height cross sections
for that site.

Rawinsonde measurements of 0 and RH supplemented airborne

measurements of these variables; a similar plot was made of 0
w
bulb potential temperature (K).

the wet

When on-site soundings were sparse,

they were supplemented by measurements from soundings at NWS stations
These time-height cross sections were then contoured.

nearby.

The

measurements recorded in the FAA surface observations and the rest of
the NWS soundings were available for plotting of time-height cross sections

along the calculated trajectory to investigate the life history of the
air mass.

These sources of meteorological data usually fitted into a consistent

description of airmass motions on a continental scale.

This description

could then be related to the measurements of aerosol properties at each

site or along the survey route.

4. 6
4. 6.1

Scales of Variation of Aerosol Measurements

Aerosol Measurements on the Survey Flight

Measurements of aerosol, including parameters of the volume distribution,
most probable values of b

CN, and OPC rate, values of the CCN and IN

activity functions, and incidence of aerosol deliquescence, were plotted
and contoured on a map of the aircraft flight path from Montana to Texas
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and back.

Successive positions of the surface front were plotted at

12-hour intervals (OOOOZ and 1200Z) on a similar map.

The successive

locations of the front at the surface were assumed to coincide with the
locations of the front at flight altitudes, and the contoured aerosol
measurements were examined for variations with respect to distance from the
These variations were used to describe the synoptic scale variation

front.

of the aerosol measurements.

Values calculated from Equation (4.20)

were used to describe the range of the mesoscale variations of submicron

Calculated air-mass trajectories for the stations along the

aerosol.

flight track were compared to the aerosol measurements near those stations
to investigate the relationship of aerosol variations to airmass origins.
Aerosol Measurements Near

4.6. 2

HIPLEX Sites

Measurements of aerosol, including parameters of the volume distribution,
most probable values of b

CN, and OPC rate, values of the CCN and IN

activity functions, and incidence of aerosol deliquescence, were plotted
and contoured on time-height cross sections for each HIPLEX site field

study.

Measurements of meteorological variables, including 9, 0

RH,

and turbulence, were also plotted and contoured on time-height cross

sections.

The aerosol and meteorological cross sections were compared for

systematic correlation.

Average values of 0, 9 W and the aerosol measurements

were visually determined for the layers 300-1200 m AGL and 1200-2500 m AGL.

These measurements were then plotted on wind trajectory roses, where the

radial coordinate was the value of the measurements and the azimuthal

coordinate was the approximate bearing of the calculated origin of the

airmass in. which the measurements were made.

These wind trajectory roses
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were examined for systematic aerosol or airmass sources.

These correlations

were used to describe the synoptic scale variations of aerosol measurements
near each HIPLEX site; local source measurements, as described in 4.4.3,

and the o. calculated from Equation (4.20) were used to describe the cumulusscale variations.
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CHAPTER 5
RESULTS AND DISCUSSION
Introduction

5.1

The techniques of analysis described in Chapter 4 have been applied
to the data base described in Chapter 3.

In this chapter, the results

of these measurements are presented and discussed.

Summary of Airmass Origins

5.2

Each air mass over the High Plains in which a set of aerosol
measurements was obtained was analyzed synoptically to determine its

origin and to estimate its age [see 4. 5. 6].
are summarized in Table 5.1.

The results of this analysis

The aerosol measurements obtained on each

day were then classified based on the information in this table.

Measurements of Cloud Active Aerosol

5.3
5.3.1

Cloud Condensation Nuclei

We present first an overview of the results of the measurements
of the concentrations of cloud condensation nuclei (CCN).

This is

followed by more detailed descriptions of the results obtained on the

survey flight and at the three HIPLEX sites.
(a)

Overview of Results

For each field study period described in Chapter 3, all of the cloud
condensation nucleus spectra [see 4.4.4(a)] were plotted on
graph paper and divided into obvious groupings.
in sections (b)-(e) of Table 5.2.

log-log

The results are shown
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TABLE 5.1
DESCRIPTION OF A1RMASS ORIGINS
DURING 1975 AIRBORNE FIELD STUDIES

Date

Site*

(1975)
19 Jun
20 Jun

MLS

MLS
CDR
GLD

21 Jun

GCK

AMA
BGS

23 Jun

21’ Jun

BGS
AMA
GLD
GLD
CDR
MLS

25 Jun

MLS

20 Jul
21 Jul
22 Jut

MLS

23

Jul

2’, Jul
25 Jul
26 Jul

MLS
MLS
MLS
MLS
MLS
MLS

Aug
Aug
Aug
Aug
7 Aug
8 Aug

BGS
BGS
BGS
BGS

24 Aug

MLS
CDR

3
4
5
6

25
26
27
28
29
30

Aug
Aug
Aug
Aug
Aug
Aug

BGS
BGS

GLD
GLD
GLD

GLD
GLD
GLD

GLD

LocatIon of
Airmass Origin

Direction

of Origin

Front
Rocky Mountains
Rocky Mountains
Rocky Mountains
Gulf of Mexico
Gulf of Mexico
Gulf of Mexico
Gulf of Mexico
Gulf of Mexico
Gulf of Mexico
Gulf of Mexico
Gulf of Mexico

Airmass

Age^

Remarks

(In days)

S-SW

Post-frontal

SW

Po t-frontal
Po t-fronta1

SW

SSE

Pr -frontal, squal1 1ine at GLD

SSE

2

SSE
SSE
SSE
SSE
SSE
SE

2

Western High Plains

S

>1|

Rocky Mountains
Western High Plains

S-SW

>1

Pr -frontal, stratus cover
Pr -frontal, stratus
Pr -frontal
Pre-frontal
Pre-frontal, dissipating front near AMA
Pre-frontal, traversed TRW region
Pre-frontal, traversed TRW region
Post-frontal possible TRW influence
Post-frontal, possible TRW influence

S

>)

Pre-frontal

SW-NW

>1
Unknown
>1 1/2

>’!
>’l-5
>5

Post-frontal
front
Measurements taken
Post-frontal
Post-frontal, other fronts nearby
Post-frontal, other fronts nearby
Pre-frontal

>1

Pre-frontal

Rocky Mountains
Rocky Mountains

W

Western Montana

W-NW
N-NW

Canadian plains
Canadian plains

N-NW
Transition
W

Montana plains

Western Montana

NE

High Plains
High Plains
High Plains
Mississippi Valley
Gulf states
Southern Texas

Rocky Mountains
Rocky Mountains
Rocky Mountains
Western High Plains
Southern High Plains
Gulf of Mexico
Gulf of Mexico
Rocky Mountains
Western High Plains

Unknown
Unknown
i2
>2

>3

^2

Post-frontal

NE

>3

NNE
NE
Transition
SE

’^1!

3-’l
2-3

Post-frontal
Post-frontal
Post-frontal
Post-frontal

<2

Post-frontal

W
NW

<1

Transition, high winds, light precipitation
Dry front, hinh winds, dust storm
Pre-frontal
Post-frontal, traverse of dust storm region
Post-frontal, front remains nearby
Pre-frontal, possible traverse of TRW region
Pre-frontal, measurements taken near front
Undefined, possible traverse of TRW region
Undefined, possible traverse of TRW region

SW

<1
<1

N-NW
S
S
S-SE

i\

W
SW

>1
Not defined

>1

>3
>3

The following key describes the site

symbols:
Garden City, KS

MLS

Mlles City. MT

GCK

CDR

Chadron, NE

BGS

Big Spring, TX

GLO

Good and, KS

AMA

Amarlllo, TX

1’ Airmass age describes the approximate length of time since the air
front, near widespread deep convection, or near
either
given
extended range of mountains. Upptr or lower Lounds to the age
appropriate.

TABLE 5.2
SUMMARY OF AIRBORNE MEASUREMENTS OF CLOUD

CONDENSATION’NUCLEI

OVER THE WESTERN UNITED STATES WITHIN THE MIXING LAYER (1-3 KM MSL)
FlelId Study Category

Nucl eus Conce ntratic>ns^
at Supersa turatlons of

Sample Description

Cl<)ud Con densatl<
0.;!

CCN

(a)

Sj-n-ary of High Plains data

05

Survey flight*

12

151

20

(21,23 Jun)

142

Post-frontal, Western High Plains origins

(24 Jun)
(21 Jun)
(20 Jun)

127

(22-25 Jul)
(20,21,26 Jul)
(24 Aug)

563

(3-6 Aug)
(7,8 Aug)
(3 Aug)

789
574

(26-28 Aug)
(25,29,30 Aug)

400
190

Above stratus deck. Liberal, KS

Post-frontal, Rocky Mountain origins
(c)

Miles City field study

Post-frontal, Canadian plains origins
Frontal activity nearby
High winds, light rain, low clouds

(J)

Big Spring field study

Post-frontal, origins from northeast
Post-frontal, origins from southeast
Under cumulonimbus anvil

(e)

Goodland field study

Gulf of Mexico origins

Post-frontal, Western High Plains origins
Plume of wind-blown dust

Other measurements

Rocky Mountains, Nebraska-Wyoming

clouds.

32
44

15

>3025

13

>4420

id

11

1365

14

2614

12

97

47

355

24

793

20

228
164

40

2223

’9

1360
400
449

49
36

3334

26

2312

20

150
59

273

32

1369
190
109

19
33
42

3078

56

822
250

1000

47

798

25
126

4591
1419

79

730

10

8
50
120

32
15
14

1986
1363
870

47

>5000

24

39

2704
2739

47

1505
481

40
81

3642
’373

28

45000

89

2491

S3

274

14

894

17

1407

42

43

3300
1480

57

2691

39

(Z4 Aug)

Within mixing layer, Ephrata, WA

Lowering frontal

tW

>5000
20

4172

10

13

dry cold

front (Nebraska)

(*)

CCN

1461
240

58’.

Pre-frontal, Gulf of Mexico origins

tW

+/-W

Transitional air masses

5

CCN

CCN

Cloud-processed air masses

.::))

0

+/-W

Aged air masses

(cm -3)

Walla Walla, WA

Rocky Mountains, Montana-Idaho
Above mixing layer, Ephrata, WA

Above stratus deck, Wenatchee, WA

(26
(30
(30
(26
(21
(24

Jul)
Aug)
Aug)
Jul)
Jul)
Aug)

280
210

2000

37

603

120

520

10

89

3900

1100

17

65
40

Cloud condensation nucleus concentrations are described In terms of the geometric mean of each set of CCN
measurements and the percentage variation of the measurements as derived from the geometric standard deviation.
The CCN measurements in each field study category are listed in generally decreasing order of concentrations.

300

250
75

62

1500

77

497
300
100

79

g
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The results indicate that the main factor affecting the variation

in the number concentration of CCN between 0. 2 and 1. 5% supersaturation

within the mixing layer during each field study period was the nature
of the air masses and their recent life histories of involvement in

organized convective systems such as squall lines and fronts.

