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Abstract

Atmospheric aerosols are highly variable both in their characteristics and their concen-
tration. Aircraft-based sampling provides a means of characterizing such a complex
and variable constituent. To maximize the potential of aircraft sampling, improve-
ments in existing aerosol instrumentation and development of new instruments is
necessary.

A new approach to inversion of differential mobility analyzer (DMA) data has
been developed that improves the accuracy with which accelerated size distribution
measurements can be made. Extensive testing of this inversion has demonstrated
that it accurately recovers initial distributions of actual aerosols sampled directly
by a commonly used detector, actual aerosols analyzed with a scanning DMA, and
test-case aerosols.

To expand upon the measurable size range of the DMA, a new technique has been
employed in which the associated flow rates are varied in conjunction with the applied
voltage. The performance of the instrument was evaluated theoretically through
detailed flow and trajectory modeling, and experimentally through comparison with
a constant flow instrument. By varying the flow rates by an order of magnitude, it
was shown that measurable size range could be increased by a factor of four.

During the Second Aerosol Characterization Experiment (ACE-2), aerosol size
distributions were measured using a DMA and two optical particle counters (OPCs)
during 21 missions flown on the CIRPAS Pelican. These data were combined with
chemical composition measurements to derive a range of associated optical properties,
which were compared with simultaneous direct measurements by a sunphotometer and
three nephelometers. Agreement between derived and measured quantities varied, but
was generally within calculated uncertainties.

A similar payload to that used during ACE-2 was employed for the Southern Cal-
ifornia. Ozone Study (SCOS). Physical and chemical aerosol properties were analyzed
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to provide a three-dimensional description of the Los Angeles aerosol. Pronounced
aerosol layers aloft were found to exist over the majority of the study area, and over
a range of altitudes. In addition to the complex vertical structure of the aerosol
observed, horizontal gradients were found to be sufficient to cause more than 50%
variability in aerosol concentration over 5 km. The sampled aerosol was estimated to

enhance photolysis rates of important gas-phase species by up to 5%.
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Chapter 1 Introduction
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Aerosols are an exceedingly important, but only partially understood, component

of the atmosphere. On an urban scale, aerosols have detrimental effects on human
health. Recent studies suggest that long-term health risks associated with air pol-
lution are more closely correlated with aerosols than with the gas-phase pollutants
that have been the impetus for most of the emissions controls instated in the last
several decades. On a regional scale, aerosols are the primary cause of visibility re-
duction. Combatting the regional influence of aerosols on visibility within America’s
National Parks has necessitated detailed studies of the mechanisms by which aerosols
are transported over thousands of kilometers across state and even country borders.
An appreciation of the global importance of aerosols has intensified in recent years.
By acting as surfaces for heterogeneous reactions, aerosols alter the gas-phase com-
position of the global atmosphere. Scattering of solar radiation back into space by
atmospheric aerosols can lead to a net reduction in the Earth’s energy budget, and
subsequently to regional to global scale cooling of the Earth / atmosphere system.
Alternatively, absorbing aerosols such as soot and mineral dust can warm the at-
mosphere by trapping solar radiation that might otherwise reflect off clouds or the
Earth’s surface and back into space. The relative importance of these two radia-
tive impacts is still uncertain. Even more uncertainty surrounds the indirect impact
aerosols have on radiation through alteration of cloud properties.

Understanding, predicting, and potentially mitigating the effects of aerosols is
complicated by their non-uniform distribution in the atmosphere, as well as their
highly variable properties. Unlike long-lived gas-phase species such as carbon diox-
ide and methane, aerosols have tropospheric lifetimes on the order of a week. The
result is a highly variable aerosol distribution on both a temporal and spatial scale,
which can only be fully characterized through long-term and widespread measure-
ments. Also, unlike gas-phase species, which can be uniquely described by their
concentration, complete description of an aerosol population requires details of the
size, shape, physical state (liquid or solid), composition, mixing state, and concentra-
tion of the particles. Of these, particle size and concentration are of particular use

in understanding the properties and impacts of an aerosol population. A variety of
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techniques are available for estimating the size of a particle through its interaction

with its surroundings. These techniques allow analysis of aerosol size distributions
at higher time resolution than is generally feasible for measurement of many of the
other aerosol descriptors listed above. Commonly, multiple techniques are employed
to size particles ranging from a few nanometers to several tens of micrometers.

In recent years, aircraft have increasingly been employed to study aerosols as
well as atmospheric gas-phase species. The benefits of such an approach are obvi-
ous: spatially-resolved characterization of the aerosol present over a wide area, in
regions that are often inaccessible by alternative means. Additionally, for analyses
that require knowledge of the columnar properties of an aerosol, such as evaluation
of the radiative forcing linked with aerosols, aircraft-based measurements can replace
the simple extrapolations from ground-based measurements that would otherwise be
necessary. On the other hand, aircraft use in an urban area can capture the three-
dimensional distribution of the aerosol present, and allows sampling that is largely
unaffected by highly localized sources that can complicate analysis of ground-based
measurements. However, aircraft-based sampling also has challenges. Instruments
operated on board aircraft must be compact in order to most efficiently use the
limited space, weight, and power available to afford the most comprehensive instru-
mentation payload possible. Additionally, measurement time must be minimized,
since at common flight speeds and ascent or descent rates, even a one minute mea-
surement provides an integrated measurement of the aerosol present over about 3 km
horizontally, and 150 m vertically.

Size characterization of particles smaller than approximately 0.5 pm diameter is
most accurately accomplished using a differential mobility analyzer (DMA), which
separates charged particles with respect to their electrical mobility, from which size
is inferred. Significant progress has been made in the development of DMA systems
capable of aircraft operation. Still, there is potential to improve upon the perfor-
mance of the present generation of instruments, aircraft-based or otherwise. Chapter
2 describes a new approach to analysis of DMA data, in which mixing within com-

monly used detectors is accounted for, thereby enabling accelerated size distribution
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measurements. For aircraft studies, this improvement translates into higher spatial
resolution. Chapter 3 presents a novel method of DMA operation in which each of
the four flow rates of the instrument are varied with time. This vastly increases the
measurable size range of the DMA, and is also demonstrated to lead to additional
improvements in performance. Implementation of this technique could reduce the
number of additional instruments necessary to characterize a complete size distribu-
tion.

Two approaches can be taken to study the impact aerosols have on the Earth’s
radiation budget: Direct measurements of the scattering, absorption, and extinction
associated with aerosols, or measurement of the physicochemical properties of the
aerosol that can then be linked to optical properties of interest. Ideally, the two
approaches will have the same result. In practice, incomplete aerosol descriptions
and instrumental error inevitably result in discrepancies. The Second Aerosol Char-
acterization Experiment (ACE-2) provided an opportunity to evaluate the accuracy
with which an aerosol physicochemical description derived from measured size dis-
tributions can be used to predict a variety of aerosol optical properties. Radiative
closure comparisons with a sunphotometer and three nephelometers operated during
this campaign are discussed in Chapter 4.

Similar to ACE-2, the Southern California Ozone Study (SCOS) was an inten-
sive study aimed at simultaneous analysis of a wide range of meteorological and air
quality parameters. Complex terrain and meteorology associated with areas such as
Los Angeles complicate modeling efforts and make the representativeness of point
measurements questionable. Use of an aircraft during this study provided a unique
three-dimensional description of the local aerosol, which is presented in Chapter 5.
These data have been used to evaluate the impact the columnar aerosol loading has
on photolysis rates of important gas-phase species, and will ultimately be used to

improve upon modeling capabilities within Southern California and elsewhere.
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Abstract

Recovery of aerosol size distributions from either stepping or scanning mode dif-
ferential mobility analyzer (DMA) measurements requires an accurate description of
the characteristics of the DMA itself, as well as certain properties of the aerosol. In-
version of scanning DMA data is further complicated by the non-unique relationship
between the time a particle exits the DMA and the time it is ultimately detected.
Without an accurate description of this relationship, and an appropriate method of
accounting for it, inverted distributions will be broadened and skewed relative to
the true distribution. A simplified approach to inversion of scanning DMA data is
described here in which adjustment of the raw data to account for the delay time
distribution associated with the instrument is accomplished prior to final inversion.
This provides the flexibility to utilize more accurate descriptions of the delay time
distribution and the DMA transfer function than is feasible if the inversion is to be
accomplished in one step as described by Russell et al. (1995). The accuracy of this

procedure has been demonstrated through analysis of actual as well as test-case data.



2.1 Introduction

Since the development of the first of the modern instruments by Knutson and Whitby
(1975), the differential mobility analyzer (DMA) has been recognized as an accurate
method of measuring submicron aerosol size distributions. Subsequent development
of the continuous flow condensation nucleus counter (CNC; Agarwal and Sem, 1978)
facilitated computer control of DMA operations (Fissan et al., 1983; Ten Brink et
al., 1983) and made the DMA a practical measurement instrument. In the original
method of size distribution measurement, the DMA classification voltage is set and,
after a delay to ensure steady state conditions, the particle concentration is measured
with the CNC or other detector. The classifier voltage is then changed and the process
repeated. The computerized measurement system, known as the differential mobility
particle sizer (DMPS), has been extensively used to make high resolution particle size
distribution measurements. The measurements are, however, slow, often requiring
10 minutes or more depending on the number of voltages employed. Attempts
to accelerate the voltage stepping by reducing the settling time leads to distorted
measurements.

Wang and Flagan (1989) demonstrated an alternate operating mode for the mea-
surement system in which the classifier voltage was continuously ramped and particle
counts were accumulated into a sequence of time bins. By eliminating the settling
time between successive measurements, this reduced the time required to measure
a complete particle size distribution to as little as 30 s. This instrumental system,
which is most commonly known as the scanning mobility particle sizer (SMPS), made
the DMA suitable for measurements of rapidly changing aerosols. To interpret the
mobility distribution obtained in this scanning-mode operation of the DMA, the time
bins into which particle counts are accumulated must be related to particle mobility.
Wang and Flagan (1989) interpreted their data by assuming that particles experi-
enced a fixed time delay between exiting the DMA and reaching the detection point
within the CNC.

Subsequent studies revealed that this analysis was oversimplified. Russell et al.
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(1995) observed tails on the low mobility (large particle) side of distributions measured
during increasing voltage scans, and on the high mobility (small particle) side when
the scans were performed with decreasing voltages. These tails were attributed to
a distribution of delay times caused by mixing within the flow passages of the CNC.
To account for this, the flow between the DMA outlet and the detector was modeled
as a plug flow region (fixed time delay) in series with a perfectly mixed volume
(called a continuously stirred tank reactor or CSTR) that produces an exponentially
decaying distribution of delays. The transfer function of the scanning DMA was then
modeled as a convolution of the DMA transfer function and the distortion of time bin
assignments caused by the delay time distribution. Scanning DMA measurements
were inverted using the resulting system transfer function. The analysis required to
achieve this result was complex. Moreover, the true distribution could only be found
after extensive post-processing of the data.

. The inversion of DMA data, whether obtained in scanning or stepping mode, is
further complicated by diffusional broadening of the DMA transfer function (Kousaka
et al., 1985, 1986; Stolzenburg, 1988). Stolzenburg (1988) derived a semi-analytical
expression for the distorted transfer function over a decade ago, but only recently
has use of this, or other similar representations, become routine (Zhang and Flagan,
1996; Fissan et al., 1996; Rossell-Llompart et al., 1996). Convolution of a diffusionally
broadened transfer function with the delay time distribution, while feasible, would
be mathematically complex and computationally int;ansive. This paper presents a
two-step approach to analysis of scanning DMA data in which the raw data are first
deconvoluted to remove the effect of mixing within the detector and then inverted,
considering only the response function of the DMA itself. The analysis has been
applied to a number of different types of DMAs employed under varying ambient and

operational conditions.



2.2 Inversion Method

Several references are available that describe in detail the governing equations and
methods of inversion related to DMA measurements (see, for example, Hagen and
Alofs, 1983). Only a brief synopsis will be presented here, with additional detail
available in the references given.

The recovery of size distributions, which is referred to as data inversion, requires

the solution of the set of Fredholm integral equations,

o0
R, = /n(logD)\Il(i,D)dlogD i=1,2,3,...1 (2.1)

—o0
where R; is the i** datum, I is the total number of measurements made, ¥ (s, D) is the
response of the i** measurement channel to a particle of diameter D, and n(log D) is
the (unknown) number concentration of particles with logarithms of diameter between
log D and log D + dlog D. The particle size distribution is expressed in terms of the
logarithm of diameter to facilitate the recovery of distributions that span several
decades in particle size.

Regardless of whether the DMA voltage is stepped or scanned, the raw data set
comprises a finite number of measurements. Therefore, in practice, the integral in

Equation (2.1) is approximated using the trapezoidal rule as

J D. 1
R; =" B;n(log D;)¥(i, D;)log (D—+—) (2.2)
j=0 J=3

where J is the number of size intervals, D; is the particle diameter corresponding to
the jth bin, D, 1= /D;Dji1, and B; = 1 /2 at the endpoints of the summation and
1 elsewhere.

Equation (2.2) can also be written in matrix form as

R=TIN (2.3)

where R is the array of raw data points, R; (i = 1,2,...,1), N represents the array
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of solution elements, n(log D;) = N;(j = 1,2, ..., J), and the elements of the response

. . D,
matrix, I, are given by I';; = ¥ (3, D;) log (ﬁ—%), and have the form
j_

Dj+l Pmax _ B
Tij = Qatelog | 5= | 1(D;) Y (D, $)UZ(D;, 8), Z:, Pe(D;)) (2.4)
=0

=3

where (), is the aerosol flow rate, ¢, the counting time, and 7(D;), f(D;,¢), and
QUZ(Dj, $), Z:;,Pe(D;)) are the bin averages of the efficiency, charging probability,
and DMA system transfer function, respectively. Each of these factors is described
below.

The efficiency, n(D;), is the product of the penetration efficiency through the
tubing, 7;,.(D;), the penetration efficiency through entrance and exit regions of the
DMA, nppa(Dj), and the counting efficiency of the detector, 744, (D;). Expressions
relating tubing and detector efficiencies to particle diameter are available in Fried-
lander (1977) and Mertes et al. (1995), respectively. DMA penetration efficiency is
described by Reineking and Porstendsrfer (1986), and Zhang and Flagan (1996). The
probability that a particle of diameter D; has ¢ elementary charges of the appropriate
sign, f(Dj,¢), is described by Fuch’s theory (1963) as modified by Hoppel and Frick
(1986). The choice of appropriate ion properties may depend on the application,
with those given by Reischl et al. (1996) applicable for typical ambient conditions.
To accelerate the calculations, the Wiedensohler (1988) approximation can also be
used. The maximum number of charges considered, ¢,.,, can be specified for the
inversion calculation. It typically ranges between 5 and 10 depending on the particle
size range in question.