Variations

of CCN with time of day, altitude, or geographic area appear less important,
The combined results of the CCN measurements

from the survey

flights and those obtained at the three HIPLEX sites
in section (a) of Table 5.2

graphically in Figure 5.1.

are summarized

and shown

Measurements of CCN within the mixing layer

over the High Plains are classified

according to the age

mass in which the measurements were collected.

of the air

Measurements of CCN

collected in air masses older than about two days were characterized
both by the highest concentrations and the lowest geometric standard

deviations of all the measurements.

2

Measurements of CCN at 0.2 and 0. 5%

supersaturation collected in transitional air masses (with uncertain
life histories) were about a factor of four lower than those in aged
air masses; corresponding measurements at 1.0 and 1. 5% supersaturation
were about a factor of two lower than those in aged air masses.

CCN

Airmass age describes the length of time since the air mass was either
near a front, near widespread deep convection, or near an extended range
of mountains. The techniques of analysis by which airmass age was
determined are described in 4. 5. 6.

2

Several of the measurements of CCN at 1. 0 and 1. 5% supersaturation
in these air masses were off-scale (i.e. higher than 5000 cm ). These
measurements were not included in the calculation of the geometric
means or geometric standard deviations.

62

5000

10
0.1

1.0
Supersoturation (%)

Vari ations of cloud condensation nucleus spectra wi th ai r mass
3 km MSL) over the High Plains
type wi thin the mixing layer (1
0--0 Aged, 0--- --0 Transi tional A----A Cloud-

processed (mari time)
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collected in air masses which had a high probability of recent involvement
in various cloud processes were characterized by the lowest concentrations

(about an order of magnitude lower at all supersaturations than those
in aged air masses) and by the highest geometric standard deviations of
ail the measurements.

Each CCN spectrum shown in Figure 5.1 was fitted by a least-squares

straight line to an equation of the form:

n

Ny

(s/s^

where n is the number concentration (cm

S(%), N
S

(cm

_3

(5.1)
-3

) of CCN at supersaturation

) and k (dimensionless) are empirical constants, and

is arbitrarily set at 1.0% supersaturation.

The CCN measurements in

aged air masses were described by the following equation:

n

3000

(S/S^)1-0

(5. 2a)

the measurements in transitional air masses by the equation:

n

1200

(S/Sp)1’5

(5.2b)

and the measurements in cloud-processed air masses by the equation:

n

360

(S/S^)1’9

Several of the measurements in aged air masses were off-scale

than 5000 cm

_3

(5.2c)

(greater

); the measurements in transitional air masses did not

fit very well an expression of the form of Equation (5.1); and the
measurements at

0.2% supersaturation in cloud-processed air masses were
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usually so low (<10 cm

_3

) that meaningful measurements could not be

taken.

Selected CCN spectra obtained during the ferry flights from the State

of Washington to the High Plains during the summer of 1975 [see section (f),
Table 5.2] were parameterized in a similar manner.

Measurements of CCN

oh 26 July at 2.1 km (MSL) over ’the plains of eastern Washington

State,

near Ephrata, were described by:

n

3000

(S/S^)1’3

(5.3a)

and measurements on 26 July at 2.6 km (MSL) over the Rocky Mountains
from central Montana to western Idaho were described by;

n

270

(S/Sp)

2’ 0

(5.3b)

The measurements of CCN in aged air masses over the High Plains were

quite similar to the measurements over eastern Washington, except that
CCN at 0. 2 and 1. 5% supersaturation were more numerous over the High
Plains.

This is not surprising .in view of the similarities between

the two regions; both are arid regions in the lee of an extensive mountain

range.

The measurements of CCN in cloud-processed air masses were quite

similar to the measurements over the Rocky Mountains, except that CCN
at 1. 5% were more numerous over the High Plains.

The life history of

the air mass over the Rocky Mountains is unknown; but it had probably

included modification by orographic lifting or by interaction with a nearby

front.
The measurements described above confirm and extend the results of
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previous workers, namely, generally high concentrations of CCN over

continental areas, except during rainy weather when the concentrations
can approach those encountered in maritime air

[e.g. Twomey (1959)

Squires (1966), and Twomey (1969)].

(b)

Measurements from the Survey Flight
Measurements of CCN were obtained during the roundtrip survey

flights between Miles City, MT, and Big Spring, TX, between 19-25 June,
1975 .[see 3.3.1].

These measurements clearly demonstrated the existence

of significant synoptic-scale effects on the concentrations of CCN

within the mixing layer over the High Plains.

Figure 5. 2 shows the

measurements of CCN collected on the southbound leg of the survey flights
on 20-21 June and the relationship of these measurements to the synopticscale motions of air masses near a stationary cold front.

Trajectory

analyses for these two days showed that the pre-frontal air mass

originated over the Gulf of Mexico and the post-frontal air mass originated
over the Western High Plains or Rocky Mountains.

So far, the life

history of involvement of the pre-frontal air mass in convective
systems has not been considered.

The cold front was, in fact, associated

with several intense pre-frontal thunderstorms and squall lines; the

influence of these systems on the aerosol content of the air mass is
unknown.

However, the concentrations of CCN in this pre-frontal air

mass were three to five times higher at all supersaturations than those

in the post-frontal air mass which had recently traversed a widespread

region of heavy precipitation over the Rocky Mountains.
Within each air mass the measurements of CCN were generally uniform,
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SCALE-H 10,000,000
Variations of cloud condensation nucleus spectra with air mass
type within the mixing layer (1 .0
2.3 km MSL) on southbound
leg of the survey fl ight over the High Plains. Shaded area
shows envelope of positions of stationary cold front on those
days, arrows show general di rections of ai r mass motions relative to the front, and symbols show location and date of each
21 June, X- 21 June above thick
measurement: A 20 June,
stratus deck.

(a)

CCN at 0.2 and 0.5% supersaturation shown by upper and
lower numbers near each symbol
Hissing measurements are
shown by a dash
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SCALE-It 10,000.000
Figure 5.2 (continued)

(b)

As for Fig. 5.2(a) except CCN at
supersaturation

(lower).

.0% (upper) and

.5%
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showing no systematic variation with altitude or time of day.

The post-

frontal measurements on 20 June changed gradually but systematically
as the flight path approached the front; the concentrations of CCN at
0. 5 and 1. 0% supersaturation increased

slightly as the front was approached

but the concentrations of CCN at 1. 5% supersaturation decreased slightly.

However, the concentrations of CCN at 1. 5% supersaturation approached
typical pre-frontal concentrations about 150 km further from the front
than the CCN at lower supersaturations.

The measurements of CCN in

the pre-frontal air mass, including a set of low measurements above a
thick deck of stratus clouds, were somewhat more variable and did not
show any systematic synoptic-scale variations.

Measurements of CCN

on the northbound leg were also generally uniform; a
over the central High Plains prior to these

dissipating front

flight legs had generated

some scattered thunderstorms but produced no sharp changes in air mass

source regions.

The measurements of CCN during the survey flights were

generally characterized by the S-shaped curves shown in Figure 5.3.

(c)

Measurements at the Three HIPLEX Sites
Concentrations of CCN were measured during three field periods of

one week each at Miles City, MT (20-26 July), Big Spring, TX (3-9 August),

and Goodland, KS (24-30 August) [see 3.3.2].

Most of the measurements

were taken between 1-3 km (MSL) within the mixing layer.

The vertical

distributions of the CCN measurements at the three sites are shown in

Figures 5.4-5. 6.
The concentrations of CCN at Miles City [Figure 5.4] were usually

quite uniform with altitude above ground level.

The concentrations
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increased slightly with altitude’up to the top of the mixing layer on

very stable days and remained uniform or decreased with altitude on
unstable days.

Airborne measurements of CCN were not well correlated

with pre-flight ground measurements; airborne measurements of CCN at
different supersaturations apparently varied independently of each other

with altitude.

These results suggest that the CCN were generated within

the mixing layer, rather than being injected directly into the atmosphere

from the ground near the field site.
The measurements of CCN at Big Spring and Goodland [Figures 5. 5-5.6]
were slightly higher and much less uniform with altitude than those at

Miles City.

Prelininary analysis of continuous measurements of sub-

micron aerosol [see 4.4.3] suggests that this wider range of variation

may be due to mesoscale effects on aerosol concentrations associated
with local and regional aerosol sources near these two sites.

These

mesoscale effects were large enough to mask any systematic variations of

CCN with altitude.

However, these variations were less important than

changes of CCN with changes in air mass

the measurements of CCN in

fair weather at all three sites were otherwise almost indistinguishable.
The variations of the measurements of CCN with meteorological
conditions at the three sites are shown in Figures 5.7-5.9.

The highest

concentrations of CCN during the entire 1975 field study were measured at

Big Spring during an anticyclonic flow from the northern High Plains
across the Mississippi valley to Big Spring.

Generally insignificant

differences were noted in the concentrations of CCN at Miles City in
post-frontal air masses which had originated over the Canadian Plains,
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at Big Spring in post-frontal air masses from the southern Gulf States,

and at Goodland in pre-frontal air masses from the Gulf of Mexico and
southern High Plains.

Such uniformity in CCN concentrations over three

geographically and climatologically distinct regions reinforces our
earlier suggestion that direct injection of active CCN from the ground
near the field sites does not significantly affect CCN concentrations

between 0. 2 and 1.5% supersaturation within the mixing layer over the High
Plains.

Measurements of CCN in air masses which probably had been modified

by various cloud processes were characterized by a much wider range of
concentrations.
where

An example of partial modification is shown in Figure 5.8

fair-weather measurements of CCN

near Big Spring in post-frontal

air masses, about two days transit from a front over the southern Gulf

States, are compared to measurements in an air mass of similar age at
2.6 km MSL under the anvil of a small dissipating cumulonimbus cloud near

Lubbock, TX.

Airborne measurements during a pass beneath the anvil

indicated a constant value of potential temperature, a gradual reduction
of wet-bulb potential temperature, and a sudden factor of two reduction
of sub-micron aerosol.

Figure 5.8 shows a definite factor of two reduction

of CCN at 0.2% supersaturation, a much less clear-cut reduction of CCN
at 0.

5%, and no apparent difference in CCN at 1.0%.

These measurements

suggest partial removal of CCN active below 0. 5% supersaturation in air
parcels which had been modified by various cloud processes within the

cumulonimbus cloud.

Figure 5.7 shows an example of much more extensive modification of
aerosol content by various cloud processes.

The measurements were taken
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between Lewis-town, MT, and Rapid City, 3D, on 24 August 1975 at 1. 5-2.1 km

MSL in light. precipitation under lowering frontal clouds.

These

measurements, collected in an air. mass which had probably originated over
the Rocky Mountains, were of about the same order of magnitude as those
collected in a similar air mass over the same area during the survey

flights on 20 June [see Figures 5. 2 and 5.3].
section (f)

Reference to Table 5. 2,

demonstrates that measurements of CCN over the Rocky Mountains

were not always characterized by similarly low concentrations of CCN;
we therefore attribute these low measurements over the High Plains to

extensive removal of CCN by various cloud processes.
The remaining measurements of CCN at the individual field sites fell

into a transitional classification in which the life histories of the
air masses were somewhat indefinite:

the ages of these air masses,

the probability or extent of their involvement in convective systems,
and the scale and intensity of any such convective systems, have not been

explored in detail.