The transfer function of the DMA column (classifier region), Q(Z(D;, ¢), Z;,Pe(D;)),

represents the fractional transmission of particles of electrical mobility,

Z(D,¢) = ————%fﬁg ) (2.5)

and associated Peclet number,
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Pe = %1—/-, (2.6)

to the detector in channel 7. The centroid mobility of the particles classified in
mobility range channel ¢ is Z;, C.(D) is the slip correction factor which accounts
for non-continuum effects between the particle and the surrounding gas, e is the
elementary unit of charge, V is the applied voltage, and D is the particle diftusivity.
The mathematical form of the DMA transfer function is available in Stolzenburg
(1988). His analysis showed that the classical triangular transfer function is distorted
into a broadened, continuous function by particle diffusion. Other investigators
have also recognized the importance of diffusional broadening of the DMA transfer
function, and applied inversions with broadened triangular distributions (Fissan et
al., 1996), with the Stolzenburg transfer function (Zhang and Flagan, 1996), or with
alternative derivations of the diffusion-broadened transfer function (Rossell-Llompart
et al., 1996). Figure 2.1 presents some representative transfer functions for both
radial (Zhang and Flagan, 1996) and cylindrical (Stolzenburg, 1988) DMAs.

For bins near the limits of the DMA’s range, the transfer function may have
finite values for mobilities significantly beyond the minimum or maximum calculated
centroid mobility. Particles outside the targeted mobility range are thus transmitted,
contributing particle counts to bins near the extremes of the measurement range
through the tails of the transfer function. Unless this effect is taken into account,
data inversion will overestimate the concentration of particles within these bins. This
effect is most pronounced near the high mobility limit of the distribution since these
particles undergo substantial diffusion and, therefore, have significantly broadened
transfer functions. The resulting error may be minimized by extrapolating both the
raw counts data and the response matrix, and then discarding these extrapolated bins
after the combined data set is inverted.

In general, multiply charged particles will be sampled by the DMA that would
have an electrical mobility less than the minimum mobility of singly charged particles

that are classified by the DMA. Unless the number of such multiply charged, large
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Figure 2.1: DMA transfer functions calculated using the expressions derived by
Stolzenburg (1988).
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particles is very small, their size distribution must be known from other measurements
such as optical particle counters before one can estimate this contribution to the raw

DMA data array, R. Regardless of the type of measurement used to provide this

information, the adjustment can be expressed as

AR(D ) oass = =nllog DI (DY HZY 27)

where AR(D')ppr4 is the adjustment to the DMA counts corresponding to diameter

D', resulting from n(log D) particles of size D, each possessing ¢ (> 2) elementary

units of charge. The relationship between D and D’ is simply

(787) s~ () 69

where D is the particle diameter as it would be measured by the DMA. Since it is
unlikely that D’ corresponds exactly to any of the actual DMA bins, interpolation is
necessary. This bias is often mitigated by using an impactor at the DMA inlet to

exclude particles that are too large to be classified in their singly-charged state.

2.3 Accounting for CNC Smearing

After exiting the DMA, a classified particle must travel some distance before its
ultimate detection. The time associated with this travel is referred to as the plumbing
delay time. For a scanning DMA, this time must be known in order to state when the
particle was in the DMA, and what voltage ramp the particle experienced. Initial
inversions of scanning DMA data were based on the assumption that all classified
particles suffer the same plumbing delays (Wang and Flagan, 1989). Given this
assumption, the analysis requires only a linear shift of the raw data sufficient to
force the distributions corresponding to the up and down scans to overlap. However,
particles experience a range of delay times due to mixing and deviations from plug-flow
within the tubing and, more importantly, within the condensation nucleus counters

that are commonly used to detect the transmitted particles. These non-idealities
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smear the particle counts over a range of time bins. Unless this response smearing is
taken into account, the recovered size distributions are broadened and distorted. This
effect becomes more pronounced as the voltage scan rate is increased or as the features
in the measured size distribution sharpen. Only by accounting for the distribution
of delay times can the data be accurately analyzed.

Fundamental to the removal of this smearing effect is an accurate description of
the relative frequency of particle delay times, or the delay time distribution (DTD)
(Russell et al., 1995). Condensation nucleus counters, and in particular the TSI
3010, are the most commonly used detectors for scanning DMA systems and will,
therefore, be considered in detail here, although the analysis is readily extended to
response delays of electrometers and other detectors. To probe the DTD, Quant et al.
(1992) introduced a step-change in particle concentration into a number of different
commercially available CNCs. The CNC output at 0.1 s intervals was then recorded
to infer the deviation from the constant delay that would result from plug flow within
the CNC. The fitted results for both a concentration step-up and step-down for
the TSI 3010 are shown in Figure 2.2a. The data indicate that the CNC response
approaches that of an exponential decay with a time constant of approximately 0.9
s as is shown in Figure 2.2b. If care is taken to minimize the length of tubing and
the number of plumbing connections between the DMA outlet and detector inlet, the
additional mixing introduced by external plumbing is typically small relative to that
within the detector.

Russell et al. (1995) first addressed this problem by deriving an effective DMA
system transfer function that accounted for the smearing effect. This effective transfer
function was then used along with the original raw counts data in the final inversion.
An advantage of this approach is that the data are inverted in a single step, thereby
reducing the errors involved with constraints that must otherwise be placed upon the
data at intermediate steps. However, the resulting equations describing the transfer
function are very complex. Moreover, diffusional broadening of the DMA transfer
function was not incorporated into the derivation. Their analysis was based on the

assumption that the response of the CNC decayed exponentially with time.



15

" e—
80 — ’,”"
T 60f
BE ’ — 8oncen}ra?on gzep-down
= ’ - =~ Loncentration olep-u
g § 40 L ’,/ p p
OO 7
= ,1
0L/
1
I,
0L | | I
(b
. )
£ Tone = 0.9 seconds
g on =098 Step-down Data
4 R*=096
o a2t
= 3
4 Step-up Data
= T R*=098
= | 1 L
0 1 2 3 4

Time Since Concentration Step (seconds)

Figure 2.2: (a) Data of Quant et al. (1992) showing the response of the TSI 3010
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We seek to account for both diffusional broadening of the DMA transfer function

and the delay time distribution. Rather than attempting to invert the data by taking
both effects into account in a single step, we present an approach for deconvoluting
the time sequence of raw counts prior to further processing. These adjusted counts
data can then be inverted using the conventional scanning DMA transfer function
during the inversion process. Not only is the method described below very simple, it
is performed separately from evaluation of the response matrices as described above.
Hence, changes in the smearing parameters do not require recalculation of the set
of matrices. The basic premise behind this analysis is that the number of particles
counted during a given time interval is a function of the number of particles exiting

the DMA at all previous times as described by

t
Ct) = % / R(t"YO(t — t")dt (2.9)

0
where C(t) represents the actual detector response (counts), R(t'), the number of
particles exiting the DMA at time ¢, is the desired raw counts data, ©(t—t') represents
the fraction of particles that exited the DMA at time t' that are detected at later
time ¢, and ¢t = 0 denotes the time at which the entire sequence of measurements
was started. As discussed above, DMA data are recorded as the number of counts
obtained during discrete averaging times. As with equation (2.1), the counts can be

approximated by a summation of the form

n=m

Cm =) RO(m n). (2.10)

n=0

Equation (2.10) can also be expressed in matrix form as

C=0R (2.11)

where @ is a lower triangular matrix with coefficients,
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( {(m—n)tc

f E(t")dt'
(nontle m>mn, Ab> (m—n),n> Ab
[ E@)dt
tcAb

Omn={ "1 B (2.12)

L m>n, Ab>n
[ B@)ar

nte

0 m<mn, or (m—mn)>Ab

The number of earlier time bins considered, Ab, is generally determined from the
bin at which the value of © falls below a limiting value. E(t) is the response of the
detector at time t to particles that exited the DMA at time ¢ = 0. A range of
functional forms of E(t), as well as methods of solving equation (2.11), are possible.
Use of an exponential decay function, E(t) = Eqe~7, and direct solution of equation
(2.11), represents the simplest approach. Each of the elements of the matrix is then
simply an exponential function of time. Direct solution of the triangular matrix can

then easily be accomplished by the backsubstitution method,

Gy Cy — R0 Cs — R0 — R0
Ry = é’{)‘, Ry = @6 1, Ry = @2] 2 (213)
e—ktc/r
where ©p = ——, (2.14)
Z e-—ptc/T
p=0

and R; = R(t;) is the number of particles exiting the DMA in the time interval
t; <t <t;+t. To ensure that significant contributions from all previous bins are
considered, it may be necessary to include data from previous scans in the raw counts
array when the delay between scans is too short. As the ratio ¢./7 is decreased, the
number of earlier bins that need to be considered increases. The number of bins that

must be tracked can be reduced by replacing Equation (2.13) with
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C,
R, = T UFI (2.15)
ulnu

where u = e, and F,, = R,,_ IM + F,,_1, and F,,_;, which will have been calculated

ulnu

for the previous bin, is given by

—1)? 1
nl‘ZRu (2.16)

ulnu un—F

For a continuous stream of data, Equation (2.15) can be used directly after a brief
start-up transient.

A more elaborate solution to this problem can also be performed in which a
higher order, best fit curve is found for the system transient response data such as

that generated by Quant et al. (1992). We have fitted that data set to the functional

form

E(t) = aexp(b+ct +dt* + ...) (2.17)

and used the non negative least squares routine (NNLS) originally written by Lawson
and Hansen (1974) to solve the resulting matrix equation. NNLS is an iterative
routine that, for a given matrix equation, AX = B, seeks to minimize ”AX — EH
with the constraint that all elements, {A4;} > 0. This method is appropriate here
since the elements of the solution vector represent particle concentrations that can not
physically be negative. The two approaches to deconvoluting the transient response
data from the step-change measurements of Quant et al. (1992) are compared in
Figure 2.3. Ideally, the adjusted data will recover the form of the step-change that
was originally introduced into the CNC. The fitted curve / NNLS solution more
closely approaches the expected step change, but even the simpler, direct solution
method results in a substantial improvement over the non-adjusted data. The direct
solution method may be sufficient for many applications. Moreover, its computational
simplicity and efficiency makes it ideal for on-line desmearing and real-time display

of scanning DMA data.
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Figure 2.3: Comparison of two techniques used to remove the smearing effect from
the concentration step-change data shown in Figure 2.2 for both (a) an increased
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To more clearly demonstrate the impact this mixing has on actual scanning mea-
surements, data were obtained using a DMA that was ramped between 10 and 10000
V over scan times ranging from 30 to 300 s. Consistent with the previous dis-
cussion, a TSI 3010 CNC was used as a detector for this analysis. Test aerosols
consisted of ammonium sulfate particles of about 100 nm diameter that were gen-
erated by atomization and then classified with a DMA operated at a fixed voltage.
The sheath-to-aerosol flow rate ratio for both of the DMAs was 10:1. To avoid the
additional complications that arise as the residence time of the gas flow within the
DMA approaches the voltage scan time, the flow rates were chosen to result in a
residence time of less than 2 s. Results obtained using exponentially increasing (up-
scan) and decreasing (down-scan) voltage ramps are shown in Figures 2.4a and 2.4b,
respectively. Although even the distribution recovered from the 300 s scan is slightly
broadened somewhat due to the mixing downstream of the DMA, the deviation from
the true distribution is expected to be minimal. Hence, this scan serves as a basis
for comparison with the faster ramps. For both increasing and decreasing voltage
ramps, the measured distributions are significantly broadened as the ramp time is
decreased (Figure 2.4a). For the fastest ramp (30 s), the peak concentration is only
~33% of that measured during the 300 s scan. Figures 2.4c and 2.4d show the results
of adjusting these data by assuming that the delay time distribution is represented
by an exponential decay with a time constant of 1.5 s. The mixing time constant is
larger than the measured CNC smearing time because of the long lengths of tubing
that were needed to adapt an existing experimental system to these measurements.
Clearly, this simple correction does not produce distributions identical to the 300
s scan, but it does dramatically increase the resolution obtainable with accelerated

ramps.

2.4 Solving the Matrix Equation

Having calculated the response matrix, I', and the raw counts vector, R, the solu-

tion vector, N, is found by solving equation (2.3), R =I'N. If there were no errors
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or statistical limitations associated with this problem, N could be found directly by

multiplying the raw counts vector by the inverse of the response matrix, N = I''R.
Unfortunately, this often leads to unrealistic oscillations and negative values of N;.
A number of approaches to data inversion have been developed to overcome this
(Twomey, 1975; Cooper and Spielman, 1976; Alofs and Balacumar, 1982; Crump and
Seinfeld, 1982; Hagen and Alofs, 1983; Maher and Laird, 1985; Markowski, 1987;
Wolfenbarger and Seinfeld, 1990; Lloyd et al., 1997). These data inversion routines
attempt to find a solution vector that approaches a solution of equation (2.3) while
requiring that each of the N; > 0. Due to its simplicity and widespread use, the
Twomey algorithm has been employed here. Similar analyses were conducted using
NNLS, but it was found that the recovered distributions contained significant er-
rors when multiply charged particles comprised a significant fraction of the classified
particles.

The specifics of the Twomey algorithm have been discussed elsewhere (Twomey,
1975) and will not be described in detail here. A positively-constrained initial guess
is necessary as an input for this algorithm. For this, a first order inversion is used
in which adjacent bins have been averaged until any negative data points originating
from the desmearing step have been eliminated. The loss in resolution resulting
from the averaging step is usually insignificant since it is typically necessary only in
those intervals within the distribution for which counting statistics would otherwise
result in considerable error. Beginning with that initial guess, each of the elements of
the solution vector is iteratively multiplied by a factor that improves the agreement
between the actual measurement and the response to the trial solution. The number
of iterations can be varied but typically ranges between 30 and 50.

To remove the smearing effect from scanning DMA data, one can utilize either the
two-step approach described here by first adjusting the raw counts and then inverting
the data using a DMA-only transfer function, or invert the raw counts directly by
using the effective transfer function derived by Russell et al. (1995). To compare the

accuracy of the two approaches, test-case aerosol size distributions were used as inputs
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into Twomey-based inversions by each of the two methods!. The bimodal test-case
aerosol used in Russell et al. (1995) has been replicated for this analysis, and is shown
in Figure 2.5. For each of the cases, raw data corresponding to this distribution were
calculated using the appropriate instrument response functions, and the assumption
that mixing downstream of the DMA was consistent with an exponential decay with
a time constant of 1.5 s. The fitted CNC response curve, described in the previous
section, is inappropriate here because of the additional contributions of the plumbing
connections to the DMA / CNC system response. Data inverted using the Russell
et al. transfer function are shown in the top sequence of plots, while those generated
using the two-step approach are shown below. Figure 2.5a presents the recovered
distributions expected if no adjustment for the mixing is considered, while the results
obtained when the mixing is taken into account are shown in Figure 2.5b. As expected
for this simple case, each of the two methods accurately recover the initial test-case
distribution. To test the robustness of the methods, each inversion was performed
100 times with a £+20% random error in concentration added to the test-case size
distribution at each diameter before inversion. The vertical lines shown in Figure
2.5¢ represent the range of the recovered distributions at each diameter considered.
No significant differences are apparent between the two techniques; both result in

deviations from the initial test-case distribution that are comparable to the random

error introduced.