These measurements, as well as most of the measurements

during the survey flights, were characterized by S-shaped CCN spectra
with varying degrees of curvature between 0. 5 and 0.1% supersaturation.

Twomey (1969) attributes the shape of such spectra to selective removal
of CCN from the air mass by activation as cloud droplets and subsequent
removal by precipitation.

5.3.2

Ice Nuclei

Again, we first give an overview of the results before describing
in detail the measurements obtained on the survey flight and at the three

HIPLEX sites.

79

(a)

Overview of Results

For each field study period described in Chapter 3, all of the
measurements of ice nuclei (IN) as a function of temperature [see 4.4.4(b)]

were plotted on separate log-linear graph paper and divided into obvious

groupings.

The results are summarized in sections (b)-(e) of Table 5.3.

These measurements suggest that the main factor affecting the variations

in the number concentrations of IN between -12 and -20C within the mixing

layer over the High Plains was the proximity of potential local or
mesoscale sources or sinks of IN (e.g. dust storms or squall lines).

Variations of IN with geographical location or altitude appear less

important.

Measurements of IN obtained in the absence of clearly

identifiable sources and sinks of aerosol are referred to as background
measurements.

The IN measurements summarized in sections (b)-(e) of Table 5.3
are shown in Figure 5.10.

Background measurements of IN obtained during

.each of the one-week field study periods are compared to measurements taken
near potential sources or sinks of IN.

Concentrations of IN between -12

and -20C near potential sources were about a factor of three higher than
the background concentrations, while the concentrations of IN obtained
on a pass through a line of intense thunderstorms were about an order

of magnitude lower than background concentrations.

Occasional measurements

apparently obtained in background conditions for which the concentrations

of IN at one or more temperatures were below the detection limit were not
included in the measurements shown in Table 5.3 and Figure 5.10.

We

believe that these low measurements were the result of handling and/or

processing errors, particularly when the measured concentration of IN

TABLE 5.3
SUMMARY OF AIRBORNE MEASUREMENTS OF ICE NUCLEI
OVER THE WESTERN UNITEO STATES WITHIN THE MIXING LAYER (1-3 KM MSL)
Fie Id Study Category

Sample Description

Ice Nucleus Con.centrati ons1’

-12-C

lN(t"’)
(a)

Summary of High Plains data

-16’1
1()

Survey flights

0.014

53

0.031

33

0.239

26

20

0.105

50

0.670
0.015

10

140

0.1)0

210

0.002

Traverse of squall line

(20-25 Jun)
(21 Jun)
(20 Jun)

Background

(20-26 Jul)

measurefnents

0.038
0.002

High winds, light rain, low clouds

(24 Aug)

0.015
0.008

0.033

60

0.141

0.076

30

0.263

90
8

0.025

110

0.098

290

0.282

30

0.059
0.084

0.029
0.097
0.225

60

0.081
0.026

0.065
0.089

Background measurements

(3-8 Aug)

0.013

110

(e)

Goodland field study

Background measurements

(25-30 Aug)
(2’i Aug)
(25 Aug)

0.014

90

(Nebraska)

Probably remnants of dust plume

Other* measurements

Eastern Washington dust devils
Industrial plumes. Billings, MT
Rocky Mountains, Montana-Idaho.
Rocky Mountains, Nebraska-Wyoming

(26
(26
(26
(30

Jul)

Jul)
Jul)
Aug)

0.015

150
140

Big Spring field study

Plume of wind-blown dust

0.699

0.173

(d)

(f)

+/-W

0.070

Background measurements

Miles City field study

1N(1"’)

Near Sources

Above stratus deck

(c)

tW

Background measurements

Near Sinks

(b)

IN(t"’)

-20" C

0.020

<0.004

120

0.020

<0.004

Ice nucleus concentrations are described in terms of the geometric mean of each set of IN measurements and
the percentage variation of the measurements
derived from the geometric standard deviation. Measurements
below the detection limit were not used in calculating the geometric means.

0.595
0.717

0.760
0.732
160

0.210

0.060

30
53
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decreased with a decrease in the processing temperature.
All of the measurements of IN over the High Plains during the 1975

field study are summarized in section (a) of Table 5.3.

Each summarized

set of measurements was fitted by a least-squares straight line to an

equation of the form:

n

where

n is the

of ATC, and N

NQ

exp(gAT)

number concentration (A

(&

-1

(5.4)
) of IN active at a supercooling

) and g are empirical constants.

^

The IN measurements

near potential aerosol sources were described by:

n

1.7 x

10~4

exp(0.40 AT)

(5. 5a)

the measurements in background conditions by:

n

1.6 x

10~4

exp(0.35 AT)

(5. 5b)

and the measurements near a potential aerosol sink (a squall line) by:

n

6.3 x

10~7

exp(0.51 AT)

(5.5c)

These results give typical concentrations of IN at -20C of 0.5 A
near potential sources, 0.2 A
near the squall line.

in background conditions, and 0.02

SL~

Only in measurements near aerosol sources did the

IN concentrations approach 1 A

at -20C, which is the generally

q

AT

Supercooling is a positive number.
+10C.

Thus, at a temperature of -10C,
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assumed optimum concentration of IN for the development of precipitation

by the ice process.

(b)

Measurements during the Survey Flight

Measurements of IN were obtained during the round-trip survey flights
between Miles City, MT and Big Spring, TX, 19-25 June, 1975 [see 3.3.1].

Because several of the sample filters exposed during the survey flight
were spoiled during processing, all of the measurements at -12C and

about one-third of the measurements at -16C were unavailable.

However,

the remaining measurements clearly demonstrated the existence of significant
mesoscale effects on the concentrations of IN within the mixing layer
over the High Plains.

Figure 5.11 shows the measurements of IN collected on the southbound
leg of the survey flights on 20-21 June and the variations of these
measurements near a stationary cold front.

Trajectory analyses for these

two days showed that the pre-frontal air mass originated over the Gulf

of Mexico and the post-frontal air mass originated over the western

High Plains or Rocky Mountains.

Measurements of IN over central Texas

in the pre-frontal air mass, and in southeastern Montana in the postfrontal air mass, approached typical background values.
over northern

Measurements

Texas, near Amarillo, approached typical source-affected

values on both the southbound and the northbound legs of the survey

flight.

Measurements of cloud condensation nuclei over northern Texas

were also somewhat higher than background CCN measurements

[see figure 5.2].

These results suggest that northern Texas was a meso-scale source of
aerosol.

The lowest IN concentrations on this southbound leg were obtained
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SCALE-1! 10.000,000
Variation of Ice nucleus concentrations near a stationary colrf
front within the mixing layer (1 .0
2.3 km MSL) on the southbound leg of the survey flight over the High Plains. Shaded
area shows envelope of positions of front on those days, arrows
show general directions of alrmass motions relative to the
front, and brackets (l-----I) show flight path during each
measurement. Ice nucleus concentrations at -16 and -20C are
shown by upper and lower numbers, respectively, near each
bracket. Missing measurements are shown by a dash
I--A--l 20 June, I----1 21 June, l---K---1 21 June above
thick stratus deck.
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during a traverse of a rapidly moving squall line over northwestern
Kansas ahead of the cold front.

Concentrations of IN approached typical

background values in the post-frontal air mass further from the front.
Hobbs and Locatelli (1970) attribute such results to the inclusion of

IN in cloud particles and their subsequent removal by precipitation.

Figure 5.12 shows the measurements of IN collected on the northbound
leg of the survey flights on 23-25 June and the variation of these
measurements near a dissipating stationary cold front.

Most of the

measurements at -16C were missing, but the remaining measurements

gave results qualitatively similar to those obtained on the southbound
leg.

So far we have hot considered in detail the recent life histories of

the air masses on these days.

However, preliminary analysis suggests

that the low IN concentrations were associated with scattered regions
of active or recently dissipated thunderstorms.

The other measurements,

with the exception of those over northern Texas, approached typical

background values.

(c)

Measurements at the Three HIPLEX Sites
Concentrations of IN were measured during three field periods of

one week each at Miles City, MT (20-26 July), Big Spring, TX (3-9

and Goodland, KS (24-30 August) [see 3.3.2].

ground level were obtained only at Miles City.

August)

Measurements of IN at
Ground-based measurements

obtained from the NCAR continuous acoustical counter [see Langer et al.

(1967)] were about an order of magnitude higher at -20C than airborne
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Figure 5.12

Same as Figure 5.1 except for dissipating cold front on northbound leg of the survey fl ight. Positions of fronts, squal
lines and troughs are marked every twelve hours.
I--A---) 23 June; l----I 2^-25 June; -v-- ,--"--

0600 COT, 23 June;----0600 CDT, 2k June;

1800 CDT, 23 June;

^v.l800 CDT, 24

June.
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measurements of IN by the Millipore filter technique.

suggest that IN are

injected into

4

These results

the mixing layer by turbulent

vertical dispersion of active IN injected directly into the atmosphere
from the ground.

Figure 5.13 shows airborne measurements of the vertical

variation of IN near Goodland, KS, on 28 August, 1975, a day when there
was deep convection over Kansas State in a low-level flow of moist

Gulf air.

Variations in the near-cloud environments in which the

measurements were obtained, as well as normal statistical variations,

mask the effect of vertical variations in the concentration of IN;

nevertheless, the IN concentrations are quite uniform with altitude.
Vertical profiles such as this one were usually unavailable during a

typical 60-90 min aerosol flight [see 3. 3.2(b)] because statistically
significant samples of IN each required at least 30 min exposure time.

Measurements of IN at the three field sites are compared in Figure
5.14.

Measurements at -20C were consistently higher by a factor of two

at Goodland than at the other two sites; otherwise, the most probable
values and the spreads of the background IN measurements at. the three

sites were quite similar.

Measurements of aerosol size distributions

presented in 5.4.2 show that these high IN concentrations were associated
with unusually high concentrations of 5 ym soil particles suspended

by dust storms and dust devils over the central High Plains

4

A comparison of simultaneous ground measurements of IN at -20C
obtained from the NCAR counter and from Millipore filters (private
communication: J. McPartland, 1976) showed that over 80% of forty-three
measurements agreed to within a factor of two.
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Variation of ice nucleus concentrations with altitude above
ground level (0.76 km MSL) below cumulonimbus clouds near
Goodland, Kansas on 28 August, 1975. (0
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Figure 5. 14

Variation of ice nucleus concentrations with proximity
to aerosol sinks and sources within the mixing layer
1-3 km MSL) over the High Plains of the United States
during the summer of 1975. Measurements obtained under
background conditions are shown by open symbols o
measurements obtained near sources or sinks
D A 0
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,(R)-- Survey fl ights, 19-25 June; D---,
0--,
D--- Mi les City, Montana, 20-26 July. A-- Big Spring,
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Texas, 3-8 August; 0---.^-- Good1and, Kansas, 24-30
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between. 24-28 August.

Figure 5.15 shows the relationship between IN

measurements and tha approximate position of origin of

plume of

a

wind-blown dust near a dry cold front over western Nebraska on the ferry

flight from Seattle, WA, to McCook, NE, on 24 August, 1975.

Measurements

of IN at -20C at 0.6 km AGL in the dust plume were about a factor of
two higher than measurements out of the plume.

Trajectory analysis

showed that the air mass which traversed the region affected by the dust
plume was advected over the Goodland test site on the following day.

Figure 5.14 shows that the concentrations of IN near Goodland on that day
were up to a factor of two greater than those in the fringes of the dust

plume and up to an order of magnitude higher than the background

concentrations of IN.

These results show that dust storms are significant

sources of IN active at -20C.

5.3. 3

Large Deliquescent Particles

Large particles collected on microscope slides attached to the
Direct Impactor Surface (DIS) wand were examined for the occurrence of

deliquescence at 95% relative humidity [see 4.4.4(c)].
concentration of large deliquescent particles

n. (^

)

The number
on each slide

was calculated using the following expression:

n.
where N. (cm

_g

(5.6)

1000 a. N.

) is the cumulative number concentration of all particles

with a dry diameter larger than D. (um) and a. is the visually estimated
fraction of deliquescent particles in the i

size category (i

1, 2)

In this study, the D. were chosen to be 5 and 20 pm, as measured by the
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SCALE-li 10,000,000
Figure 5.15

Variation of tee nucleus concentrations near a dust storm
over the High Plains. Measurements were obtained between
1.2 and 2.1 km MSL from 1300-1900 COT on 2h August, 1975
during a ferry flight from Seattle, Washington, to McCook,
Nebraska. Successive positions of dry cold front are
shown for 0700 CDT (---y-) and 1900 CDT (-^-^-)
genera) directions of airmass motions near the front for
the 24 hour period beginning at 1300 CDT on 2k August are
shown by shaded arrow; and approximate location of ground
origin of dust plume at 1720 CDT is shown by the symbol
() Brackets (l----l) show the location of each
measurement. Ice nucleus concentrations at -12, -16, and
-20*C are shown by upper, middle, and lower numbers.
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DIS [see 4.4.1(c)].

The number of samples in which deliquescence

was detected in at least one of these size categories, and the geometric
means and geometric standard deviations (expressed as a

of

n. tor these samples,

percentage)

were determined for each field study period

and for the entire 1975 field study.
The presence of common elements such as sulfur (S)
and potassium

(K), which

sodium (Na)

are typically "found in deliquescent compounds,

was determined using Energy Dispersive Analysis of

X-rays (EDAX) of

particles collected on carbon planchets which were coated with vaseline
and attached to the microscope slides [see 4.4.4(c)3.

If at least one

particle per sample (out of five particles analyzed) contained an element
in concentrations above trace levels, that sample was labeled as containing

the given element.

The occurrence of any haloes (see below) in each

Scanning Electron Microscope (SEM) sample was determined and recorded
in a similar manner.

The number of samples in which haloes or elemental

sulfur, sodium, or potassium were detected in the manner described above
was determined for each field study individually and for the entire 1975

field study.

The results of the deliquescence tests and the SEM analyses

are summarized in Table 5.4.

A total of sixty-eight samples of large particles were tested for
deliquescence and also analyzed under the SEM.

Figure 5.16 shows

an SEM photograph and the EDAX elemental analysis for a typical large

particle.

This was a 10-pm diameter soil particle collected in clear

weather at 1.05 km AGL, 50 km southeast of Big Spring, TX, in an air
mass which had recently originated over the southern Gulf States.

TABLE

5.H

SUMMARY OF AIRBORNE MEASUREMENTS OF LARGE DELIQUESCENT

PARTICLES+

OVER THE WESTERN UNITED STATES WITHIN THE MIXING LAYER (1-3 km MSL)
FIel d Study Category

Occurrence of Del iquescence"

P’resen ce of Elemesntst
(Num ber of Caseis)

Concentr<ation"’

(i~ ’)
Numb er of

(a)

(b)

(c)

(d)

(e)

Summary of High Plains data

Survey field study

rYes

39

L No

29

r Yes

7

t No

7

rYes

8

L No

12

Cases

>5pm

.3

>20pm

+/-

28%

0.02

+/-

150%

0.035

0.35

+/-

700%

84%

+/-

+/-

0.010

+/-

0.0)0

+/-

0.0’i2

+/-

190%

160%

Mi les City field study

Big Spring field study

Good land field study

r
L

3

No

7

r Yes

19

I No

.2

O.A1

30%

+/-

+/-

250%

550%

350%

{ Yes

No
Yes
No
Yes
No
Yes
\ No
Yes
No
Yes
No
Yes
No
Yes
\ No
Yes
No
Yes
No

{

{
{
{

{

S

Na

K

13
26
18

9
30
8

23
16
18

21

6

4
3

6

2

5
5

5

2

2

4
4
5

2

4
4
6
6

6
3
9

0

0

0

3
.4
3
3
16

3

3
6

6
3
16

16
3

0

0

0

Large is used to mean larger than 5um in diameter.
* Deliquescence was determined by appearance under a microscope at control led 95% relative humidity (S^.^.^c)
** Concentration was determined by the cumulative number concentration of particles as measured by the Direct
Impactor Surface (DIS) (S’t.’t. lc) and the estimated percentage of particles which del iquesced. Particles are
classified by dry size.

t Presence of an element was determined by scanning electron microscope (SEM) analysis of a DIS sample. Samples
which contained at least one particle (out of five) wi th concentration of that element above trace levels were
labeled as containing the given element.
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Scanning Electron Microscope analysis of a soi parti cle
sampled in clear weather at .05 km AGL, 50 km southeast
(a) Photomi crograph of parti cle,
of Big Spring, Texas
(b) Elemental compos tion of particle n (a) as revealed
by Energy Di spersive Analysi s of X-rays (EDAX)
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Notice the layered, plate-like structures which give a rough surface to
the particle.

The EDAX analysis for this particle shows prominent

silicon, aluminum, and calcium peaks, with less prominent peaks for
potassium, iron, and the palladium coating on the planchet.

Sulfur and

titanium occur in concentrations just above trace levels.
Similar soil particles to that shown in Figure 5.16 (viz, diameters
from 5 to 50 pm, varying degrees of surface roughness, and containing

various combinations and concentrations of other mineral elements in a

silicon-aluminum substrate) were typical of over 60% of all particles
tested from the High Plains during the entire field study.

The remainder

of the particles were typically non-siliceous soil particles, pollen

grains, amorphous organic particles with traces of mineral elements, and
a few crystalline salts.

About 10% of the samples contained one or

more particles similar in appearance to the particle shown in Figure

5.17(a), which was collected in clear weather at 1.05 km AGL, 30 km
northwest of Rapid City, NE, in an air mass which had recently originated
over the Rocky Mountains.

particle.

Notice the "spongy" appearance of the

The EDAX analysis for this particle, shown in Figure

5.17(b),

shows a prominent peak for calcium with less prominent peaks for silicon,

aluminum, and the palladium coating on the planchet.

Similar

"spongy"

particles were usually of comparable size, about 50-75 urn in diameter,
but with compositions from siliceous to organic.

Deliquescence at 95% relative humidity was detected in 57% of the

sixty-eight samples tested from the High Plains.

The geometric mean

concentrations of deliquescent particles for these samples were on the
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Scanning Electron Microscope analysi s of a soi particle
sampled in dear weather at .05 km AGL 30 km northwest
(a) Photomicrograph of
of Rapid Ci ty, South Dakota
particle, (b) Elemental composi tion of particle in (a)
as revealed by EDAX analysi s
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order of 1 &

for particles larger than 20 urn in diameter.

An

approximate expression of the form:

ct^/D^)"3

T^

was calculated from these values, where

previously, D

(5.7)

n. and D. are as defined

is arbitrarily set to 1. 0 urn, and c (5,

less) are empirical constants.

) and g (dimension-

The measurements of large deliquescent

particles within the mixing layer over the High Plains during the summer
of 1975 were described by:

n

100(D^/D )~3

(5.8)

This expression represents only the probable upper limit of the concentration of deliquescent particles, because deliquescence often was

detected in only one of the two dry size categories and because the
visual estimate of a. (the fraction of deliquescent particles) was

only approximate.
The data presented in section (a) of Table 5.4 do not show any

significant correlation between the detection of deliquescence and the
presence of elements typically associated with deliquescent compounds.

In particular, sodium and potassium occurred in non-deliquescent samples
with about the same frequency as in deliquescent samples, while sulfur

was twice as likely to occur in non-deliquescent samples.

These elements

were most likely to be found as lesser constituents of siliceous soil

particles [see Figure 5.16(b)] and not as relatively pure crystalline
salts.

The sodium line at 1.04 keV typically appeared on the EDAX
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analysis as a shoulder on the prominent aluminum and silicon peaks at
1.49 and 1.74 keV, respectively, and was easily missed unless sodium
was a major constituent of the particle being analyzed.

The sulfur

and potassium peaks at 2.31 and 3.31 keV, on either side of the palladium

coating peak at 2.84 keV, were much easier to detect.
Five out of sixty-eight batch samples of large particles contained
several 5-10 ym diameter particles of crystalline salts, predominantly

sodium chloride, with traces of mineral elements.

Deliquescence was

later detected in four of the five DIS samples which had been collected
at the same time.

These five samples were obtained during the survey

flights over the High Plains as far north as Goodland, KS, in air masses
which were between one and two days transit time from the Gulf of Mexico.

Most of the remaining sixty-three samples were obtained either. in air
masses which had been over land areas for several days or in air masses

which were more than two days transit time from maritime regions.

A brief analysis of the properties of suspended aerosol partially

explains the scarcity of large salt particles in these samples over the
High Plains.

After a transit time of two days (1.7 x 10

s) from a

source of marine salt particles, those particles with a settling velocity

of greater than 1.2 cm s

would tend to be removed by sedimentation

from a mixing layer with a depth of 2 km (2 x 10

particle with a density of 2.165 g cm

-3

cm).

For a salt

such a settling velocity

corresponds to a maximum suspendable particle size near 14 pm in diameter.

Particle settling velocity in this size range increases as the square
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of the particle diameter [see Fuchs (1964)] so that reasonable reductions

in the transit time, or increases in the depth of the mixing layer, would
not greatly increase the maximum suspendable particle size.

In addition

to these mechanical constraints on particle transport, we note also that

strong southerly winds, which could transport significant numbers of
salt particles over the High Plains from the Gulf of Mexico, tend to

be associated with frontal systems which could easily remove the salt

particles by precipitation.