2.5 Summary

Inversion of DMA data, whether obtained by stepping or scanning the applied volt-
age, poses a unique problem in the study of submicron aerosols. The lack of a unique

solution necessitates the use of optimization techniques to find realistic distributions

1Tt should be noted that during this analysis, the following typographical errors were found in
Russell et al. (1995):
(1) In Eq. (17), 8=0 (not 1) when vy < 1

(2) In Eq. (34, v) there should be a + (not -) in front of %
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Figure 2.5: Comparison of the size distributions recovered using the bimodal test-case
aerosol presented in Russell et al. (1995). The distribution is composed of two log-
normals with standard deviations of 1.5, and with concentrations of 50 and 60 cm™
and mean diameters of 40 and 150 nm, respectively. Consistent with the analysis
by Russell et al., a ramp time constant of 5.0 s, counting time of 1.0 s, aerosol flow
rate of 0.3 L/min, and sheath flow rate of 3.0 L/min were used. The mixing time
constant of 1.5 s used for the analysis associated with Figure 2.4 was also used for
these analyses. The top sequence of plots represent the results obtained using the
transfer function presented in Russell et al., while those below were calculated by first
removing the mixing effect from the raw data, and then inverting using a DMA-only
transfer function. Shown are (a) the distributions recovered when no adjustment
for the mixing effect is considered, (b) distributions recovered for the simple case in
which the raw data were calculated using the same time constant as was utilized to
invert the data, and (c) the response of the two inversion methods to +20% random
error at each diameter considered. The vertical lines in (c) represent the range of
distributions recovered for 100 cases for which random error was added.
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consistent with the governing equations and raw data. Inversion of scanning DMA
data has many similarities with inversion of stepping data, but with the added com-
plication that the distribution of delay times in detector response must be taken into
account. Without this correction, recovered distributions are somewhat broadened.
Peaks in the inverted distributions can be as little as 33% of the true peak ampli-
tude. Adjusting the raw DMA data by assuming the delay time distribution can be
expressed as a simple exponential decay significantly improves estimation of actual
concentrations as compared to raw signals obtained when commercial detectors are
subjected to a step change in the aerosol concentration, and of the size distribution of
a monodisperse aerosol measured with a scanning DMA. More elaborate corrections
using optimization techniques along with fitted curves using detector response data
improve the accuracy, although the added complexity of the calculations may not
justify the minor gains achieved. Although this paper has focused on the delay time
distribution associated with mixing within condensation nucleus detectors, RC time
constants in sensitive electrometers will cause similar smearing, and can be addressed
by the methods outlined here. Removing the effect of mixing from the raw data
counts prior to inversion with a DMA-only transfer function was found to be as ac-
curate for recovery of a test-case size distribution as inclusion of a mixing adjustment

directly into the transfer function itself.
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Abstract

A new method of DMA operation has been implemented in which the flow rates
are continuously changed in conjunction with the applied voltage. By optimizing
the flow and voltage ramps, improvements can be made in the DMA’s measurable
size range, counting statistics, resolution, or a partial combination of each of these.
Detailed modeling of this technique suggests that errors on the order of 2 to 5%
result from incorrect assumptions concerning the flow profile within the DMA. The
experimental system enabled accurate control of flows that were varied by an order
of magnitude in as little as 30 s. Excellent agreement was obtained between mobility
distributions recovered from a voltage ramp, a flow ramp, and a combined voltage

and flow ramp. Slight deviations were apparent in the recovered data as the flow

scan time was reduced from 60 to 30 s.
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3.1 Introduction

The differential mobility analyzer (DMA) consists of a pair of parallel electrodes
between which a potential is applied and a gas flows. An aerosol flow, Q,, containing
charged particles is introduced adjacent to one of the electrodes. A particle-free
sheath flow, Qsp, initially separates the aerosol flow from the opposite electrode. A
voltage applied to one of the electrodes (typically the center rod of a coaxial cylinder
classifier) produces an electric field that causes charged particles to migrate toward
the opposite electrode as they are carried through the classifier by the gas flow.
Particles that migrate across the gap between the two electrodes in the time they
are carried from the upstream aerosol inlet to a downstream exit port are discharged
in a small classified sample flow, QJ;. Other particles either deposit on the electrode
surfaces, or exit the classifier in the excess flow, (J.. The particles contained in the
outlet sample flow are classified in terms of electrical mobility, Z,, which is defined
as the migration velocity per unit field strength. The relationship between particle
transmission efficiency and particle mobility is referred to as the transfer function,
Q(Z,). The transmitted particles have mobilities distributed in a narrow region
about Z;, commonly labeled the centroid mobility because of the symmetry of that
distribution for large particles. For a DMA operated with constant flow rates and
voltage, the centroid mobility can be expressed as (Knutson and Whitby, 1975; Zhang

and Flagan, 1995)
Z* _ a2Q8h + Qa - Qs
P Vv

(3.1)

where « is a function only of the geometry of the DMA, and V is the applied voltage.
This expression applies to both cylindrical and radial DMAs. The classified particle

diameter, D, can then be inferred from the electrical mobility through

D, e
C.D,) 3muz,

(3.2)

where i is the number of elementary charges on the particle, e is the elementary unit

of charge, and C.(D,) is the slip correction factor for a particle of diameter D,.
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By monitoring the classified sample flow with a continuous-flow particle detector
and making a series of measurements at different applied field strengths, the par-
ticle size distribution of the aerosol being sampled can be inferred. Utilization of
a computer to step the applied voltage and simultaneously record particle counts
made the DMA a practical instrument for measuring size distributions (Fissan et al.,
1983; Ten Brink, 1983). Continuous scanning of the applied voltage reduced the size
distribution measurement time from the many minutes required for stepping-mode
measurements to under one minute (Wang and Flagan, 1989). Further enhancement
by continuously monitoring the volumetric flow rates of all four streams entering and
leaving the DMA, combined with active flow control to maintain the desired flows in
spite of pressure variations, has made the DMA a robust system suitable for airborne
measurements (Russell et al., 1996).

The computer-controlled DMA fills a very important niche in aerosol particle
characterization, allowing high resolution size distribution measurements of particles
below the range of optical particle counters and aerodynamic particle sizers, span-
ning the range from 1 pym to 3 nm or less. While DMA measurements can be made
over a broad range of particle sizes, the size range that can be covered in a given
measurement scenario is constrained by practical limits on the range of voltages that
can be scanned. The highest classification voltages must be below the threshold
for electrostatic breakdown, or spurious counts will be recorded, and the instrument
may be damaged. This threshold decreases with decreasing gas density according to
Paschen’s Law (Meek and Craggs, 1978), complicating aircraft and other low pressure
applications. At the opposite extreme, particle diffusion results in deterioration of the
instrumental resolution as the voltage is decreased below a threshold value (Stolzen-
burg, 1988; Flagan, 1999). Figure 3.1 presents the relationship between limiting
resolution and applied voltage for the TSI 3071 cylindrical DMA operated with an
aerosol to sheath flow ratio, 3, of 10. To some degree, the operator must, therefore,
decide whether to focus measurements on the fine particle end of the size spectrum,
or to measure larger particles. Additional constraints exist on the flow rates that can

be accurately employed. While limits vary between DMAs, sample flow rates below
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Figure 3.1: Limiting DMA resolution for a typical cylindrical DMA with an aerosol
to sheath flow ratio of 0.1.

0.1- 0.2 L/min will typically result in poor counting statistics; for the commonly used
TSI 3071 cylindrical DMA, a sheath flow rate of 20 L/min will be associated with
a Reynold’s Number of 960, approaching the point at which flow instabilities may
occur, although carefully designed and fabricated instruments have been successfully
operated well beyond this point (de Juan and de la Mora, 1998). Techniques used
to extend the achievable size range in DMA measurements include use of multiple
DMAs operated in parallel (Flagan et al., 1991), and switching a single instrument
between high and low flow rate modes (Hansson, 1997).

This paper will demonstrate a new approach to extending the range of size dis-
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tribution measurements attainable with a single DMA while maintaining the short

measurement times that are possible with the scanning mode. By simultaneously
scanning both the DMA voltage and flow rates, the particle size range can be dramat-
ically extended while, at the same time, improving both the limiting size resolution

and counting statistics associated with the measurement.

3.2 Scanning Flow DMA Operation

When particles are classified using a DMA operated at constant voltage and constant
flow rates, all transmitted particles follow similar trajectories in the absence of diffu-
sion. Using a particle stream function analysis, the transmission characteristics of the
DMA can be shown to be independent of the details of the gas flow velocity profile. If
either the voltage or flow rates is allowed to vary, a particle stream function analysis
is no longer possible, and examination of particle equations of motion is necessary.

In its most general form, particle velocity is described by

‘fl—f — 2B, +u(z,n ) (3.3)
% = ZpEr+v(Iarvt) (34)

where F, and F, are the electric field vectors in the z and r directions, respectively,
and u(z,r,t) and v(z,r,t) are the gas flow velocities in the z and r directions, respec-
tively. For the theoretical and experimental analyses presented here, a cylindrical
DMA with dimensions similar to those of the TSI 3071 will be considered. There-
fore, the following expressions are derived for a cylindrical DMA, although similar
expressions exist for a radial DMA. Particles are introduced along the outer elec-
trode in the DMA, radius R, and migrate toward the inner one, radius R;. For
a properly designed cylindrical DMA, the electric field in the annular gap between

these electrodes is
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(3.5)

The particle velocity must be known throughout its residence time in the DMA to
determine the efficiency with which particles of specified mobility are classified. This
task is greatly simplified if all sampled particles follow the same trajectories, i.e.,
%;- # f(t). The residence time of a classified particle then varies only with the
average gas flow rate during its transit in the DMA. If the flow rate variation does
not change the relative flow profile within the DMA, e.g., if the flow is fully developed,
the particle velocity would be given by

% = u,(z, r)%?— (3.6)
dr Z,V(t) Q)

EZ = —')’—‘El—%- ’Ua(iE, r) Qo (37)
dr ZQ0 V()  vo(z,r)

& " ranBEQD e &9

3.2.1 Voltage Scan at Constant Flow Rate

In the first report of scanning DMA operation, Wang and Flagan (1989) utilized
an exponential voltage ramp while maintaining constant flow rates to accelerate the
measurement of complete size distributions. The particle equations of motion for

this voltage-scanning DMA are

dz

@ _ 3.9
LErS 39)
dr AW

ar _ Ze¥o xyr o (g 3.10
2T qwme Tl (3.10)
dr_ _ LVo | Ve(@iT) (3.11)

dx TU(T, T) 1n%§ Uo(T,7)
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Breaking the time, ¢, into the time a particle has spent in the DMA, At, and the time

at which the particle entered the DMA, t,,, and integrating the radial velocity over

time yields

tin+At
22,V (£ :
r? =R + ———I;;I—gjﬁeit’"”(ei_mﬁ -1)+ / TUo(, 7)dt (3.12)
Ro

tin
where R, is the radial position of the particle upon entering the DMA. If, as desired,

all sampled particles follow the same trajectory,

tin+At tin+tres
rv.(z,T)dt = f(z,7) and / rv,(z,r)dt = k = constant (3.13)
tin Lin
where ¢, is the transit time a classified particle will take to migrate to radial position
R,y Solution of Equation (3.12) with these limits of integration provides a relation-

ship between the mobility of a classified particle and the time at which it entered the

DMA

V,(R2,, — R: — k) 1
Zp=F=2=0 Rt . 3.14
P 27n Bt et (eEbrea]T — 1) (3.14)

The characteristic mobility of the classified particles leaving the DMA at any instant of
time is generally taken as that of the particle that entered the DMA at the centroid of
the incoming aerosol flow (expressed here as the radial position R;,), and exits at the
centroid of the outgoing classified sample flow at R,,;. The median mobility, Z]’J"ed,
of the transmitted particles (and the transfer function) is, however, more relevant to
ultimate inversion of the data. Substitution of Equation (3.14) into Equations (3.11)
and (3.12) gives

2 _ p2 o +At/T
Ei_’f‘_ — :{:Rout Rzn k € + ’UO(IE, 7‘) (315)
dzx 21ruy(z,7) eftre/T — 1 uy(z,T)

0 0 ) e:l:At/‘r -1
r? = Ri+(Rou— Rin— k) (@) (3.16)
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Finally, solving Equation (3.16) for et2/™ and substituting this relationship back into

Equation (3.15) yields a time-independent expression for the particle trajectory, i.e.,

d 2 p2 _ 2 _p2 o
ar_ . 1 (th R, -k r*—R: f(a:,r))+vo(x,r) (3.17)

dz Uo(z,7) \ 277 (ettres/T — 1) 27r Uo(z, )
The result is a transfer function that maintains a constant shape throughout a scan,
and for which the centroid and median mobilities vary with e**/7. This simplifies
the analysis of voltage-scanning DMA data, but imposes constraints on the manner
in which voltage is varied. Additionally, only those particles that experience the
voltage ramp throughout their entire transit are considered, i.e., particles that enter
prior to the start of the ramp or exit the column after the ramp is complete are not

accurately described by this first-order model. Relative to stepping mode operation,

this restriction reduces the mobility range analyzed to

(meax /mein)scan _ (Vma.x) scan ‘/min _ f(;res e“t/Tdt Lres (3 18)
(meax /mein)SteP Vmax (Vmin) scan t?‘es fgms et/Tdt .
V. —tres /tscan
— (T/’;‘::) -1 o (Vmin ) tres/tscan (3 19)
(_“gmgx) tres /tscan _ 1 Vmax

For a TSI 3071 DMA operated with a sheath flow rate of 3 L/min, a 60 s scan over 3
decades of voltage reduces the analyzed mobility range by a factor of approximately
2.4.

Although the shape of the DMA transfer function does not change during an
exponential voltage scan, it may differ from that in the constant voltage case due
to differences in the time that the particle resides in different regions of the flow.
At constant voltage, the particle residence time equals the mean fluid residence time.
When the voltage increases with time, a particle will pass through the low velocity, low
field region near the outer electrode more slowly than it will through the high velocity
core of the flow or the high field, low velocity region adjacent to the inner electrode.

The reverse is true for a decreasing voltage scan. This leads to an asymmetry in the
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transfer function and a shift in the median mobility of the two scans. The effect is

generally small at commonly used scan rates, but the scanning DMA system should
be calibrated to eliminate the resulting biases. As a first approximation, the median
mobility can be estimated using Equation (3.14) with the assumption that the particle
residence time is the same as the mean gas residence time. By measuring the system
response to a monodisperse aerosol and adjusting the so-called plumbing time until
the recovered distribution is consistent with the known size of the sampled aerosol
particles, the system can be calibrated for future measurements. For plug flow, this
plumbing time is simply the transit time between the DMA outlet and the detector,
but when the gas velocity varies with position, it is the sum of the transit time and an
adjustment that accounts for the difference between the residence time of a sampled
particle, and that of the mean gas flow. From Equation (3.14), this adjustment time,

t', is related to the (unknown) particle residence time, tres,, through

(exp(Ftres,/T) — 1) exp(ttin/T) = (exp(Etres,/T) — 1) exp(£(tin +t')/7)(3.20)
exp(Eitres,/T) — 1
exp(ttres,/T) — 1

or ' = £7rln

Even if the particle residence time during an up scan is the same as that during a

down scan, this adjustment will not be, so two plumbing times must be determined.