These results suggest that, apart from

the Southern portion of the High Plains, large deliquescent particles
of marine origin probably play only a minor role in initiating precipitation

in the High Plains.

Measurements of large particles in a dust storm over western
Nebraska [see 5.4.2] showed that the lifetime of large soil particles

(>20 pm diameter) within the mixing layer is similarly short, while
soil particles of about 5 pm in diameter had lifetimes of several days

within the mixing layer.

The chemical properties of aerosol larger than

about 20 pm must therefore be dominated, on the average, by the properties
of the local and regional soil cover (or other local sources of large

particles) and by processes which could modify these properties

(e.g. exposure to high relative humidities) during their brief lifetimes
within the mixing layer.

On the other hand, the properties of aerosol

smaller than 20 pm in diameter could be

significantly influenced by soil

cover or other aerosol sources on a continental scale and by processes

within the mixing layer which operate over longer time scales (such as

coagulation of trace amounts of sub-micron aerosol onto soil particles).
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Figure 5.18 shows a sample of typical soil particles obtained in
clear weather at 68% ambient relative humidity at 1.05 km AGL near the
Yellowstone River 30 km northeast of Miles City in an air mass which had

originated several days before over the Canadian Great Plains.

About

one-third of the particles were surrounded by halo-like structures.
Similar haloes were found in 57% of the thirty-nine samples in which

deliquescence was detected, but they were present in only 10% of the
twenty-nine samples in which no deliquescence was detected.
were detected in samples which contained salt particles.

No haloes

Elemental analysis

of a halo showed that it contained silicon and chlorine with a trace of

sulfur, while the parent particle contained silicon and aluminum with
traces of iron and potassium.

The parent particles included soil

particles, some pollen grains, and occasionally other biological material.
When elemental analyses were performed on the parent particles first,
the surrounding haloes usually vanished; subsequent elemental analyses
of the area formerly covered by the haloes showed no traces of elements

present above background noise levels.

These results suggest that the

haloes were volatized by the heat generated from the scanning beam

of the electron microscope.
Frank et al. (1967) and Bigg et al. (1971) have postulated that
haloes of the type shown in Figure 5.17 are associated with sulfate

compounds such as sulfuric acid or ammonium sulfate.

Such compounds

acquire a layer of liquid water even at moderate ambient relative
humidities.

The outer limits of the halo are thought to define the

impact area of the resultant droplet, which evaporates after impact,
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Fi gure

5

8

Scanning Electron Mi croscope photomicrograph to
lustrate
haloes surrounding a large soi parti cle
The sample was
obtained at .05 km AGL near the Yet lows tone Ri ver, 30 km
northeast of Mi les Ci ty Montana
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leaving a residue and the parent particle.

Examination of Figure 5.18

shows that the ratio of halo dimensions to parent particle dimensions

ranges from about two,for particles larger than about 15 pm in diameter,
to greater than ten for particles smaller than a few micrometers in

diameter.

If this explanation is correct, the lack of any systematic

correlation between the presence of sulfur above trace levels and the
observance either of deliquescence or of haloes suggests that trace
amounts of sulfates were sufficient to produce both the haloes and the

deliquescence.

The occasional observance of haloes associated with

particles such as pollen grains suggests that the sulfate was deposited
on the particles after their

injection into the mixing layer, perhaps

by such processes as coagulation of sub-micron aerosol onto the larger
particles.

Further analysis of the deliquescent samples and the coagulation

process is planned to investigate this hypothesis and to predict the
expected response of sulfate-modified soil dust to high relative
humidities such as those near clouds.

The results presented above show that two types of deliquescent

particles were present within the mixing layer over the High Plains during
the 1975 HIPLEX field study.

During periods of strong southerly winds

from the Gulf of Mexico, large deliquescent salt particles (<14 pm in

diameter) were transported over the High Plains as far north as Kansas
State.

Such particles would approach precipitation size in high relative

humidities and should be taken into consideration in the modeling of the

precipitation process over the southern High Plains.

However, during

all other air mass flow patterns, the occurrence of deliquescence was
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associated with insoluble aerosol, predominantly soil dust, with a

(sulfate?) layer which left a halo under examination by the SEM.

Certainly,

the deliquescent tendencies of a soil dust particle will be enhanced by
the addition of a sulfate layer.

We are investigating whether such

aerosol will achieve sufficient size at high relative humidities

to significantly affect precipitation processes over the High Plains.

Deliquescence was found in 30% of ten samples analyzed from Big
Spring, TX, in 40% of twenty samples collected at Miles City, MT, in

50% of fourteen samples collected on the survey flights, and in 95%
of twenty samples from Goodland, KS.
Haloes were observed under SEM analysis in one .of the three

deliquescent samples from Big Spring, in four of eight deliquescent
samples from Miles City, and seventeen out of nineteen deliquescent
samples collected at Goodland.

No haloes were observed in any of the

fourteen samples from the survey flight or in the eight non-deliquescent

samples collected at Big Spring and Goodland; haloes were observed in
three of twelve non-deliquescent samples obtained at Miles .City.

These

results show that haloes were associated with deliquescence during each

of the field periods except for the survey flights.

Evidence presented above, combined with the results of the

analyses of elemental composition summarized in sections (b)-(e) of
Table 5.4, suggests that deliquescence

during the survey flights was

associated with marine salt particles which had been transported
over the southern High Plains.

Deliquescence during the on-site field

studies was associated with the detection of haloes under SEM analysis;
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range O.,01 to 100 ym in diameter were visually fitted to a Junge
distribution of the. form:

(^
where

D
and

^

(cm

-3

_.’\

’->

^’^

^.
/

’

^

) is the calculated value of the aerosol number concentration,

(urn) is the particle diameter, D

P

"’ ^ ’ "’

^^VV"0

are empirical constants.

is arbitrarily set to 1 urn, and c

The entire range of aerosol measurements

over the High Plains was described by:
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to within about one order of magnitude.
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Obviously, the prominent

shoulders and inflection points on the envelope do not fit such an

expression very well.

The fit is poorest in the size range 0.2 to

1.0 pm, where the aerosol concentration changes much more rapidly

with particle size than Equation (5.10) predicts.
The ridges and inflection points in the aerosol number concentration

distribution correspond to maxima and minima in the surface area and
volume distributions.

The latter two distributions reveal more detail

on the nature and properties of the aerosol than does the number distribution.

The aerosol surface and volume distributions were generally bi-modal,

with a so-called accumulation mode near 0.3
near 10-20 pm in diameter [see 4.4.2].

\im

and a coarse particle mode

Other modes were occasionally

detected in other size ranges.

Most of the aerosol surface area was contained in the accumulation
mode.

Physical and chemical phenomena such as optical light scattering

107

and absorption,. surface chemistry and adsorption, particle coagulation
and diffusion

(e.g. of water vapor), were therefore controlled by

between about 0.1 and 1.0 pm in diameter.

aerosol

Near urban areas, oil

refineries, or other sources of ground-based pollution, the so-called
transient (or Aitken) nucleus mode, below 0.1

prominent.

urn in diameter,

became

Willeke and Whitby (1975) suggest that such aerosol disappear

rapidly by coagulation with aerosol in the accumulation mode.

In well

aged aerosol systems (i.e. aerosol modified by coagulation over time

periods of at least a day),the accumulation mode completely dominated
the sub-micron surface area.
Aerosol above 1

urn in diameter usually contributed

to the total aerosol surface area.

less than

10%

The concentrations of these large

aerosol (and also the sub-micron aerosol) were generally lower during

rainy periods.

Concentrations of the large aerosol were higher during

periods of .strong convective mixing below fair-weather subsidence inversions,
Under these same conditions, the concentrations of sub-micron aerosol
were also high, probably due to aerosol aging.
was usually located at about 10-20 pm diameter.

The large particle mode

However, in aerosol

measurements obtained near Goodland, KS, about 24 hours downwind from
a dust storm over Western Nebraska, an additional mode appeared at about

5 pm in diameter [see 5.4.2].

Such aerosol will have a long lifetime

within the mixing layer unless they are removed by precipitation.

Indeed,

the entire one-week field period at Goodland was characterized by unusually

high concentrations of 5 ym aerosol; we suspect that these high concentrations resulted from soil dust suspended by numerous small dust storms
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over the Central High Plains during the week.

Suspended. aerosol of this

size could have a significant influence on light absorption and scattering

in the near infrared, particularly in the low relative humidities

characteristic of the High Plains, and they could, in turn, alter the
convective stability of the sub-cloud mixing layer.

Most of the aerosol volume was contained in the coarse particle
modes.

Generally rain reduced the total aerosol volume loading within

3 -3
the mixing layer to as low as 2-4 pm cm

On clear days with strong

convective mixing, the volume loading reached values as high as 75 pm 3 cm -3

About 24 hours transit time downwind from the dust storm described above,
3

values as high as 125 pm cm

-3

were measured; in the fringes of the dust

3 -3
storm the volume loading reached about 250 pm cm

particle density of 2. 5 g cm

-3

Assuming a soil

the aerosol mass loading (= volume

loading x particle density) values for these conditions were:
near rain, 187 pg m

-3

in strong convective mixing, 312 pg m

from the dust storm, and 625 pg m

_3

-3

_Q

5-10 pg m

downwind

in the fringes of the dust storm.

Obviously, such mass loadings are too small to directly affect the
stability of the mixing layer by reducing the buoyancy (by contrast, mass
loadings of liquid water in cumulonimbus clouds are on the order of 1 g m

_Q

The variability of the aerosol measurements as a function of particle
size is also shown in Figure 5.19.

The high variability around 0.01 pm

was caused by variations in the strength of the ground sources of Aitken

nuclei, the age of the aerosol system, and (perhaps) the frequency of
rainfall during the field study.

Such aerosol are ramovad rapidly by

coagulation with larger aerosol in clear weather and by such processes

),
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as coagulation and diffusiophoresis in clouds and rain.

The high

aerosol variability near 5 ym was caused by the suspended component

of wind-blown dust.

Such aerosol are normally present in rather low

concentrations [see 5.4.2] even in clear-air conditions with strong
convective mixing.

They are effectively removed from the mixing layer

by impaction on raindrops.

However, once aerosol of this size are suspended

by a dust storm, their fall velocities are so low (’v-100 m/day) that they
can remain suspended for days.

Finally, the high variability for particles

larger than 15-20 pm was due partly to statistical uncertainties in

particle counting near the lower limits of detection of the aerosol
measurements and, partly,

to the variations in the strength of convective

mixing during the measurements.

Aerosol larger than about 15 pm,

which have fall velocities larger than about 1 km/day, have lifetimes
of less than a day within the mixing layer.

During periods of strong

convective mixing, these larger particles are more easily suspended
within the mixing layer.
The aerosol variability of about 10

3

near the accumulation mode,

between about 0.1 and 1. 0 pm in diameter, is not so easily explained,

and the rapid change of variability between 0.1 and 0.5 urn is quite

surprising.

The variability near 0.1 urn in diameter was probably

somewhat higher than shown because the EAA measurements in this range
often approached the lower limits of detection.

The EAA and the OPC I

measurements overlapped in the 0.3 to 0.6 pm size range [see 2. 3.1].

Because aerosol concentrations in this size range typically fall off

rapidly with increasing particle size, small sizing errors which may be
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inherent in the two instruments could critically increase the measured

variability of the aerosol.

On the other hand, the measurements of

the cumulative number concentration of particles larger than 0.3 pm
show a range of concentrations covering nearly three order’s of magnitude.

Over 90% of these particles are between 0.3 and 0. 6 urn.
of the light scattering coefficient, b

sp

(m

)

Measurements

which is dominated by

aerosol in the same size range, also showed the same range of variability.

Thus it seems unlikely that this variability is significantly linked with
measurement uncertainties.

Particles between 0.3 and 0.6 urn are too small to be removed from
the mixing layer by sedimentation or by impaction on raindrops.

Like-

wise, they are too large to be removed efficiently by coagulation or
diffusiophoresis.
aerosol 0.3-0. 6

However, it is known that low concentrations of

urn in diameter were found near rain.

Aerosol of this

size are probably removed in the rain by activation as cloud condensation

nuclei (CCN).

The activation of ammonium sulfate aerosol as CCN is given

by (Fitzgerald, 1973)

D^

3.06 x

10~2 e~-31 S"273

(5.11)

where D, (urn) is the dry diameter of the aerosol, S (%) the activation

supersaturation and e (dimensionless) is the soluble volume fraction of
the particle (e

soluble volume/total volume)

are completely soluble (e

1.

Assuming that the CCN

0), the range of supersaturations in the

clouds which would remove aerosol in the accumulation mode is found,
from Equation 5.11, to be 0.01 to 0.04%.

These values of supersaturation

are typical of those found in stratiform clouds.

However, precipitation

from such clouds was not common over the Great Plains during our studies.

Ill

Most of the precipitation was associated with cumuliform clouds either
of the air mass or frontal type.

range from 0.1 to 1%.
yields e
to

e

0.185 to

Supersaturations in such clouds probably

Using these extreme values in Equation (5.11)
e

0.00185 for 0.25 pm aerosol and e

0.000105 for 0.65 pm aerosol.

0.0105

Although Fitzgerald’s approximation

is valid only for high values of e, these results suggest that all

particles between 0.25 and 0..65 ym act as CCN with equivalent values of
e for ammonium sulfate of less than 0.2.

These measurements of the size distributions of aerosol over the

Great Plains add significantly to our understanding of the factors which
determine aerosol characteristics within the mixing layer.

Of particular

interest is the finding that aerosol concentrations over the size range
0.01 to 100 pm in diameter are probably controlled by physical processes

which occur during synoptic scale transports within the mixing layer,

rather than by isolated local sources of aerosol.

These conclusions

are reinforced by the results of the aerosol measurements during the

individual field periods, which are presented in the following section.

5.4.2

Measurements Obtained on the Survey Flights and at the HIPLEX
Field Sites
All of the measured aerosol number concentration functions

[dN/d(log D )]. obtained within the mixing layer over the High Plains
during the survey flights and at each of the HIPLEX field sites
[see 3.3.1 and 3.3.2] were plotted on log-log paper.
of the number, surface area and volume concentration

The envelopes

functions, and the

variability of the measurements as a function of particle size,were plotted
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from these graphs in the same manner as described in 5.4.1.

The

results of this analysis are shown. in Figures 5.2Q through 5. 23.

The

number distributions for each field study, and those in the fringes of
a dust storm over western Nebraska, were overlaid on a single graph;
a similar procedure was followed for the surface area and volume

distributions from these measurements.

These results are shown in

Figures 5.24.

In each case shown in Figures 5.20 through 5. 23 the number
distribution is quite narrow and drops quite rapidly with increasing
particle size, in a manner similar to that described by Equation (5.10).

Apart from the survey flight, the variability of the measurements is
correspondingly low and surprisingly uniform with particle size except
between 0.2 and 0. 6 pm and above about 10 ym; this indicates a uniformity

in the processes of aerosol generation at each site.

The aerosol number

distributions include prominent shoulders and inflection points (corresponding
to maxima and minima

in. the surface area and

do not fit a Junge distribution very well.

volume distributions) which

The surface and volume

distributions show the same bi-modal character described in 5.4.1,
with a sub-micron mode near 0.2-0.5 urn and a coarse particle mode near
10-20

urn.

The significance of these features is demonstrated in Figures

5.24(a)-(c) by comparison of the measurements from the four field study
periods.
The envelope of the number distributions obtained on the survey

flight [Fig. 5.24(a)] essentially contains also the envelopes for the
measurements obtained at the three HIPLEX field sites.

Below 0.3 ym, the

minimum aerosol concentrations were determined by the lower detection

limit of the EAA and showed only minor differences between the various
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sites.

Below 0.1 urn, the maximum aerosol concentrations measured during

the Survey flight were somewhat higher than those obtained at the field
sites due to the influence of scattered local sources of aerosol along

the survey flight track.

Similarly, maximum concentrations in this

size range were higher at Big Spring and Goodland than at Miles City,

due to the higher level of industrial activity near the former two sites.

Indeed, analysis of the Miles City measurements using the techniques
described in 4.4.3 failed to reveal the existence of any significant

localized sources of sub-micron aerosol within at least 100 km to the

west, to the north, and to the east of Miles City.
The significance of the differences in aerosol measurements between
0. 2 and 0.6 urn during the four field study periods is best seen in the

surface and volume distributions shown in Figures 5.24(b)-(c).

In this

size range, the maximum surface area concentrations were quite similar
for the measurements obtained at the three HIPLEX sites and significantly

higher than the surface area concentrations measured during the survey
flights.

Measurements of OPC Rate and b

aerosol from 0.2 to 0.6

sp

urn [see 5.4.I],were

which are controlled by

also rather low during the

survey flight; the sub-micron surface mode was shifted to about 0.1 pm
in these measurements.
These results are best explained by postulating that the maximum

concentrations of sub-micron aerosol at the three field sites occurred

in aged aerosol systems with a well developed accumulation mode, while
the maximum aerosol concentrations on the survey flight occurred in

relatively young aerosol systems.

The removal of 0.2 to 0.6

urn

aerosol
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by precipitation during the survey flight allowed self-coagulation of the
Aitken nuclei, rather than their-coagulation with aerosol in the
accumulation mode [see Willeke and Whitby (1975)].

The maximum surface

area distributions were somewhat higher in Big Spring than in Goodland

because the Big Spring study was characterized by extremely dry conditions

with long time periods available for the aerosol to age.

We suspect that

the maximum concentrations of sub-micron aerosol in Goodland were higher
than those in Miles City because of the greater availability near Goodland
of Aitken nuclei which accumulate in this size range.
The differences in the minimum concentrations of sub-micron
aerosol between the four field study periods were probably due to the

differences in the frequency and intensity of precipitation during th?

individual field studies.

The survey flight was dominated by a stationary

cold front associated with large thunderstorms and rapidly moving squall

lines.

The intense precipitation associated with these strong convective

systems effectively removed the sub-micron aerosol.

During the Miles

City and Goodland field periods, weaker frontal systems with more
scattered convective activity were located quite near the field sites.
These systems partially removed the sub-micron aerosol.

During the Big

Spring field period, frontal systems were never closer than a few hundred
km to the field site; the aerosol systems in which the measurements
were made had always aged for at least two days.

The effect of aging

in the Big Spring measurements also shows clearly in the number

distributions of Figure 5.24(a) where the entire envelope of the
measurements of submicron aerosol at Big Spring was shifted to higher
concentrations.
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Differences in the size distributions of aerosol greater than 1.0 urn
observed during the different phases of this program

were probably

caused by a combination of variations in surface wind speed, strength
of convective mixing, altitude of the measurements, and frequency and

intensity of precipitation.

The most remarkable features of the aerosol

measurements above 1.0 ym are revealed by the measurements of the number,

surface, and volume distributions obtained at Goodland (see Figures 5.235.24).

Concentrations of 5 pm aerosol during this field period were

as much as an order of magnitude higher than during the other field

periods; even the minimum concentrations of particles at Goodland were

comparable to the maximum concentrations at the other sites.

An

explanation for the anomalous measurements at Goodland is given below.

Figure 5.25 shows measurements of aerosol size distributions
obtained at about 1.05 km AGL in a small dust storm between Chadron,

Scottsbluff, and Alliance, NE, on 24 August 1975 during the passage of
a dry cold front.

These measurements are also overlaid on the survey

and on-site measurements in Figures 5.24(a)-(c).

Obviously., the measure-

ments of aerosol below 0.7 and above 20-30 pm in diameter in the dust
storm were well within the entire range of measurements obtained during

the rest of the 1975 field period.

However, the measurements of 0.7-10 urn

aerosol obtained in the dust storm were the highest we measured during

the entire summer.

These results show that the dust storm was a

significant source of 0.7-10 pm aerosol.

Figure 5.15 [see 5.3.2] shows that the air mass which traversed
the region affected by the dust storm passed over the Goodland field

D^crn-3

dN /d log
dS/d log D^(/im2 cm"3)
dV/d log D (^m3 cm-3)

Measurements of aerosol si ze di stributions In the fringes of a dust storm at .05 km
AGL over western Nebraska on 2.H August, 1975
The curves are smoothed hand-drawn
ines through the measured points
dN/d( log Or,) [cm-3]
dS/d( log Dn)
p

[um2cm-3]

dV/d(log Dp)

[pm3cm-3]
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site on the following day in a post-frontal trajectory.

The frontal

system which generated this dust storm remained over the central High
Plains throughout the week, reversed direction once, and passed over
the Goodland site three times.

The low level circulations generated by

the oscillations of this frontal system kept the air mass, which had
traversed the dust storm, over the Goodland area for the next two days

(25-26 August).

The second passage of the front was associated with

high surface winds which were observed to generate a dust storm near Fort

Morgan, CO, on 27 August and several large dust devils and small dust
storms near Goodland on 28

August.

Comparison of the dust storm

measurements to the Goodland measurements in Figures 5.24(a)-(c)
reveals obvious similarities in the shapes of the distributions and the

locations of the shoulders and peaks of the distributions.

These results

suggest that the enhancement in the concentration of 5 pm aerosol at
Goodland was due to the suspended component of wind-blown soil dust.

We have shown that this suspended dust was associated with at least a
factor of two increase in ice nucleus (IN) concentrations at -20C

[see 5.3.2] and also with an increase in the frequency of detection
of large deliquescent particles [see 5.3.3]

However, even in the

fringes of the’ dust storm, the concentrations of suspended dust were
too low to significantly affect the concentrations of cloud condensation

nuclei (CCN) between 0.2 and 1.5% super saturation [see 5.3.1].