3.2.2 Flow and Voltage Scan

Even with the limitations and uncertainties associated with the exponential voltage-
scanning technique, the time-independent transfer function is preferable to the time-
varying transfer function that would result from other voltage ramps. Therefore,
for a flow-scanning DMA, it would be desirable to find a suitable set of ramps that
would satisfy the constant trajectory requirement discussed above. From Equation
(3.8), it is clear that, if gi(% = constant, %;— # f(t) provided the velocity profile
in the DMA does not change, and calculation of the DMA transfer function will

be facilitated. However, contrary to this requirement, an increasing voltage must be
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coupled with decreasing flow rates and vice-versa to expand the measurable size range.

Unfortunately, no ramp combinations exist that satisfy both of these requirements.
Moreover, unless the variation is slow and the flow is fully developed throughout the
scan, the assumption that the shape of the flow profile remains constant is unrealistic
when flow rates are varied. Thus, although flow-scanning increases the dynamic
range of the DMA, it may complicate data analysis since the transfer function will
vary with time, as will the flow profile within the DMA.

The flow in a DMA is usually approximated either as a plug flow in which the gas
velocity is uniform across the flow channel, or as a fully developed laminar flow in
which the velocity varies transverse to the flow, but not in the streamwise direction
(at least for the cylindrical DMA). For operation at constant flow rate and field
strength, these flows represent extremes that bound the actual performance. Since
scanning operation may be more sensitive to the details of the velocity profile, we have
examined the impact of deviations from these idealized flow fields on two measures

of instrument response: (i) the integral of the transfer function over the logarithm

of the mobility,

T z Z
I[o z = / Q(log P )dlog d ;
¢ % Z o ZPo

and (i) the median mobility of the transfer function, Z**?, defined such that

logZz’,"ed/ZI70 o
Z, Z, 1 / Z, Z,
— —— == | Qlog==)dl 3.21
[ onoe a2 =5 [ aos Pyiog 2 21

For a size distribution that is broad compared to the transfer function, liogz is pro-
portional to the particle transmission rate.

The flow field within the DMA was predicted by numerically solving the Navier-
Stokes equations for laminar flow (Bird et al., 1960) using a finite volume method
(Pataﬁkar, 1980). A staggered grid, in which each velocity grid node lies between two

volumes, is used for the calculations (Patankar, 1980). This procedure ensures that
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the numerical solution yields a realistic pressure field. The SIMPLE iterative solution

method is used to solve the finite volume equations (Patankar, 1980). The computer
code used for the numerical simulations is a modified version of the TEACH-2E code
(Gosman, 1974). For each flow rate considered, the numerical solution was obtained
using 150 cells for the x- and 50 cells for the r- directions, respectively. For the
theoretical and experimental analyses presented in this paper, the sheath flow rate
was varied between 2 and 20 L/min, while the sheath to aerosol flow rate ratio was
maintained at 10. The calculated velocity vectors and fluid streamlines corresponding
to the extremes within this range are shown in Figure 3.2. While differences do
exist between the 2 and 20 L/min flow fields, they are seen to be significant only
immediately downstream of the aerosol inlet and immediately upstream of the sample
outlet. The fastest flow ramp considered, 30s, is long enough compared to the
characteristic time for viscous diffusion (7, ~ (R2%, — R2,,)/v ~ 5 s) that the flow may
be assumed to be quasi-steady.

The transfer function was examined for scans with a sheath flow rate variation
between 2 L/min and 20 L/min, and a voltage range of 10 V to 10,000 V. Since the
perturbations caused by scanning DMA operations depend on the rate of change of
the flow and voltage, and the variations of these parameters span the majority of the
accessible ranges for the TSI long column cylindrical DMA (Model 3071 or 3081),
the analysis that follows provides an estimate of the maximum perturbations that are
likely for scans as short as 30 s. For plug flow, the axial particle velocity is constant
and equals the mean gas velocity. For this simplified case, the voltage-scanning
transfer function that was presented by Wang and Flagan can be used for combined

flow and voltage-scanning operation with little modification,

QZp, t) = max {0, min (K (t) +1-1/8), (K@) + 1+ 1/0)]}  (for Qu = Qs)
(3.22)

oL fi,. V({E)dt
Bl (¥ Qu(t!)dt

where K(t) = -Z, (3.23)



38

Q,, = 20 L/min

RI LY, kH
Sample Outlet

(b

Figure 3.2: (a) Modeled velocity vectors, (b) modeled fluid streamlines, and (c) de-
viations between modeled (solid line) and fully developed (dashed line) flow profiles
near the inlet and outlet of a cylindrical DMA with overall dimensions identical to the
TSI 3071. The two cases given (2 and 20 L/min) represent the extremes employed
in our analysis. For both cases, a sheath to aerosol flow rate ratio of 10 is used.
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To clearly show the increasing transmission rate of particles with increasing flow rate,

an effective transfer function, )’ (Zp,t), is defined as the product of the transmission

efficiency and sample flow rate normalized to its initial value,

Q(Z,,t) = (2, t)a—s%—(i—)(ﬁ (3.24)

For plug flow, the integral of this expression over the logarithm of mobility varies
only with sample flow rate, while the median mobility is directly related to the mean

voltage and flow rates experienced over the gas residence time, i.e.,

T Z Z Q.(t)
Q(log =2 )dlog =2 = Oy —2— 3.25
Zo 8.1, = Q=0 (329
t
V(t)dt
zZret = C, Jitres V() (3.26)

ftt—tres Qan(t')dt’
where C; and C; are constants related to 3 and the DMA dimensions. For both
modeled and fully developed flow, I),zz and Zg‘ed were calculated by numerically
integrating particle trajectories over time. The transfer functions calculated using
the modeled flow fields for a 60 s ramp are shown in Figure 3.3. Following the
convention given by Wang and Flagan (1989), voltage is increased (while flow rate is
decreased) during an up scan (decreasing mobility) and decreased (while flow rate is
increased) during a down scan (increasing mobility). The direct relationship between
sample flow rate and transfer function height is apparent. Figure 3.4 shows the
integral and median mobility of the transfer function as a function of time for this
60 s scan, along with the corresponding quantities for the plug and fully developed
flow cases. Consistent with the use of the time offset described in the analysis of
voltage-scanning data, the median mobility curves were shifted with respect to time
(0.45 s) to achieve agreement. While slight deviations are seen to exist between
the three cases considered, they are relatively small, with maximum errors in both
Liog z and Z{,ned of approximately 2% and 6% for the developed and plug flow cases,

respectively. The relationships between these maximum discrepancies and scan time
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are presented in Figure 3.5. Fully developed flow better approximates the actual

performance of the DMA than does plug flow. The deviations in median mobility
resulting from the fully developed flow model increase slightly with decreasing scan
times. Although these errors may be excessive for certain applications, they are
of comparable magnitude to other errors common in size distribution measurements
such as those related to charging probability uncertainty and flow control.

One further complication arising from this method is the pressure variation within
the DMA that is caused by flow rate dependent finite pressure drops in the entrance
and exit regions of the DMA and across the laminar flow elements that are used
to monitor the flow rates. This leads to a slight imbalance in the flow rates since
the density within the column will change in the course of the measurements. The
pressure drop within the classification region of the DMA is small, so impacts of the
pressure drops can be examined by considering a mole balance on the DMA column.
The accumulation of material within the DMA can be expressed as the difference

between the incoming and outgoing flows, i.e.,

(dc) _ c(Qa + Qsn— Qs — Qe) (3.27)
DMA

dt Vpouma
where ¢ is the molar concentration of the gas within the DMA and Vpaa is the
volume of the DMA. As will be described below, the sheath and excess air flows are
connected through a low volume recycle loop, so Q. = Q.. Also, if the pressure
within the recycle loop is directly related to the pressure within the DMA, it is the
combined DMA / recycle loop volume that is relevant in Eq. (3.27). Applying the
ideal gas law and assuming constant temperature yields a predicted flow imbalance

between the sample and aerosol flows of

Vpma dp

Qa—‘Qsz D dt

(3.28)

Measurements of the DMA pressure as a function of aerosol flow rate are shown

in Figure 3.6. The combined volume of the DMA and recycle loop, Vpara, was
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Figure 3.4: Calculated Z;,"ed and Iz z for a 60 s scan during which the sheath flow
was varied linearly from 2 to 20 L/min as the voltage was ramped from 10 to 10000V.
Calculations were performed for plug flow, fully developed flow, and modeled flow.
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Figure 3.5: Maximum error in the determination of the integral and median mobility

of the transfer function from assuming either plug flow or fully developed flow within
the DMA.
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Figure 3.6: Vacuum within the DMA due to the pressure drop associated with the
aerosol flow.

approximately 1 L. For a one minute linear ramp in flow rate from 2 to 20 L/min,
the deviation calculated using Eq. (3.28) between Q, and Q, is less than 1%. This
discrepancy could become larger if the pressure drops within the DMA or the metering
elements were larger, if the DMA volume were larger, of if a faster flow ramp were
employed.

The experimental apparatus is illustrated in Figure 3.7. In order to ensure that
the sheath and excess flows are balanced as the flows are scanned, a closed loop recycle
system (Wang et al., 1992) was used. The variable recycle rate was facilitated by using
a regenerative blower (EG&G Rotron HDC, SE12RE21). The regenerative blower is
compaét and lightweight, and due to the low pressure operation, heats the gas less

than the diaphragm pump used in the earlier implementation of sheath air recycle,
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reducing the risk of evaporating volatile aerosols in the course of measurement!. The
aerosol flow was controlled by using a bypass flow that passed through a proportional
solenoid valve (MKS 0248A-50000SV). The bypass flow was filtered and combined
with the sample flow immediately after exiting the DMA so that the flow entering
the TSI 3010 Condensation Particle Counter (CPC) remained constant in spite of
the variable flows through the DMA. This not only facilitates the use of a particle
detector or other in-line constant-flow apparatus, but also simplifies the final data
analysis since the particle losses in the entrance and exit plumbing are constant and
the plumbing time between the DMA and the CPC is only a weak function of the flow
rates. All volumetric flow rates were measured using differential pressure transducers
across laminar flow elements.

LabView (National Instruments) software was used to monitor all parameters and
execute all control functions through a laboratory computer. Differential pressure
transducer signals were measured and CPC pulses were counted using an A/D card
(National Instruments PC-LPM-16), while a 12-bit D/A card (National Instruments
AT-AO-6) was used to provide the control voltages to the regenerative blower, con-
trol valve, and a high voltage module. The wide dynamic range of the DMA voltage
was accommodated by.generating a signal proportional to the logarithm of the volt-
age and using an analog exponentiation circuit to drive the high voltage module
(Bertan 602c¢-100). The control software was based on built-in proportional-integral-
differential (PID) controller modules in the LabView software. The data were an-
alyzed in real-time immediately following each scan with a recently developed data
inversion routine that accounts for the smearing of the DMA response due to the
residence time distribution of the CPC (Russell et al., 1995) and the DMA transfer
function.

The performance of the scanning DMA was examined using a mobility classified
aerosol. A nebulizer / diffusion dryer system was used to produce a polydisperse

aerosol consisting of dry NaCl particles. The dried aerosol was processed through a

11t should be noted that for use in a closed loop such as this, the optional seal offered by EG&G
Rotron is necessary to prevent leaks that will result in a flow imbalance.
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mixing chamber with a mean residence time of approximately 5 minutes to minimize

any fluctuations. A bipolar neutralizer containing 2 mCi of polonium-210 was used
to neutralize the aerosol, and a cylindrical DMA identical to the one used for the
scanning measurements was used for classification. This source aerosol was found to

be extremely stable over a period of hours.

3.3 Results and Discussion

For a given set of voltage and flow rate limitations associated with a DMA, there ex-
ists an infinite number of possible ramp combinations, several of which are examined
below. Although the quantitative results presented are for the cylindrical DMA dis-
cussed above, the general trends and benefits described can be achieved with DMAs
of any design, subject to the additional constraint that the range and rate of flow
rates scanned not lead to flow instabilities.

The most obvious advantage of the flow-scanning mode of DMA operation is the
extension of the range of particle sizes that can be accurately measured. Figure 3.8
compares the range of particle measurements that is attainable with a 10 V to 10*
V voltage scan with a constant sheath flow rate at an intermediate value of 5 L/min
with that covered when the flow rate is decreased with time from 20 L/min to 2
L/min. The minimum classified particle size decreases from 9.8 nm to 4.8 nm, while
the maximum particle size increases from 537 nm to 1160 nm when flow-scanning is
implemented, extending the sizing range by a factor of 4.4. For a 60 s scan, this
factor increases to 6.0 if only those particles that experience the exponential ramp
are considered for the voltage-scanning method.

While improving the dynamic range of the DMA may be the most obvious benefit
of flow-scanning, it is by no means the only reason for adding this feature. If, as
in the present work, the ratio of the aerosol to sheath flow rates is kept constant
as the flow rate is scanned, an increase in the flow rate will increase the number of
particles reaching the detector. In a clean environment, this can lead to substantial

improvements in the uncertainties in number concentration measured. Consider mea-
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Figure 3.9: Theoretical improvement in the monodisperse flow (and therefore counting
statistics) through the implementation of scanning flow rates.

surements with a maximum size of 1 um using the present cylindrical DMA. Given
the breakdown potential of about 10,000V, classification of these particles requires a
flow rate of approximately 2 L/min. In scanning flow operation designed to maximize
counting statistics, the flow rate at low voltage is increased by an order of magnitude,
to 20 L/min, decreasing only when the particles can no longer be classified at this
high flow rate as illustrated in Figure 3.9. This results in a factor of /10 decrease in
the uncertainty in the estimate of the particle concentration over a wide size range.
The attainable resolution can also be dramatically enhanced by maximizing the
classiﬁéation voltage at every instant in the scan. Figure 3.10 presents a scan designed

to increase resolution, while maximizing the flow scan time in order to facilitate
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Figure 3.10: Theoretical improvement in the limiting DMA resolution through the
implementation of scanning flow rates.

accurate control. In this scan, the flow rate is first maintained at its maximum
in order to allow the voltage to be increased as rapidly as possible. When a point
is reached at which the resolution is deemed satisfactory, the flow rates begin their
linear ramp, slowing the rate of change of the applied voltage. As indicated from
calculations based on the Stolzenburg (1988) transfer function, the resolution for
this scan profile is dramatically better than that of the conventional fixed flow rate
operation, Q)s;, = 5 L/min, over the same range of particle size. The resolution for
the smallest particles classified is about 60% higher in the flow-scanning mode than
when the voltage is scanned alone.

Experimental implementation of flow-scanning operation of the DMA requires

that the flow rates accurately follow the prescribed time profile. The response of the
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Figure 3.11: Measured sheath and aerosol flow rates during a 20 s linear flow scan.
The aerosol flow rate is multiplied by 10 to account for the aerosol to sheath flow

ratio of 0.1.

DMA flows to the imposed ramp is shown in Figure 3.11 for a 20 s ramp. A linear
ramp has been employed here to facilitate flow control. The sheath flow rate and the
aerosol flow rate (multiplied by 10 = 87!) are compared with the set point. The flow
control was accurate and stable for this rate of change of the flows. Magnified regions
of the profile show that the maximum deviation from the set point was less than 5%
over the entire flow rate range. It is the average deviation over the residence time of
the particles within the DMA (~ 1.1 to ~ 11 s) that determines the uncertainty in
the measured mobility, and this quantity is much smaller (~1%).