5.5
5.5.1

Summary and Discussion

Summary of Aerosol Measurements

In 5.3 and 5.4 of this report, we have presented the results of
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airborne measurements of cloud condensation nuclei CCCN)

(IN), deliquescent particles, and the size

ice nuclei

distributions, of

atmospheric

aerosol from 0.01 to 100 urn in diameter, which were obtained within the

mixing layer over the High Plains during the summer of 1975.

In this

section, we summarize these results and discuss some of their implications,
The measurements of aerosol number distributions do not fit very
well an expression of the form of Equation 5.9 while the surface and

volume distributions show a bi-modal structure.

Most of the surface area

was contained in aerosol 0.1-1.0 pm in diameter ’(the accumulation mode

for coagulation products of aerosol smaller than 0.1 pm in diameter),
and most of the aerosol volume was contained in aerosol from 10-20 urn

in diameter (the coarse particle mode for mechanically produced aerosol).

Near industrial centers or other sources of combustion products, a less

prominent third mode appeared below 0.1 pm in diameter (the Aitken
nucleus mode)

Near dust devils or dust storms, an additional mode

appeared near .5 pm in diameter.
The main factor affecting the concentrations of aerosol in the

accumulation mode, as well as the concentrations of CCN active between
0. 2 and 1. 5% supersaturation, was the nature of the air mass and its

recent life history of involvement in convective cloud systems.

Variations with time of day, location, and altitude (within the mixing

layer) appeared less important.

The highest concentrations of CCN and

of aerosol in the accumulation mode were obtained in air masses which
were more than two

day’s transit time from organized convective systems,

and the lowest concentrations (similar to those found in true
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maritime air masses) were found in air masses which had a high probability
of recent involvement in such systems.

If the effects of local anthropogenic

sources had determined the concentrations of aerosol 0.1 to 1.0

urn in

diameter, large site-to-site variations in the fair-weather aerosol
measurements would have been expected.

Similarly, if direct injection of

this size aerosol from natural ground sources were important, a linear
increase in concentrations with airmass age would have been expected.

However, in fair-weather air masses which had aged for more than two days,
the variations of aerosol concentrations at the three HIPLEX field sites
were less important than the variations with air mass at any one site.

These results suggest that the CCN, as well as the aerosol in the

accumulation mode, were generated within the mixing layer by the coagulation
of Aitken nuclei.

Aerosol in the accumulation mode were efficiently

removed by precipitation.

Indeed, evidence has been presented that nearly

100% of these aerosol acted as CCN at normal cloud supersaturations and
that less than 20% of the sub-micron aerosol volume was soluble.

These

results indicate that the concentrations of CCN active at mormal cumulus-

cloud supersaturations over the High Plains are determined primarily by
the effects of precipitation on aging aerosol systems during airmass

transports on a synoptic scale.

By contrast, the main factor affecting the concentrations of aerosol
larger than 10 pm was the strength of local convective mixing and the
strength and proximity of mesoscale sources or sinks of large aerosol

(such as dust storms or squall lines).

Excluding relatively small

(<5 pm in diameter) wind-suspended soil dust and marine salt particles,
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which can be transported over hundreds of kilometers in the absence
of precipitation, the influence of sources and sinks of large aerosol

was limited to mesoscale or shorter-range transports.

These results

were shown to be consistent with the properties of suspended aerosol.

The nature and chemical properties of aerosol larger than 10-20 pm

in diameter were therefore determined primarily by the nature and
properties of the local soil cover and by other local sources of large
aerosol.

Over 80% of these aerosol were local soil dusts, the remainder

were pollen grains and amorphous organic particles.

However, the

concentrations of these larger aerosol were too small, even in the fringes
of a dust storm, to significantly increase the concentrations of CCN

active between 0.2 and 1.5% supersaturation.

Once aerosol about 5 pm in diameter were injected into the mixing

layer from aerosol sources such as dust storms or sea spray, large

quantities of the aerosol tended to remain in suspension until removed

by aerosol sinks such as thunderstorms or frontal systems.

Once aerosol

of this size were removed from the mixing layer, their replacement rate

depended primarily upon the strengths of the surface winds and of local
convective mixing.

Salt particles up to 10 pm in diameter were detected

as far north over the High Plains as Kansas State in strong pre-frontal

winds from the Gulf of Mexico.

During meteorological conditions which

precluded the transport of salt particles from the ocean, deliquescence
was associated with detection of "haloes" around soil particles under the

SEM.

These haloes are thought to be produced by the collection of trace

amounts of sub-micron sulfate on the surface of the aerosol.

Soil dust
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up to 10 pm in diameter from a dust storm over western Nebraska remained
in suspension for at least two days over Kansas State.

This suspended

dust was associated with unusually high concentrations of ice nuclei
active between -12 and -20C (particularly at -20C).

Ice nucleus

measurements also showed mesoscale variations superimposed on a relatively
uniform synoptic-scale background.
The results of our entire set of aerosol measurements within the

mixing layer over the High Plains during the summer of 1975 may be
summarized by describing the sources and sinks of the aerosol and the
scales of variation of aerosol of different sizes and types.

These

results have significant implications for the climatology of precipitation

during the summer months over the High Plains.

Our results show that

CCN, as well as aerosol between 0.1 and 10-20 pm in diameter, tend to
vary on a synoptic-scale of time and horizontal distance, while ice

nuclei, and aerosol smaller than 0.1 pm or larger than 10-20 pm, tend
to vary on the mesoscale.

In the absence of synoptic conditions which

can transport large salt particles across the High Plains, deliquescent

properties in aerosol larger than 5 pm in diameter tend to be controlled
by chemical and/or physical modification of the surfaces of soil dust
and pollen grains.
The sources of the different sizes and types of aerosol are not
so well defined.

Most of the aerosol larger than 10 urn in diameter are

probably soil dust, while most of the aerosol smaller than 0.1 ym in
diameter are probably combustion products.

However, the composition
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of the aerosol between 0.1 and 10 pm in diameter is presently unknown.
Since aerosol in this .size range can be transported over large distances

and, in the concentrations typically found within the mixing layer, can
determine the microstability
is desirable.

of clouds, further information about them

We suspect that soluble substances such as sulfates

form an important component of aerosol in this size range; we are.

currently extending our research to determine the value of e (e
soluble volume of an aerosol particle/total volume .of the aerosol

particle) as a function of particle size.

We are also investigating the

distribution of aerosol sources such as smelters, oil refineries, and

power plants in and near the High Plains to determine whether the

transport of aerosol from these sources is important in the climatology
of aerosol in the High Plains.

5. 5.2

Discussion
Considerable disagreement has existed among cloud modelers

concerning the relative importance of the various types of aerosol

(CCN, IN, and deliquescent particles) in the production of precipitationsize particles in various clouds.

It is well-known that condensation of

water vapor on the surface of existing cloud droplets is not fast

enough to produce precipitable particles within the lifetimes of
cumulus clouds [see Fletcher (1969)].

Collision and coalescence

processes involving the larger cloud droplets are usually invoked to

explain development of precipitation in such clouds.

It is not our

purpose here to examine the various theories and models which have been
used to describe the precipitation process.

We merely note that any
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conditions which reduce the size-dependent probability of collisions
between cloud droplets in an ascending parcel of cloudy air will
reduce the in-cloud lifetime of the individual droplets and increase
the time required to develop precipitation.

Moreover, it is known that

the size distribution and activity of sub-cloud aerosol determine cloud

droplet size distributions and hence directly affect the microstability
of cloud systems.

Our measurements of aerosol within the mixing layer over the High
Plains during the summer of 1975 have demonstrated the effects of

meteorological conditions on the various types of aerosol (total aerosol,

CCN, IN, deliquescent particles).

Given these effects, it should now

be possible to predict typical sub-cloud concentrations of cloud-active
aerosol for the various synoptic conditions which generate a major

portion of the annual rainfall at a given site.

This information, used

as input to numerical models of cloud processes, could be used to generate
a "synoptic aerosol seedability index" which could be used to determine

those geographical regions and cloud systems most amenable to rainfall

augmentation by seeding with artificial ice nuclei or cloud condensation
nuclei.
Based on our measurements in 1975, we have made predictions of

sub-cloud aerosol concentrations for the spring-summer season at the three

HIPLEX sites:

Miles City,

MT, Goodland, KS, and Big Spring, TX.

The

synoptic conditions and airmass influences which produce a major portion
of

the annual rainfall at each site were compiled from Changnon et al.

(1975) and the effects of meteorological processes upon aerosol concentrations
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were compiled from our measurements [see 5.5.1].

analysis are summarized in Table 5. 5.

The results of this

Predictions for which we have

supporting data are noted in this Table.
The Miles City field site is located deep in the continental interior
of the United States, about 2250 km from the Gulf of Mexico and about
250 km east of the Rocky Mountains.

Its distance from the Gulf prevents

all but the most energetic Gulf storms from reaching the site.

Pacific

storm systems lose much of their intensity and precipitable water before

they reach Miles City.

Nevertheless, eastern Montana receives much of

its rainfall from air mass and mesoscale cumulus convection in modified
Pacific air masses.

Airmass trajectory analysis for two days on which

precipitation occurred near Miles City (July 21 and August 24, 1975)
confirm the Pacific origins of the air masses [see Table 5.1].

As

a Pacific air mass moves eastward across the continent, easily activated

aerosol such as large deliquescent particles, CCN, and IN are removed by

precipitation.

After crossing the Rockies, the air mass is isolated from

sources of large salt particles, and it gains new CCN rather slowly

(on a time scale of about two days).

Therefore, we would expect large

salt particles to be completely absent and CCN to reach maritime or

transitional concentrations, at most.

However, IN and large soil

particles are injected into the air mass rather quickly, so that IN
concentrations approach background levels, and deliquescent particles,

if present at all, are of the "halo" type produced by coagulation of
trace amounts of soluble sub-micron aerosol on the surfaces of soil

particles.

Data from Miles City supporting these predictions are

TABLE 5.5
TYPI CAL CONCENTRATI ONS OF CLOUD-ACTI VE AEROSOL WITHIN THE MI XING. LAYER
AT THE THREE HI PLEX FI ELD S ITES
DURING RAIN-PRODUCING SYNOPTI C CONDITI

ONS’

Aerosol Measurement

Cloud Condensation
Nuclei (CCN) (0.2-

}.5% Supersaturation)

Meteorological Effects

Removed by
precipi tation
Reached high concentrations during long,

Field Si tes

Mi les Ci ty,

Good land,

Bi g Spri ng,

Montana (MLS)

Kansas (GLD)

Texas (BGS)

Ma r t me to
Transi tional

Trans tiona1 to

Mari time to
Transi tional

Continental

dry,overland transi ts

Ice Nuclei (IN)

(-12,-16,-20)

Large Del iqiies cerit
Particles (> 5 ym
in diameter)

Removed by
Background"
precipi tation
njected by
dust storms
Reached background
values in fai r weather

Removed by
p rec p ta t on and
by sediment ati on
Injected by sea spray
"Halo" type found
in "aged" a r masses

No sal t
"Halo" type

Background
Dust storms common

Background"

Sal t p oss bie
"Halo" ty pe

Sal t
kely
"Halo," type
un ke ly

possi ble

Key to ai rmass type responsi ble for a major portion of the annual rainfal
GULF
PACI FI C; GLD
GULF; BGS
MLS
2

Supporting on-si te measurements

budget:

imi ted or non-existent

Nearby dust storms or heavy precipi tation can substantial ly al ter these values.
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presented in 5.3.1(a) and Figure. 5.7, 5.3.2, and 5.3.3(b).
The Goodland field site is located about 1300 km from the Gulf and

about 250 km east of the Rocky Mountains
isolate

The Rockies effectively

However,

Goodland from the influence. of Pacific storm systems.

this site is near enough to the Gulf, separated only by the gradually

rising terrain of the Plains States, that low-level convergence of warm,
moist Gulf air produces large summer thunderstorms which account for
much of the annual rainfall.