In order to examine the accuracy of the inverted distributions obtained using a flow

ramp, a mobility classified aerosol was measured using a single DMA operated using
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Table 3.1: Ramp parameters used for comparison between voltage and flow scans.

Vmin Vma.x Qmin Qmax tscan
(volts) (volts) (L/min) (L/min) (sec)

V Scan 250 2500 5.0 5.0 60
V + @ Scan | 400 1200 2.5 8.0 60
Q Scan 750 750 2.0 20.0 60

three different ramps in succession. An exponential voltage ramp, an exponential flow
ramp, and a coupled voltage / flow ramp are compared in Figure 3.12. In order to
compare the flow ramp directly with the voltage ramp, the range of mobilities scanned
was limited to the range over which the flow rates could be accurately controlled.
Therefore, each of the ramps scanned over approximately one order of magnitude in
mobility during a 60 s scan, resulting in an exponential time constant of 26 s. The
specific parameters for each of the ramps are listed in Table 77. Agreement between

the different ramps is excellent, well within the expected experimental uncertainty.

Faster scans are required to measure rapidly changing aerosols or to achieve accept-
able spatial resolution in measurements made aboard aircraft at high flight speeds.
Figure 3.13 shows distributions recovered using flow scans of 30 s and 60 s at con-
stant voltage. Although slight deviations appear in the faster measurements, the
errors introduced would be acceptable for many applications. As the flow scan time
is decreased further, the recovered distributions retain the same mobility peak, but
broaden somewhat. Flow irregularities may be responsible for a portion of this broad-
ening, but factors unrelated to the flow ramp itself also contribute, most notably, the
finite response time of the condensation nucleus counter. For the flow rate range used
in these analyses, ramp times shorter than 10 to 15 s led to poor flow control and
significant errors in the final distribution. Better recirculating pumps, control valves,

and pressure transducers might alleviate some of this uncertainty.
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Figure 3.12: Comparison of recovered mobility distributions obtained using a voltage
ramp, a flow ramp, and a combined voltage and flow ramp. The ramp parameters
used are listed in Table 3.1.
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Figure 3.13: Effect of decreasing the flow ramp time from 60 to 30 s. The sheath
flow was ramped between 2 and 20 L/min.
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3.4 Summary

A DMA has been successfully operated with time-varied flow rates. Flow-scanning
DMA measurements have several advantages over a DMA that relies only on voltage
changes to scan across particle mobility. Constrained only by the requirements that
laminar flow be maintained and electrostatic breakdown does not occur, optimization
of the flow and voltage ramps can be used to increase the measurable size range,
to improve counting statistics, or to enhance DMA resolution. However, unlike the
voltage-scanning DMA, classified particles may follow different trajectories through
the DMA, thereby complicating data analysis. The result is a trade-off between the
benefits of flow-scanning and the associated added uncertainties. Accurate control
of the necessary flow rates over an order of magnitude range was accomplished for
ramp times as small as 20 s. Excellent agreement was found between mobility dis-
tributions recovered from scans utilizing only a voltage ramp, scans utilizing only
a flow ramp, and scans utilizing coordinated voltage and flow ramps. Slight devi-
ations in the recovered distributions occur for flow ramp times of 30 s while more
pronounced broadening occurs for ramps approaching the limitations of the flow con-
trol itself. These benefits require no modification to the DMA and can be achieved
without significantly compromising the simplicity and reliability of a conventional

DMA measurement system.
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Abstract

As part of the second Aerosol Characterization Experiment (ACE-2) during June
and July of 1997, aerosol size distributions were measured on board the CIRPAS
Pelican aircraft through the use of a DMA and two OPCs. During the campaign,
the boundary layer aerosol typically possessed characteristics representative of a back-
ground marine aerosol or a continentally influenced aerosol, while the free tropospheric
aerosol was characterized by the presence or absence of a Saharan dust layer. A range
of radiative closure comparisons were made using the data obtained during vertical
profiles flown on four missions. Of particular interest here are the comparisons made
between the optical properties as determined through the use of measured aerosol size
distributions and those measured directly by an airborne 14-wavelength sunphotome-
ter and three nephelometers. Variations in the relative humidity associated with each
of the direct measurements required consideration of the hygroscopic properties of the
aerosol for size distribution based calculations. Simultaneous comparison with such
a wide range of directly measured optical parameters not only offers evidence of the
validity of the physicochemical description of the aerosol when closure is achieved, but
also provides insight into potential sources of error when some or all of the compar-
isons result in disagreement. Agreement between the derived and directly measured
optical properties varied for different measurements and for different cases. Averaged
over the four case studies, the derived extinction coefficient at 525 nm exceeded that
measured by the sunphotometer by 2.5% in the clean boundary layer, but underesti-
mated measurements by 13% during pollution events. For measurements within the
free troposphere, the mean derived extinction coefficient was 3.3% and 17% less than
that measured by the sunphotometer during dusty and non-dusty conditions, respec-
tively. Likewise, averaged discrepancies between the derived and measured scattering
coefficient were -9.6%, + 4.7%, +17%, and -41% for measurements within the clean
boundary layer, polluted boundary layer, free troposphere with a dust layer, and free
troposphere without a dust layer, respectively. Each of these quantities, as well as
the majority of the >100 individual comparisons from which they were averaged, were

within estimated uncertainties.
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4.1 Introduction

Despite an intensive effort to understand the effect of aerosols on regional and global
scale radiation budgets, many questions remain unresolved. Among these are ques-
tions regarding regionally representative physical and chemical aerosol characteristics
and the associated impact of the aerosol on the local radiation balance, directly,
due to upscatter and absorption of solar radiation, and, indirectly, through altering
cloud properties. Large scale field campaigns have proven to be particularly useful
in providing answers in that they allow for simultaneous measurement of a broad
spectrum of interrelated gas, aerosol, cloud, and radiation properties. Data result-
ing from these campaigns can ultimately be incorporated into models that predict
radiative forcing resulting from potential changes in aerosol and precursor emissions
and into retrieval algorithms necessary for evaluation of remote sensing data. Such
models allow extrapolation of local observations to more extensive, climatically signif-
icant areas. Prerequisite to successful prediction of any kind, however, is the ability
to demonstrate agreement between directly measured optical and cloud formation
characteristics and those calculated on the basis of simultaneously measured aerosol
microphysical properties. This so-called closure has been attempted with varying
degrees of success by a number of research groups using a variety of sets of over-
determined measurements and computational techniques (Clarke et al., 1996; Hoff et
al., 1996; Hegg et al., 1997; Howell and Huebert, 1998; Redemann et al., 1998).

The variety of measurements made during ACE-2 provided a unique opportunity
to attempt a range of aerosol radiative closure comparisons. Among these compar-
isons, a distinction can be made between those of an individual optical measurement
and the associated quantity calculated from the physicochemical properties of the
aerosol, and those from multiple direct measurements. In theory, the latter type of
comparison could be accomplished with no knowledge of aerosol microphysics. In
practice, however, even for the relatively straightforward comparison between mea-
sured aerosol scattering and absorption coefficients and simultaneously measured ex-

tinction coefficient, an understanding of the aerosol size distribution is necessary to
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account for such biases as the angular sensitivity associated with nephelometers, or

the expected growth, evaporation, or loss of particles associated with either neph-
elometers or absorption photometers. The same conclusion is true for direct com-
parisons with satellite or lidar data, which, in general, require knowledge of such
quantities as the aerosol scattering phase function and single scatter albedo, which,
as before, could be measured directly, but in practice, generally require a description
of the aerosol microphysics. As a result, essentially all potential comparisons, to
some extent, necessitate an understanding of the aerosol itself. Assumptions made
for specific classes of aerosols can be used in place of direct size distribution and com-
position measurements, but likely at the expense of accuracy. The focus here is on
the radiative closure between directly measured scattering and extinction coefficients
and those calculated based on the aerosol size distributions. Schmid et al. (2000)
expand upon this analysis by utilizing the aerosol size distributions described here to
aid in the evaluation of closure between additional measurements.

The second Aerosol Characterization Experiment (ACE-2) was conducted in June
and July of 1997 in the Northeastern Atlantic in a region bounded roughly by the
Canary Islands of Spain to the south and Sagres, Portugal to the north. A more
detailed overview of the objectives, experiments, and outcome of the campaign is
described by Raes et al. (2000). During the summer months, air masses arriving
in the studied area have a variety of origins, including the central North Atlantic,
Western Europe, and North Africa, which bring background marine, aged pollution,
and mineral dust aerosols, respectively. During this campaign, the CIRPAS Pelican
flew 21 scientific missions out of Tenerife, Spain (one of the Canary Islands), as
part of the coordinated LAGRANGIAN, CLEARCOLUMN, and CLOUDYCOLUMN
experiments, which are described by Johnson et al.(2000), Heintzenberg and Russell
(2000), and Brenguier et al. (2000). The relatively large number of flights resulted
in a data set sufficient to describe not only the average characteristics of each of the
aerosol types described but also the variability observed within these broad categories.
This paper discusses aerosol size distributions measured on the Pelican during ACE-2

and clear column radiative closure for four flights that are thought to represent the
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range of conditions prevalent in the region of study.

4.2 Instrumentation and Analysis

4.2.1 Aerosol Size Measurements

ACAD

The differential mobility analyzer (DMA) system used on board the Pelican was the
Caltech Automated Classified Aerosol Detector (ACAD), which is the improved suc-
cessor to a package operated during the MAST, ACE-1, and TARFOX experiments
(Russell et al., 1996b). The key components of the instrument are a radial DMA
designed for classification of particles smaller than a few tenths of a micrometer di-
ameter, and a modified TSI 3010 condensation particle counter capable of a detection
efficiency exceeding 90% for 4.5 nm diameter particles. Active flow controllers main-
tained each of the system’s flow rates to within 1% of their specified values. A
computer-controlled, high-resolution, 18-bit digital to analog chip was used to scan
the voltage applied to the DMA over 45 s. To compensate for the reduction in elec-
tric field strength sufficient to result in arcing within the DMA with decreasing air
density, while at the same time extending the measured size range to the maximum
particle size possible, the peak applied voltage was varied automatically. The re-
sulting size range analyzed is approximately 5 to 190 nm and varies relatively little
with changing altitude. The ACAD was calibrated prior to the ACE-2 period and
accurately recovered both the peak size and total number concentration of monodis-
perse calibration aerosols as small as 7 nm diameter. The sample flow for the ACAD
entered through a community inlet and subsequently passed through a cyclone with
a nominal 2.5 um cut size, although this cutoff had a negligible effect on the small

particles of interest.
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PCASP

The first of two optical particle counters (OPCs) utilized during ACE-2 was the
Passive Cavity Aerosol Spectrometer Probe (PCASP-100X) manufactured by Particle
Measuring Systems (PMS). The PCASP makes use of a large scattered light collection
area to enable detection of particles as small as approximately 0.1 pm diameter.
The PCASP sample inle?; is designed to minimize inertial particle losses, thereby
enabling penetration and detection of particles exceeding 3 pum diameter. As with
all OPCs, inference of particle size with the PCASP is complicated by the fact that
the light scattered by a particle is a function not only of its size, but also of its
index of refraction and shape. To account for the influence of particle refractive
index, the size calibration performed prior to ACE-2 using polystyrene latex particles
(PSL, m = 1.59 - 07) was used along with Mie theory to calculate the expected
scattered light intensity over the PCASP’s collection area corresponding to each of
the particle size bins. Several hundred effective calibrations were then generated for
the range of complex refractive indices expected by iteratively calculating the particle
size necessary to result in a collected light intensity equivalent to that calculated using
the original PSL calibration. Figure 4.1 shows the relationship between the size as
calibrated with PSL and the corresponding effective calculated size. Underestimation
of particle size based on PSL calibration, as seen in this figure, is representative of
almost all relevant refractive indices. Assumed aerosol chemical composition, which is
discussed below, along with the relative humidity within the instrument, is then used
to determine a sampled particle’s refractive index, from which size can be determined
through the use of the generated effective calibrations.

Tandem differential mobility analyzer (TDMA) experiments conducted in the
boundary layer at a site on Tenerife during ACE-2 indicated that 80% or more of
the particles were hygroscopic in nature, having wet diameters (RH ~ 80 - 90%)
typically in excess of 1.5 times larger than their corresponding dry diameters (RH ~
10%) (Swietlicki et al., 2000). Particles of this type are expected to be spherical at

the relative humidity range of approximately 70 - 90% characteristic of the bound-
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Figure 4.1: Theoretical particle size required to result in the same collected light
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ary layer. While these particles will partially evaporate as a result of the heatin6

associated with the PCASP as discussed below, they are expected to remain spheri-
cal since the corresponding range of instrument humidity is approximately 55 - 75%,
which is above the crystallization point for the species of interest. Therefore, for the
boundary layer aerosol, the Mie theory calculations performed are applicable. On
the other hand, dust, crystalline salt, and externally mixed carbon particles present
in the free troposphere are not necessarily spherical. To estimate the effect this
would have on particle size assignment by the PCASP, the modeled phase functions
of nonspherical particles described by Mishchenko et al. (1997) were considered. In
general, the phase functions resulting from particles much smaller than the wave-
length of light used (633 nm) closely approach those of ideal spheres. Assuming that
larger, dust-like particles are spherical will result in an over-prediction of the phase
function between about 30 and 80°, and an even larger under-prediction between ap-
proximately 90 and 150°, as shown in Figure 4.2 for a distribution of particles thought
to be representative of mineral dust. Fortunately, the PCASP collection geometry,
which receives light scattered between 35 and 120°, results‘ in a partial cancellation
of these opposing discrepancies. The effective particle sizes corresponding to each of
the bins as described above are found to vary typically by less than 5% from those

calculated using Mie theory.

FSSP

Mounted on the wing opposite to the PCASP was a PMS Forward Scattering Spec-
trometer Probe (FSSP-100). The FSSP, which makes use of an external laser /
detector, causes only minimal perturbation of particles or droplets of 20 um diame-
ter or more. Since the Pelican did not sample in-cloud properties for any extended
period of time, the size range measured with the FSSP during ACE-2 differed from
that more commonly measured for cloud droplet sizing, and instead particles ranging
from 0.5 to 8.0 um were binned in 16 diameter intervals. However, measurement
of the scattered intensity in the near forward direction, as with the FSSP, results in

significant oscillations superimposed on the general increase in intensity with particle
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Figure 4.2: Ratio of nonspherical to spherical phase functions published by
Mishchenko et al. (1997). These data correspond to a distribution of particles
thought to be representative of mineral dust aerosols. Also shown are the collection

angles for both the PCASP and the FSSP.
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size in the range used, as can be seen in Figure 4.3. As with the PCASP, particle

refractive index influences the measurement, but the lack of a unique particle size cor-
responding to certain values of scattered intensity prohibits generation of meaningful
effective calibrations as described in the previous section. Rather than using all 16
intervals, 3 composite bins were chosen that have little overlap in the corresponding
theoretical scattering intensity. These bins have nominal particle diameter ranges of
0.5 to 3.0 pm, 3.0 to 4.5 um, and 4.5 to 8.0 ym. Similar to the PCASP, the sizing
ability of the FSSP is expected to be largely unaffected by nonspherical particles, but
unlike the PCASP, this is not due to offsetting errors, but rather is a result of the
weak influence of particle shape on the near forward (4 to 12°) scattering measured
as shown in Figure 4.2.

The FSSP was only operational during the first nine flights. For later missions,
size distributions measured by the PCASP were extrapolated to account for scattering
and absorption by particles larger than the ~ 3 to 5 pym limit (depending on the
refractive index) of the PCASP. Boundary layer extrapolations were based on trends
observed while the FSSP was operational, whereas extrapolation in the dust layers
encountered were based on FSSP measurements made on board the Merlin aircraft
(Brenguier, 2000). Fits used for both of the extrapolations are shown in Figure 4.4.
The expected error from these extrapolations will be discussed in the individual case

studies.

4.2.2 Integration of Sizing Measurements

Combining the three aerosol size distribution measurements into a consistent data
set requires knowledge of the influence of the sampling process on each particle prior
to detection. Typically, the most significant effect is the potential growth or evapo-
ration of a hygroscopic particle. No significant heating is expected to be associated
with the FSSP, and therefore, the sampled particles are thought to be at equilibrium
at am‘bien’c relative humidity. The sample stream reaching the DMA was, in general,

several degrees Celsius above ambient, resulting in a reduced relative humidity, and
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Figure 4.3: Collected scattered light intensity as a function of particle size and index
of refraction for the FSSP.
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Figure 4.4: Extrapolations used during ACE-2 when no FSSP data were available.
The extrapolation used for boundary layer measurements (a) was based on measure-
ments made on the Pelican during similar conditions. That for the dust layers (b)
was based on data obtained on board the Merlin (Brenguier et al., this issue) while
measuring the same dust event as the Pelican.

consequently, partial evaporation of some particles. However, the degree of evap-
oration could be predicted since relative humidity was measured at the exit of the
DMA. During the ACE-2 experiment, the PCASP de-icing heaters remained off to
allow sampling of an aerosol more closely resembling that present at ambient condi-
tions. Without the heaters, assessing the degree to which particles evaporate within
the PCASP is more complicated as no direct measurement of humidity is made, and
kinetic limitations on evaporation may be important. Upon entering the inlet of the
PCASP, the sampled air is heated by approximately 1.5 °C due to the ram-heating
associated with a decelerating flow, although a fraction of this ram heating is poten-
tially offset by the subsequent acceleration of the gas as it enters the sampling cavity.
Additionally, the sheath air that is used to focus the sample within the view volume
is heated since it is largely recirculated and passes through a pump during each loop.
This warm sheath air initially surrounds the intake tube and may therefore transfer
heat to the sample indirectly by heating the tubing walls. Sheath and sample flows
then join and are accelerated through a nozzle into the sample chamber during which

time the intimate contact between the two air streams may lead to further heating.
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Biswas et al. (1987) analyzed this effect in a Royco 226 OPC, which has a flow system

very similar to that of the PCASP, and found that the sheath air was heated by 2 to
3 ?C. The time the sample stream spends in direct contact with the sheath air may
be insufficient to allow larger particles to come to equilibrium under the new condi-
tions. Therefore, in order for larger particles to equilibrate at the relative humidity
associated with the heated sheath air, the discussed transfer of heat across the intake
tubing walls would be necessary. While these uncertainties related to the heating
within the PCASP have not been fully resolved, a combined ram effect and sheath
air heating of 3.5 °C was assumed. The sensitivity of calculated optical properties
of the aerosol to this assumption is discussed in the results.

Adjusting for these relative humidity differences requires knowledge of the behav-
ior of the sampled particles, which, in turn, generally necessitates an understanding
of the chemical make-up of the individual particles, information not often available at
the same temporal and size resolution as the size measurements, as is the case here.
Therefore, for each flight, size-dependent aerosol composition for the boundary layer
and free troposphere was assumed using available measurements. These chemical
compositions also allow for determination of the hygroscopic and optical properties
needed for comparisons with the various optical measurements. As part of the ACE-2
study, aerosol chemical composition measurements were made at several land-based
locations, including two sites in particular on Tenerife: Punta Del Hidalgo (PDH)
located at the Northern end of the island at an elevation of 30 m, and Izafia (IZO)
located at 2360 m along a ridge in the central region of the island. The prevailing low-
level winds in this region of the Atlantic generally come from the north and therefore
PDH served as the first area of the island arriving air masses encountered and thus
provided details of the undisturbed marine boundary layer. IZO often experienced
upslope winds throughout the day, while measurements made during the night were
thought to be characteristic of the undisturbed free troposphere. Particulate chemi-
cal species measured at both of these locations included NHY, SOi', Na*, Cl—, and

both elemental (commonly referred to as black) and organic carbon (Putaud et al.,

2000). A distinction between fine and coarse mode aerosols was made using nominal
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particle cut diameters of 1 ym and 2 ym for the PDH and IZO samples, respectively.

Using these data, size-resolved chemical compositions were then generated corre-
sponding to the boundary layer and free troposphere for each flight. This was ac-
complished through the use of assumptions relating the concentrations of the various
components, while also requiring that the fine and coarse mass fractions calculated us-
ing these assumed compositions, in conjunction with the measured size distributions,
agreed with the actual measurements made at PDH and IZO. Compositions for the
free tropospheric aerosol during Saharan dust episodes were based in part on the mea-
surements made at IZO, but it was assumed that the majority of the supermicrometer
mass resulted from dust particles. This assumption was necessary as the filter and
impactor analyses performed did not account for the total mass associated with the
dust. The assumed degree of neutralization of the sulfates (HoSO4, NH;HSOy,, or
(NH4)2S0,) was based largely on the trends observed in the ratio of ammonium to
sulfate relative to particle size. The similar hygroscopic properties of each of these
compounds limits the error in growth / evaporation calculations associated with an
inaccurate assumption. Examples of aerosol chemical compositions are presented for
each of the four case studies described below. Filter measurements were also made
on board the Pelican during ACE-2 (Schmeling et al., 2000). However, since these
samples were not size-resolved, and often combined the contributions from the free
troposphere and boundary layer, they did not provide the necessary information for
size-resolved compositions.

External mixtures of sea salt and sulfate particles were assumed fo enable the use
of published single salt solution thermodynamics data for particle growth / evapora-
tion calculations. While this assumption may lead to some error if there is substantial
internal mixing of sea salt and sulfates, it has been shown by Tang (1996) that the
degree of mixing leads to insignificant differences in hygroscopic or optical properties
of common sulfates and nitrates. Dust particles were also assumed to be mixed ex-
ternally, which is supported in part by TDMA data taken on Tenerife during ACE-2,
which consistently showed hygroscopic and non-hygroscopic fractions with little or no

overlap (Swietlicki et al., 2000). Organic and elemental carbon were assumed to be
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predominantly internally mixed with the sulfates, although a specified fraction was

also considered to be internally mixed with the sea salt, and the remainder exter-
nally mixed. That elemental carbon is expected to be internally mixed with the salt
particles is supported by volatility measurements made under similar conditions in
the North Atlantic, which showed evidence of a non-volatile residual that was present
in the majority of particles and that was composed partially or entirely of elemental
carbon (Clarke et al., 1996). No similar evidence is available regarding the mixing
state of particulate organic carbon, but it is thought that it is emitted largely from
land sources (Cachier et al., 1986) and therefore has had a considerable amount of
time en route to accumulate salt species through coagulation and condensation. All
internally mixed particles were considered to be homogeneous, an assumption that
most likely does not result in substantial errors in optical calculations, as is discussed
below.

Given the assumed aerosol composition, the response of a size distribution to
changes in relative humidity can be deduced. The hygroscopic behavior of each

of the salts considered can be predicted by the following relationship that combines

solute and Kelvin terms,

RH _ o (4asMWw), ()

YoTw RTp, D,
where RH is the relative humidity, v,, the activity coefficient of the water, z,, the
mole fraction of water, o, the surface tension of the solution, MW, the molecular
weight of water, R the ideal gas constant, T" the temperature, p, the solution density,
and D, the particle diameter. Data obtained through the use of an electrodynamic
balance have provided empirical relationships describing the activity and density of
concentrated, and even supersaturated, aqueous mixtures of common salts (Tang and
Munkelwitz, 1994; Tang, 1996) as well as actual sea salt (Tang et al., 1997). Surface
tension increases roughly linearly with increasing solute concentration (Pruppacher
and Klett, 1997). An iterative algorithm can then be implemented to determine the

size change a particle of known composition undergoes resulting from variations in
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relative humidity. For aqueous particles present at relative humidities between the

crystallization and deliquescence humidities for the particular salt, a supersaturated
solution is assumed. In essence, this is equivalent to assuming all particles above their
crystallization point have previously deliquesced. The observed relative humidity
within the boundary layer during the study had a mean and standard deviation of
78+7%, which is sufficient for deliquescence for most of the salts considered. For
periods during which the humidity was slightly lower than the deliquescence point of
a given salt species, this assumption may result in some error, although many of the
particles are still likely to have been previously exposed to sufficiently high humidities.
The corresponding mean and standard deviation of the relative humidity in the free
troposphere was 18+10%, which is below the crystallization point for most of the
salts considered and would result in minimal growth even for the non-crystallized
aerosols. Dust, elemental carbon, and organic carbon were assumed to be non-
hygroscopic, and, if internally mixed, were only considered to affect the Kelvin term
in Equation (4.1). While mineral dust and elemental carbon are expected to be
primarily hydrophobic, this assumption is known not to hold for some organic species
likely to be present (Saxena et al., 1995). Although there are little direct data
supporting or disputing this approximation, it is indirectly supported by the inverse,
though weak, relationship between the organic mass fraction measured at PDH and
the average TDMA analyzed growth factor of the hygroscopic fraction during the
same time period.

Given the assumed or measured relative humidity within each of the sizing in-
struments, the evaporation / growth adjustments described above can be made to
the corresponding data to determine the complete aerosol size distribution expected
to be present at ambient conditions. For the typical 15 - 20% decrease in relative
humidity associated with the PCASP, the relative magnitude of this adjustment for
an aqueous ammonium sulfate particle ranges from approximately 10 to 25% corre-
sponding, respectively, to an ambient humidity range of 70 to 90%. For particle size
ranges over which the DMA and PCASP data overlapped, the two measurements were

simply averaged. The consistent agreement between the PCASP and the FSSP at
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Figure 4.5: Comparison of the recovered size distributions from the DMA, PCASP,
and FSSP both in the boundary layer and the free troposphere during ACE-2. Each
of the distributions was either measured at, or adjusted, to ambient relative humidity.
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approximately 2.5 pm was used as a cutoff point, below which the PCASP data were

assumed to be more accurate, and above which the FSSP data (when available) were
used. To allow simple averaging and comparison of data, all of the size distributions
were interpolated onto a fixed set of logarithmically spaced diameters. Generally,
agreement in the number concentration measured by the DMA and the PCASP was
within 10 to 20% in the overlapping region. For measurements within the boundary
layer, discrepancies between the concentrations recovered by the PCASP and those
recovered by the FSSP were usually less than 30% in the overlapping range, whereas
for measurements made in the free troposphere the corresponding discrepancies occa-
sionally exceeded a factor of 2, at least in part due to poor counting statistics. Figure
4.5 shows the agreement between the size distributions from the three instruments
during the flight on June 21. Among the platform intercomparisons performed dur-
ing ACE-2, those with the land site at PDH and with the C-130 were of particular
interest for the size distribution measurements, as similar data were taken on each
platform. Figure 4.6 shows the results of these intercomparisons conducted on July
14. For direct comparison with the low humidity measurement at PDH, the Pelican
distribution was theoretically dried. While some discrepancies are seen to exist be-
tween the measurements made, they are thought to be within experimental error and
could potentially be explained by the sampling of slightly different air parcels even

when in close proximity.

4.2.3 Particle Index of Refraction

For accurate evaluation of optical particle measurements, as well as for eventual com-
parisons with the direct optical measurements made on board the aircraft, knowledge
of particle index of refraction is necessary. Subsequent to calculating the wet par-
ticle size of a salt particle, and therefore the solute concentration, refractive index
can be determined in a straightforward manner through the use of the partial molal
refract‘ion approach described by Moelwyn-Hughes (1961). Elemental carbon was as-
sumed to have a constant refractive index of 1.96 - 0.66¢ (Seinfeld and Pandis, 1998),
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Figure 4.6: Results of size distribution intercomparisons performed with a land site
(PDH) and another aircraft (C130) during ACE-2. The distribution measured at
PDH incorporated data from both a DMA (R. Van Dingenen, personal communi-
cation, 1998) and an Aerodynamic Particle Sizer (E. Swietlicki, personal commu-
nication, 1998), while that on the C130 combined data from a DMA (C. O’Dowd,
personal communication, 1998) and PCASP (D. Johnson et al., this issue). Pelican
size distributions were theoretically dried for comparison with the PDH data, while
the measurements made during the C130 intercomparison were of the dried aerosol.
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while a value of 1.55 - 0i was used for organic carbon (Larson et al., 1988). The

index of refraction of dust particles was based on the previous analysis of samples
taken on Tenerife by Patterson et al. (1977), which indicated a relatively constant
real component of 1.56 along with an imaginary component inversely related to the
wavelength of the incident light. An approximate fit of these data over the visible
spectrum yields an imaginary component of 0.17x107%%%%* where X is the incident
wavelength in nm. For internal mixtures of elemental and organic carbon with salts,
the effective index of refraction was assumed to be the volume-weighted refractive
indices of the individual components. Were the particles internally homogeneous,
this assumption would be reasonably accurate, but particularly for elemental carbon,
this assumption is physically unlikely. However, modeling results by Ackerman and
Toon (1981) demonstrate that while the single scatter albedo and scattering phase
function of homogeneous and inhomogeneous (modeled as concentric shells) sulfate /
elemental carbon particles do differ, for the elemental carbon concentrations observed

during ACE-2, these differences are unlikely to result in significant errors.

4.2.4 Optical Measurements

While the Pelican payload provided measurement of a wide range of aerosol charac-
teristics, because of the goal of achieving radiative closure, the optical parameters of
the aerosol were characterized more comprehensively than any other single property.
Among the instrumentation used to accomplish this was a 14-wavelength sunpho-

tometer and three nephelometers.

NASA Sunphotometer

The 14-wavelength NASA Ames airborne tracking sunphotometer continuously mea-
sured the optical depth of the column of air between the aircraft and the top of the
atmosphere (Schmid et al., 2000). By subtracting from this value the optical depth
due to Rayleigh scattering by gas molecules and absorption by certain gas species,

the aerosol optical depth for wavelengths between 380 and 1558 nm was deduced
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as a function of altitude. The derivative of a continuous measurement of optical

depth made during an ascent or descent produces the altitude-dependent extinction

coeflicient, o4 (m—l),

dr(z)
dz

Oext =

(4.2)

where 7(z) is the sunphotometer measured optical depth between the instrument’s
altitude, 2, and the top of the atmosphere.