Airmass trajectories for several days on

which heavy precipitation occurred near Goodland (June 20, 23; August

27-28; Table 5.1) confirm the sub-tropical origin of these air masses.
Changes in aerosol concentrations as an air mass moves north over the
Plains toward Goodland depend on the orientation and north-south location
of the associated frontal system, as well as on the distribution and

intensity of convective activity along the airmass trajectory.

During

the survey flights over the High Plains, strong southerly winds associated
with a stationary cold front over the western High Plains transported

large salt particles from the Gulf of Mexico as far north as Goodland

[see 5.3.3]; "halo type" deliquescent particles were completely absent.
Intense squall lines and thunderstorms scattered along the front
effectively removed CCN active below 1.0% supersaturation; the resulting
CCN spectrum had the S-shape characteristic of transitional, or modified,
aerosol [see

5.3.1(b). Figures 5.2 and 5.3, and Table 5.2].

Near the

convective activity, ice nucleus concentrations were quite low, otherwise

they approached background values [see 5.3.2(b)

and Figure 5.12].

However, somewhat weaker winds on 26-28 August, associated with a warm
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front moving northward through Kansas from Oklahoma to South Dakota,
carried no salt particles; deliquescence was associated only with "halo

type" particles [see 5.3.3(b)].

Thunderstorms scattered ahead of the

front apparently had little effect on the CCN concentrations (extreme

continental, or aged) or on ice nucleus concentrations (significantly
above background levels) [see 5.3.1(c)

Figure 5.9, and 55.3.2].

These results show two distinctly different types of large aerosol
at the same site, for similar airmass trajectories.

Such variations

should be considered in modeling precipitation processes at the Goodland
site.
The Big Spring site is located only 500 km from the Gulf of Mexico.

Like Goodland it is well isolated from the influence of Pacific storm

systems, however, its rainfall is generated primarily by strong line

convergence in sub-tropical air masses.

Predictions of aerosol concen-

trations at Big Spring are less straightforward because only limited

data were available for rainy periods near the site.

With transit times

from the Gulf of considerably less than one day, deliquescence should

certainly be dominated by large marine salt particles, perhaps in

fairly high concentrations, while soil particles would not have had a long
enough lifetime within the mixing layer to acquire the "halo effect"
produced by a sulfate

coating.

Concentrations of CCN in air masses

crossing the Gulf coastline are typically somewhat higher than normal
maritime concentrations due to the transport of continental aerosol
around the Caribbean high; nevertheless, the short transit time available
for coagulation would result in only partial modification of the CCN
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spectra and the highest CCN concentrations expected would be those
which we have associated with transitional air masses.

However, as

in Miles City, the overland transit time is long compared to the replacement time of ice nuclei in the mixing layer; there is no basis for

predicting ice nucleus concentrations at Big Spring other than background levels.

The only aerosol measurements in Gulf air masses near

Big Spring were obtained at the southern end of the survey flight.
Consistent with the preliminary predictions, ice nucleus concentrations
at this time were at background levels [see

5.3.2(b). Figure 5.12(a)],

and deliquescence was associated with the detection of salt particles

[see 5.3.3].
5. 5.3

Conclusions

In this chapter, we have presented the results of measurements
of CCN, ice nuclei, large deliquescent particles, and total aerosol

(from 0.01 to 100 pm in diameter) within the mixing layer over the High
Plains during the summer of 1975.

The measurements have been related

to meteorological processes, such as winds, turbulence, and rainfall.

The results of the aerosol measurements have been used to develop
a preliminary climatology of sub-cloud aerosol in various synoptic

conditions for each of the three HIPLEX sites (see Table 5.5).
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH
6.1

Introduction

We have described in this report an extensive set of airborne
measurements of atmospheric aerosol which were obtained within the

mixing layer over the High Plains during the summer of 1975.

These

measurements have increased our understanding of the nature of the

atmospheric aerosol in this region and they have provided new information
on the chemical and physical processes which generate, modify, and remove

aerosol within the mixing layer.

A summary of the principal findings and recommendations for future
research are given below.

6. 2

6. 2.1

Summary of Principal Results
Aerosol Properties

Most of the aerosol number concentration is contained in aerosol
smaller than 0.1 urn,

most of the aerosol surface area is contained

in aerosol between 0.1 and 1.0 ym, and most of the aerosol volume
is contained in aerosol 10-20 urn.
Aerosol between 0.1 and 10 ym and cloud condensation nuclei

active between 0.2 and 1.5% supersaturation vary on the synoptic
scale and depend mainly on the type of air mass (variations with

All sizes refer to equivalent diameters.
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altitude, geographic location, and other parameters appear less

important).

In the absence of precipitation, the most important

sink for these aerosol, transit times can be as long as several
days and transit distances as large as several hundred kilometers.
Aerosol smaller than 0.1

urn

or larger than 10 pm, as well as ice

nuclei active between -12 and -20C, showed mesoscale variations,

produced by local aerosol sources (such as industries or dust storms)

and sinks (such as precipitation)

superimposed on background

concentrations which varied on the synoptic scale.

In the absence of precipitation, the transit times and transport
distances for aerosol larger than about 10 pm are probably limited
by their sedimentation velocities.

Deliquescence in aerosol larger than 5 urn was associated with salt
particles (up to 10 .ym) as far north as Kansas in strong southerly
flows from the Gulf of Mexico.

In lighter winds, or intervening

frontal or orographic precipitation, salt particles were completely
absent and deliquescence was associated with soil particles or
pollen grains covered with a layer of sulfate.

Dust storms were significant sources of 5 ym aerosol.

High

concentrations of such aerosol were associated with high concentration
of ice nuclei (active at -20C) near a dust storm over western
Nebraska and in its downwind remnants on the following day.

6. 2.2

Aerosol Concentrations

The concentrations of cloud active aerosol in the High Plains
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should be predictable within reasonable limits from synoptic
conditions using the results presented in this report which are

summarized below.

’

The concentrations of cloud condensation nuclei are highest in

"aged" air masses (i.e. air masses with over two days transit time
from organized convective systems), they are lowest (near maritime

levels) in "young" air masses, and they have intermediate values,
with characteristic S-shaped spectra, in "transitional" air masses.
The concentrations of ice nuclei are highest near aerosol sources

(such as dust storms), lowest near aerosol sinks (such as squall
lines and heavy precipitation), and have intermediate values in
the absence of clearly identifiable sources or sinks.
The concentrations of deliquescent particles larger than 5 ym vary

considerably within the same air mass.

A general method for

predicting variations in their concentrations has not yet been
found.

6-3

Further Analyses of the 1975 Data Set
The analysis of the data collected in the 1975 HIPLEX Aerosol

Studies is still not complete.

Listed below are the studies which

are still in progress.
The size distribution of cloud condensation nuclei (i.e. activation

supersaturation as a function of particle size) is being investigated

through a comparison of cloud condensation nuclei and total aerosol
measurements and a re-examination of the theory of cloud condensation
nuclei activation.

Knowledge of the meteorological effects on the

variability of the size distribution of cloud condensation nuclei is
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expected to narrow the range of possibilities for their sources, timescales of variation, and mechanisms of generation within the mixing layer.

It should also permit more realistic inputs of cloud condensation nuclei
to numerical cloud models.

The influence of distant sources of sub-micron aerosol is being

investigated using a wind-rose correlation of airmass trajectories
with measurements of condensation nuclei, light scattering coefficient,

and particle count rate (OPC Rate) [see 4.4.3].

Wind-trajectory roses

of the aerosol measurements will be examined for sectors of high aerosol

concentrations; these geographical sectors will then be scanned for
industrial sources of sub-micron aerosol.
Further studies .of our data on the variation of aerosol size

distributions with altitude and meteorological conditions should

yield more quantitative information on these subjects than has been
presented in this report.

6.4

Recommendations for Future Research
The results of the studies of aerosol in the High Plains have

revealed a number of specific topics on which more information is

required.

In particular, it is recommended that priority be given to the

following areas of research:
The concentrations of cloud active aerosol (cloud condensation nuclei,

ice nuclei, and deliquescent particles) described in this report
should be used as input data to existing numerical cloud models
to identify the types of aerosol to which the precipitation
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process is most sensitive.

Modelers should determine the effects

of substantial insoluble components in the CCN and the effects of

large deliquescent particles on the development of cloud droplet

spectra and precipitation processes.
The time-scales and relative effects of aerosol dispersion and

coagulation should be determined for aerosol from 0.1-10 pm in
diameter which have potential lifetimes of several days and transport
distances of several hundred kilometers within the mixing layer.

Our techniques for aerosol sampling permit (indirect) determination
of the response of aerosol from 0. 03 to 0.5 pm to high relative

humidities.

This covers the size range of cloud condensation

nuclei which determine the main features of the cloud droplet
size distributions.

In addition, we have the capability of directly

measuring the deliquescent properties of large (>5 urn) particles
collected on microscope slides [see 4.4.4(c)].

Particles of this

size can reach precipitation size in the high relative humidities

just below cloud base.

However, aerosol between these two size

ranges (viz. between about 0. 5 and 5 ym in diameter) can determine
whether significant broadening of the cloud droplet spectrum will
occur early in the development of a cloud.

This size range also

covers the zone of gradual transition between aerosol produced

primarily by the coagulation ’of Aitken nuclei and those produced
by mechaniaal disruption of larger particles.

Despite the potential

significance in the development of precipitation of aerosol in this
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size range, operational techniques for determining their response
to high. relative humidities are presently rather cumbersome and
not well suited for aircraft use.

We believe that apparatus and

techniques should be developed for the j-n situ determination of the
response of aerosol 0.5 to 5.0 pm to high relative humidities.

A large quantity of aerosol data were collected at Miles City during
the 1976 HIPLEX field project.

Analysis of these data (which has

not yet begun) should allow further testing of several of the

hypotheses presented in this report as well as providing a very
detailed picture of the nature of the aerosol in the Miles City
area.
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