For comparison with the sunphotometer data, aerosol size distributions, adjusted
to ambient relative humidity, were used in conjunction with the size-resolved chemical
compositions as inputs into Mie theory, from which the extinction coefficient was
calculated by summing the integrated extinction coefficients resulting over the range

of chemical compositions,

Text = Z / Qemt Dpa)‘ m(Dp;z RH)) (Dp’isz)dlogDP’ (43)

=1 Dpl

where 7 represents the particular composition (i.e., NH,HSO,4, NaCl, etc.), k is the
number of separate composition types considered, D, is the particle diameter over
which the integral is performed, D, and Dy, are the minimum and maximum di-
ameters measured, respectively, which would ideally be 0 and 00, Qeqt is the particle
extinction efficiency, A is the wavelength of the incident light, m(D,,%, RH) is the
complex index of refraction of the particle, which is a function of the particle’s size,
composition, and the ambient relative humidity, RH, and n(D,,t, z) is the size dis-
tribution function of species i.

While the above calculations were performed for each of the 14 wavelengths mea-
sured by the sunphotometer, detailed comparisons were made for three wavelengths
(448, 525, and 667 nm) that are not significantly affected by gas phase absorption,
and for which assumptions concerning the refractive indices used were most relevant.

The optical parameters calculated are obviously sensitive to the accuracy with which

the chemical make-up of the aerosol is estimated, and also to the assumptions con-
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cerning particle shape, particularly within the mineral dust layers. Sensitivity to

particle shape is somewhat reduced because of the fact that, unlike the relatively
large discrepancies present between the phase functions of spherical and nonspheri-
cal particles, the error in corresponding extinction cross sections is expected to have
a maximum of 15%, and a more likely value of about 5%, for the particular dust
aerosols sampled (Mishchenko et al., 1997). The potential error resulting from the

size distribution extrapolations will be discussed subsequently.

Nephelometers

Three separate integrating nephelometers were utilized on the Pelican; a TSI 3563
3-color nephelometer capable of measuring both total scattering and hemispherical
backscattering, and two Radiance Research nephelometers operated at different rela-
tive humidities, collectively referred to as a passive humidigraph. The sample stream
reaching the TSI nephelometer typically had a relative humidity below 40% within the
boundary layer. Detailed results obtained with the TSI and humidigraph nephelome-
ters are described in Ostrém and Noone (2000) and Gassé et al. (2000), respectively.
Located in the nose area of the plane, all three of the instruments sampled from the
community inlet downstream of the cyclone. An ideal nephelometer makes use of
a Lambertian light source to measure directly the scattering coefficient of an aerosol
population, whereas actual nephelometers suffer from non-ideal light sources and an
inability to detect light scattered by particles in the near forward or near backward
direction.

Comparison of the derived aerosol optical properties with those measured by the
nephelometers requires slightly more analysis than did the calculations performed for
comparison with the sunphotometer. First of all, only a subset of the full spectrum
of particles will reach the nephelometers because of losses within the cyclone. While
the cyclone has a nominal 50% cut size of 2.5 ym diameter for a unit density particle
at STP, consideration of the particle density and gas viscosity is necessary to predict
accurately which particles are removed. Although the change in cut size may be

relatively insignificant for aqueous particles in the boundary layer, for dust particles
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that have densities on the order of 2.6 g cm™3 (Tegen and Fung, 1994), the cutoff

will be reduced by about 40%. Penetration efficiency as a function of particle diam-
eter was then determined using an s-curve relationship appropriate for the cyclone.
For those particles that do penetrate the cyclone, theoretical growth / evaporation
calculations are used to predict the equilibrium size of the particle at the relative hu-
midities measured within each of the nephelometers. Frequently, the humidity of the
gas stream entering the humidigraph is below the crystallization point of certain salt
compounds. When this occurs, only if the humidity in the humidified nephelometer
is above the deliquescence point for the given salt is an aqueous solution assumed.
Anderson et al. (1996) investigated the non-idealities in the light source as well as
the truncation of near forward and near backward scattered light for the TSI 3563 for
measurement of both total scattering and hemispherical backscattering. No similar
data are available for the Radiance Research nephelometers, so their characteristics
were assumed to be equivalent to those of the TSI instrument. The resulting angular
sensitivity can be utilized to determine the expected scattering intensity as measured

by the nephelometer, 0 cq nepn,

k Dr2

i ™
Oscaneph = E / T](Dp, p('l, RH), ﬂ)sz, (44)
=1pm

Qsim(Dp, A\, m(Dp, i, RH), f(©))n(Dp, 1, 2)d1og Dy

where 1(D,, p(i, RH), 1) is the penetration efficiency through the cyclone and asso-
ciated tubing for a particle of a given size and density contained within a gas with
viscosity, u, and Qg is the expected scattering efficiency for a nephelometer with

angular sensitivity, f(©) (Anderson et al., 1996).
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4.3 Results and Discussion

During the six-week period of intensive sampling associated with ACE-2, the Pel-
ican flew 21 missions ranging in duration from just over two hours to more than
ten hours. The diverse payload on board the Pelican allowed for participation in
the coordinated CLEARCOLUMN, CLOUDYCOLUMN, and LAGRANGIAN exper-
iments. The large volume of size distribution data recorded during ACE-2 precludes
description of the findings of each of the separate flights. Instead, an attempt is made
to categorize the measured aerosols into groups with similar characteristics and, in
general, similar origins. An in depth analysis of four of the flights is given here with
the goal of evaluating radiative closure.

The first mission flown by the Pelican during ACE-2 was on June 18, 1997. It
was not until the 12th flight on July 7, however, that an air mass arrived in the
area of study that clearly possessed characteristics suggesting significant influences
from non-marine sources. Prior to July 7, and occasionally at later dates, back
trajectories as calculated by the Royal Netherlands Meteorological Institute (KNMI)
using the European Centre for Medium Range Weather Forecasts (ECMWF') model
suggested that both the boundary layer and free tropospheric air had spent several
days over the North Atlantic. This length of time is generally sufficient to reduce
substantially any influence from previous land-based emissions of aerosols or their
precursors. Following this initial period, during which only relatively clean air masses
were encountered, the calculated back trajectories typically showed air parcels arriving
in the local boundary layer had either passed over the Iberian Peninsula, or just
adjacent to it. As a result, relatively small changes in the path taken by an air mass
arriving in the ACE-2 area could have significant impacts on the properties of the
sampled aerosol. At approximately the date the boundary layer trajectories shifted
towards Europe, the source region of the free tropospheric aerosols switched from the
Atlantic to Northern Africa. On multiple occasions, these air parcels arriving from

Africa contained substantial quantities of Saharan dust particles.
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4.3.1 Overall Aerosol Properties

Boundary Layer

Background Marine Consistent with previous measurements made during rel-
atively clean conditions in the Northeastern Atlantic, submicrometer number size
distributions were found to be bimodal in nature, possessing distinct nuclei and ac-
cumulation modes (Jensen et al., 1996; Russell et al., 1996a; Raes et al., 1997). The
nuclei mode, which is thought to form as a result of particle nucleation followed by
growth due to condensation and coagulation, peaked at around 60 nm. While this
peak size was found on occasion to be as low as approximately 30 nm, no apprecia-
ble concentration of even smaller particles representative of recent nucleation events
were observed within the boundary layer. Although the absence of recently formed
particles in the marine boundary layer is not unusual for this region, the limited
counting statistics associated with detecting these particles with a rapidly scanning
DMA may result in an inability to accurately measure relatively small concentrations
of these ultrafine aerosols. Subsequent processing of the particles within the nuclei
mode, particularly within clouds (Hoppel et al., 1986), serves to form the accumu-
lation mode. While the majority of particles were smaller than 1 pgm, most of the
aerosol mass within the clean boundary layer always resided in particles > 1 ym that
are presumably composed of sea salt.

Mie theory calculations were performed using the recovered size distributions and
assumed compositions to evaluate the relative importance of the fine and coarse mode
fractions to the optical properties of the aerosol. Although there is nothing intrinsi-
cally special about the 1 um division, it does offer, roughly, a distinction between the
sulfates and carbon particles that are thought to be largely present in the fine mode,
and the sea salt, and possibly dust particles, composing most of the coarse mode.
On average, for these clean boundary layer aerosols, the submicron and supermicron
particles were found to contribute approximately equally both to the total aerosol ex-
tinction coefficient and to the total aerosol hemispherical backscattering coefficient,

a quantity slightly more indicative of the radiative forcing resulting from an aerosol
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population.

While the bimodal number distribution and supermicron mass mode were present
in all of the distributions measured, large variations existed in the properties of each
of these modes as well as in the distribution as a whole. This is clearly shown in Table
4.1, which presents the mean and range of a number of key parameters describing the
clean boundary layer as well as the other aerosol types described in more detail below.
Since the primary focus of this paper is radiative closure using in situ measurements,
the particle size distribution either measured at, or theoretically adjusted to, ambient
relative humidity is most relevant. FEach of the quantities listed in Table 4.1 was,

therefore, calculated with respect to the ambient distributions.

Polluted Boundary Layer During periods for which the air masses arriving in
the boundary layer crossed sections of Western Europe, total number concentrations
increased to over 1000 cm~3, and for the most polluted case, exceeded 4000 cm™3.
In addition to the enhanced number concentrations of these continentally influenced
aerosols, the intensive properties of the associated size distributions changed as well.
The most obvious difference in the number distribution associated with the polluted
aerosols relative to those measured during background conditions is the lessening
importance of the nuclei mode relative to the accumulation mode. Of the four
flights during which these enhanced number concentrations were measured, the size
distributions corresponding to the three most polluted cases showed little or no nuclei
mode. The aerosol measured during the remaining case did have a discrete nuclei
mode, although the trough separating it from the accumulation mode was significantly
more shallow than observed during the relatively clean cases. Evidence of this shift
towards monomodality with increasing continental influence has been observed in the
North Atlantic by others (Jensen et al., 1996; Russell et al., 1996). This results
from an increase in the aerosol surface area available in the accumulation mode that
acts as a sink for condensable species that might otherwise form new particles or

add to nuclei mode particles. Although a slight majority of the volume (at ambient
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Table 4.1: Average and range of parameters describing the aerosol types sampled
during ACE-2. Properties described are the aerosol number concentration, Ny,
the number median diameter, D}*™, the surface area median diameter, D5*, the
volume median diameter, D;"’, the diameter corresponding to the peak in the nuclei
mode, Dp*“, the diameter corresponding to the peak in the accumulation mode, Dy,
the diameter corresponding to the minimum between the nuclei and accumulation
modes, D;“i“, the ratio of the number of particles in the nuclei mode to the number in
the accumulation mode, Iﬂvﬁf’ the ratio of the extinction resulting from the submicron

aerosol fraction to that resulting from the supermicron aerosols, %, and the

similar ratio for hemispherical backscattering, gﬁﬂé—}% Each of the quantities
corresponds to size distributions either measured at, or adjusted to, ambient relative

humidity. Cl. = Clean, Po. = Polluted.

Cl. BL Pol. BL CL FT Pol. FT | Dust FT
# Cases | 10 4 8 1 3
Niotar (cm=3) { 492 (288—720) 2350 (1050—4110) | 363 (240—434) | 692 281 (272—290)
Dpvm (nm) | 123 (32—224) 170 (142—193) 63 (50—73) 91 83 (78-89)
DSA (nm) 818 (307-1950) | 392 (342-441) 136 (113-158) | 147 2310 (2030—2600)
DYOL (nm) | 3670 (2200—4700) | 2890 (2000—3940) | 1740 (890-2950) | 895 4300 (3860—4740)
Dpue (nm) 58 (27-80) 101 (89—112) 64 (34-95) 112 98 (89-106)
DEce (nm) 237 (225-252) 243 (178-317) NA NA NA
DI (nm) 130 (89—159) 184 (178—189) NA NA NA
Lauc 1.85 (0.55-5.24) | 1.51 (1L.27-1.75) | NA NA NA

acc

Gest(<1um) | 05 (0.16-2.18) | 219 (1.32-3.54) | 1.85 (0.85-2.75) | 532 0.14 (0.11-0.16)
Uea:t(>1/tm)
Tbsca(<1pm
TbsealSLIM) | 00 (0992, 00 (1.37-2. 3.88 (1.92-5.66) | 14.4 0.22 (0.15-0.29
e ) | 098 (0:22-227) | 2.00 (1.37-291) ( ) ( )
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RH) still resides in the supermicron aerosol fraction, the submicron fraction was

found to contribute an average of about twice as much to both the extinction and

backscattering coefficients.

Free Troposphere

The distinction between free tropospheric aerosols that contained significant quan-
tities of mineral dust and those that did not was relatively sharp. During three
flights in particular, when mineral dust was present aloft, the coarse mode aerosol
mass exceeded 10 ug m~3, while values of less than 1 pug m~3 characterized the non-
dusty flights. However, this categorical distinction does not preclude the presence of
sufficient dust particles to dominate the total mass of the "non-dusty” aerosol, but
rather serves as a simple division between those cases where dust was likely to play

a significant role in the total columnar optical depth, and those where it was not.

Free Troposphere without Mineral Dust Back trajectories corresponding to
most of the non-dusty cases remained over the North Atlantic for several days, al-
though in two instances they passed over sections of Africa. From previous measure-
ments made at IZO, Raes et al. (1997) observed that the aerosol number distribution
within the free troposphere during clean conditions consisted of a single, nuclei sized
mode with an integrated number concentration of approximately 425 cm™3 at STP.
Size distributions measured on board the Pelican during ACE-2 support these find-
ings. The location of this single mode varied little over the measurement period,
although the total number concentration changed by almost a factor of two. No
clear indication of high concentrations of freshly nucleated particles was observed
during any of the flights. A maximum altitude of 3.9 km was achievable by the Pel-
ican, so nucleation occurring at even higher altitudes was still a possibility. Aerosol
properties measured during the June 21 flight were sufficiently different from the
remaining cases that they are presented separately in Table 4.1. The increased num-
ber concentration and median diameter measured during this flight suggest atypical

sources or processing of some kind, although the calculated back trajectories suggest
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that the origin of this air mass was a region of the North Atlantic similar to most of

the other clean cases. Similar to the polluted boundary layer, both extinction and
backscattering were dominated by submicron particles. However, relative to both
the volume and extinction associated with the aerosol within the boundary layer, the

contribution from the clean free tropospheric aerosol is almost negligible.

Free Troposphere with Mineral Dust  The free troposphere number distribu-
tions for Saharan dust laden aerosols were, in fact, very similar to those corresponding
to clean conditions, possessing a single mode consisting of several hundred particles
-3

cm Only when aerosol volume or extinction is plotted relative to particle size is

the presence of the larger dust particles apparent. As will be discussed in the sec-
tion describing the case studies, these relatively few particles resulted in extinction
coefficients of the same magnitude as those resulting from continentally influenced,
boundary layer aerosols. Although the total aerosol mass in these cases is subject
to error due to the extrapolations used, the majority of the associated extinction is
seen to result from particles within the PCASP range (at least when the range is
adjusted to account for index of refraction). One of the most interesting features of
the observed dust layers was the gradient in concentration encountered as a function
of altitude. The extinction resulting from mineral dust in the free troposphere was
observed to increase by as much as two orders of magnitude over as little as a kilo-
meter in altitude change. The sampling site at IZO was located within this gradient,
and therefore, slight shifts in the height of the dust layer could have pronounced im-
pacts on the measurements made there. Even larger error could be incurred if lower
elevation, ground-based, measurements were used as a basis to estimate the columnar

optical properties.

4.3.2 Phase Functions

To offer further insight into the optical characteristics of each of the aerosol types
discussed above, as well as to provide potential inputs for remote sensing algorithms,

scattering phase functions were calculated. Average phase functions were calculated
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for the free tropospheric and boundary layer aerosol measured during each flight. The

mean and standard deviation of the phase functions associated with each of the de-
scribed aerosol types were then calculated using the appropriate set of flight-average
values. The results of these calculations are shown in Figure 4.7. The mean and
standard deviation were calculated using the logarithm of the flight-average values
since the absolute values typically span several orders of magnitude. Additionally,
the theoretical results of Mishchenko et al. (1997) were used to predict the phase
functions associated with nonspherical dust particles. There is clearly more vari-
ation in the phase functions resulting from measurements made within the clean
marine boundary layer than from the polluted cases, although this may, in part, be
a result of a more limited sample for the polluted aerosols. The relatively shallow
phase function calculated for the non-dusty free troposphere is a result of both the
high concentration of small particles and the enhanced absorption by these parti-
cles due to the higher elemental carbon content assumed (based on measurements).
As previously discussed, these particles have little impact on the columnar radiative
properties of the aerosol. For the other, optically more important, aerosol types,
variability within the categories is seen to be comparable to the variability between
the categories, indicating that errors resulting from assuming a constant phase func-
tion for a given type of aerosol may be similar in magnitude to assuming an incorrect

aerosol type all together.

4.4 Case Studies

While assessment of radiative closure is possible using any type of flight pattern,
vertical spirals in a cloudless area are particularly useful in that they allow for a
continuous profile of sunphotometer-derived extinction coefficients from near sea-level
to well into the free troposphere. During ACE-2, vertical spirals were flown on 8
of the 21 Pelican missions, although clouds were present during one of these spirals,
compromising the sunphotometer data. Of the seven remaining flights, four were

conducted early in the campaign when clean conditions prevailed. Since the focus of
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Figure 4.7: Averaged phase functions corresponding to each of the aerosol types
characteristic of the ACE-2 region. The solid line represents the mean value of the
phase functions measured during flights associated with the particular aerosol type,
while the shaded area corresponds to +/- one standard deviation. Phase functions
calculated for the dust aerosols were adjusted to account for the fact that the particles
are likely not spheres through the use of modeling results by Mishchenko et al. (1997).
All size distributions were adjusted to ambient relative humidity.
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this campaign was to characterize Saharan dust and European pollution aerosols) only

one of these background flights was chosen, along with each of the non-background
cases, for detailed analysis. The primary focus here is a discussion of the comparisons
between the derived and measured optical parameters. More detailed analyses of the
radiative impact of the aerosols studied is available elsewhere (Schmid et al., 2000;

Ostrom and Noone, 2000; Gass6 et al., 2000).

Uncertainty Analysis In an attempt to quantify the effect uncertainties in the
measurements made and assumptions used have on radiative closure, a number of
sources of error were considered for each of the four case studies. This procedure
was performed for each of the wavelengths measured by the sunphotometer, and for
each of the nephelometers utilized. The individual sources of error considered were
uncertainty concerning the degree to which the aerosol was heated in the PCASP;
errors in the measurement of the ambient relative humidity as well as that within
each of the nephelometers; error in the concentrations used for the size distribution
extrapolation when no FSSP data were available; incorrect sizing by the DMA and
OPCs; incorrect assumptions about the fraction of the aerosol assumed to be non-
hygroscopic (i.e., EC, OC, and dust); incorrect assumptions concerning the mixing
state of the aerosol; error related to the assumption that salt aerosols were hydrated
when the RH was above the appropriate crystallization point; error resulting from the
assumption that organic carbon aerosol is non-hygroscopic; and uncertainty regarding
the penetration efficiency of the cyclone. Additionally, random errors associated with
each of the instruments were considered.

The resulting combined uncertainties are presented for each comparison as a func-
tion of altitude in the difference plots that are described below in the discussion of
the individual case studies. A subset of these data are summarized in Tables 4.2 and
4.3. Many of the uncertainties are highly variable among flights and as a function
of altitude, so the averaged values presented in the tables provide only a degree of
insight into the relative importance of each of the potential sources of error. Several

of the responses to the specified perturbations seem counter-intuitive at first. These
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peculiarities result from the abrupt change in particle size associated with either the

crystallization or deliquescence point for the salts considered. For instance, an in-
crease in the ambient relative humidity in the free troposphere is seen to result in a
decrease in the calculated extinction coefficient. In this case, the drying associated
with the PCASP was originally sufficient to reduce the relative humidity below the
crystallization point of at least one of the salts assumed to be present. The calcu-
lated size of the particles at ambient RH is therefore much larger than for the case
in which a higher ambient humidity prevents crystallization of the particles within
the PCASP. A description of the relative importance of each of the sources of error
for each of the instruments under the range of conditions encountered would be pro-
hibitively long. However, it is clear from these results that sizing accuracy, mixing
state, degree of heating within the PCASP, and assumptions concerning the hygro-
scopicity of organics are among the most important sources of error in many of the
cases analyzed. Relative to these uncertainties, ultimate determination of scattering
or extinction from the size distribution measurements is not particularly sensitive to
the extrapolation used in the absence of FSSP data. Random errors associated with
each of the measurements often exceeded the uncertainty attributable to the other
perturbations, although an average value of these estimates is of little use given the

variability in the aerosol loading observed even for a given class of conditions.

June 21, 1997 KNMI back trajectories terminating at Tenerife on June 21, show
that both the boundary layer and free tropospheric air masses had remained over the
North Atlantic for several days. This mission was, therefore, aimed at analyzing
the relatively unperturbed aerosol characteristic of this region, which can then serve
as a baseline to which the more anthropogenically or desert influenced aerosols can
be compared. To avoid potential island influence, the flight was conducted to the
northwest of Tenerife, as is shown on Figure 4.8. As discussed previously, chemical
composition measurements made on Tenerife both in the boundary layer and the free
troposphere were used to construct size-resolved aerosol compositions. The assumed

compositions shown in Figure 4.8 are representative of these relatively clean condi-
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Table 4.2: Uncertainties related to radiative closure with the sunphotometer. Each
quantity represents the average response to the specified perturbation for the four case
studies discussed. To estimate the potential error resulting from the assumption that
the organics particles were non-hygroscopic, they were assumed to have growth char-
acteristics identical to ammonium bisulfate. Scatter in the optical depths measured
by the sunphotometer was used to estimate the random error associated with the
derived extinction coefficients for each flight. The uncertainty related to the FSSP
extrapolation is only relevant for those flights in which the FSSP was inoperable.

Perturbation Boundary Layer
Type Magnitude Clean Polluted
PCASP heating ¥/-2°C +17.1/ 6.2% | +19.8 /- 9.0%
RH measurement +/- 3% +2.8 /-4.1% +6.5 / -7.2%
FSSP extrapolation +/- 50% +4.6 /-3.1% +3.1 /-2.0%
Sizing accuracy +/- 5% +18.4 /-14.5% | +20.8 / -16.0%
Carbon, dust fraction +/- 50% -4.3 / +3.6% -1.8 /+29 %
Mixing state external / internal | +0.8 / -3.8% -4.8 / -0.5%
Deliquescence If RHymp > RHyq | -1.6% -2.9%
Organic hygroscopicity ~NH4HSO, +14.6% +2.8%
Size distribution random error +/- VN +/- 14.8% +/- 11.5%
Sunphotometer random error | est. from scatter | + /- 6.7% +/- 6.2%
Perturbation Free Troposphere
Type Magnitude No Dust Dust
PCASP heating +/-2°C 406 /-03% | 403 /-03%
RH measurement +/- 3% -0.4 / -3.5% +0.0 / -0.4%
FSSP extrapolation +/- 50% +2.1/-1.4% | +12.7 / -8.5%
Sizing accuracy +/- 5% +18.8 / -15.0% | +11.3 / -9.9%
Carbon, dust fraction +/- 50% +3.7 / -5.8% +0.2 / -1.2%
Mixing state external / internal | +10.2 / 3.9% -5.6 / -1.9%
Deliquescence If RHapp > RHgg +4.3% -3.0%
Organic hygroscopicity ~NH4HSO, +14.3% +13.0%
Size distribution random error +/- VN +/- 23.8% +/- 22.9%
Sunphotometer random error | est. from scatter +/-27.7% +/- 3.6%
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Table 4.3: Uncertainties related to radiative closure with the non-humidified neph-
elometerr. Each quantity represents the average response to the specified perturbation
for the four case studies discussed. To estimate the potential error resulting from
the assumption that the organics particles were non-hygroscopic, they were assumed
to have growth characteristics identical to ammonium bisulfate. Estimation of the
random error in the humidigraph and TSI nephelometer measurements was accom-
plished by adjusting the values specified by Gass6 et al. (this issue) and Anderson
et al. (1996) to the 90 s sampling interval employed here. The uncertainty related
to the FSSP extrapolation is only relevant for those flights in which the FSSP was
inoperable.

Perturbation Boundary Layer

Type Magnitude Clean Polluted
PCASP heating +/- 2°C +12.3 / -6.8% | +12.2 / -8.0%
RH measurement +/- 3% +3.7/-01% |-0.3 /-3.3%
FSSP extrapolation +/- 50% +0.2 /-01% | +0.1 /-0.1%
Sizing accuracy +/- 5% +17.7 / -14.4% | +18.8 / -15.4%
Carbon, dust fraction +/- 50% -6.6 / +8.1% -4.5 / +2.8%
Mixing state external / internal | +24.2 /-17.1% | +4.7 / -2.0%
Deliquescence If RHymp > RHye | +6.3% +0.4%
Organic hygroscopicity ~NHHSO, +17.7% +5.1%
Cyclone cutoff +/- 15% +2.3 /-5.1% +0.3 / -5.4%
Size distribution random error +/- VN +/- 8.9% +/- 5.3%
Nephelometer random error 6.51077 m~! +/-8.2% +/- 1.4%

Perturbation Free Troposphere

Type Magnitude No Dust Dust
PCASP heating +/-2°C +0.6 / -0.5% +0.6 / -0.5%
RH measurement +/- 3% +5.8 / -4.3% -0.5 /-1.2%
FSSP extrapolation +/- 50% +0.0 / -0.0% +0.2 / 0.2%
Sizing accuracy +/- 5% +20.0 / -16.1% | +8.8 /-7.6%
Carbon, dust fraction +/- 50% -2.8 / +0.5% -2.6 [ +2.5%
Mixing state external / internal | +16.6 / -16.7% | +10.3 / -17.4%
Deliquescence If RH,pp > RHge +13.5% +5.4%
Organic hygroscopicity ~NH4HSO, +16.5% -0.2%
Cyclone cutoff +/- 16% +1.6 / -2.2% +8.5 / -9.9%
Size distribution random error +/- VN +/- 18.4% +/- 14.7%
Nephelometer random error 6.510~" m~! +/- 61.3% +/- 6.9%
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tions. In particular, the submicron aerosol is composed of a significant fraction of

organic carbon, both in the boundary layer and the free troposphere, while elemental
carbon constitutes an appreciable fraction only in the free tropospheric aerosol.

Also shown in Figure 4.8 are the relative humidity, pressure altitude, number size
distribution, integrated number concentration, and calculated aerosol mass, all as
functions of time. Similar to the majority of the measurements made during ACE-2,
the size distribution and associated number concentration vary little with time, in
both the boundary layer and free troposphere. As was the case for the overall results
discussed above, each of the quantities presented, except aerosol mass, is calculated
using the adjusted size distributions at ambient relative humidity. As described
previously, the free tropospheric aerosol sampled on this date had a significantly
higher number concentration and median diameter than that measured during any
of the other flights. This increased concentration does not, however, translate into
a significant increase in mass. The sparse, but large, sea salt particles within the
boundary layer account for an order of magnitude more mass and extinction than the
concentrated, but small, particles within the free troposphere.

Indicated on the plot showing altitude and relative humidity are periods over
which the size distributions are averaged. The number, volume, and extinction dis-
tributions corresponding to the averaged periods within the free troposphere (FT) and
the boundary layer (BL) are shown Figure 4.9. The characteristic bimodal bound-
ary layer number distribution and monomodal free tropospheric number distribution
are clearly shown. Also indicated on the altitude and humidity plot is the altitude
profile (P) used for radiative closure comparisons. For the closure comparisons, the
size distributions were averaged over 90 s to improve upon the resulting counting
statistics. This resulted in a vertical resolution of approximately 175 m for 30 min
profiles (June 21), 117 m for 45 min profiles (July 8 and July 17), and 88 m for 60
min profiles (July 10).

As shown on Figure 4.9, the column-integrated extinction coeflicients calculated

using the size distributions were comparable to those derived using the sunphotome-

ter data. However, relatively large discrepancies exist in the boundary layer where
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Figure 4.8: Size distributions and derived properties from the June 21 flight. Shown
are the assumed chemical compositions, the flight track, the relative humidity and
pressure during the flight with averaging periods indicated (BL = boundary layer,
FT = free troposphere, and P = altitude profile), an image plot showing the rel-
ative change in size distribution as a function of time, and the integrated number
concentration and dry aerosol mass as functions of time.
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Figure 4.9: Size distributions and optical comparisons from the June 21 flight. Shown
are the number, volume, and extinction distributions for the averaging periods shown
on Figure 4.8, the comparison between the calculated and measured extinction coeffi-
cients corresponding to three of the sunphotometer wavelengths, and the comparison
between the calculated and measured scattering coefficients for the nephelometers.
Associated with each of the comparisons is a difference plot that presents the frac-
tional discrepancy between the calculated and measured property (diamonds) along
with the uncertainty bounds (dashed lines) calculated from the perturbations listed
in Tables 4.2 and 4.3. To provide greater detail for the majority of the data points,
fractional discrepancies greater than 1 are presented as arrows, with the actual dis-

crepancy shown in parentheses.
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the calculations do not capture a distinct maximum present in the sunphotometer
data at approximately 500 m. From the adjacent difference plots, it is clear that this
disagreement exceeds that expected for the uncertainties and random errors involved
in the measurements for about half of the points of comparison within the boundary
layer. Although it is not possible to definitively state which measurement is erro-
neous, a maximum such as that present in the sunphotometer data could be the result
of inaccuracies involved in differentiating the raw signal. This postulation is sup-
ported by the absence of a similar maximum in the nephelometer data, although the
limited particle size range that successfully penetrates the cyclone could hide such a
maximum were it a result of large sea salt particles. Additionally, the apparent agree-
ment between the scattering coeflicient of the nephelometer operated at near ambient
RH and the extinction coefficient derived by the sunphotometer data near sea level
suggests that at least one of the measurements is incorrect, since the nephelometer
only measures a subset of the total extinction. The size distribution based calcula-
tions do appear to capture the measured inverse relationship between extinction and
wavelength, a relationship often parameterized as an Angstrom coefficient.

Although the maximum discrepancies between the calculated and measured scat-
tering coefficients corresponding to the ”wet” and ”dry” nephelometers are less than
those associated with the sunphotometer comparison, there appears to be a system-
atic underestimation of the measured values. This is clearly shown in the difference
plots associated with the nephelometer comparisons, although most of these points
still lie within the range of estimated uncertainties. The calculated increase in the
scattering coefficient with increasing relative humidity agrees well with measurements
made in the boundary layer, but underestimates those made in the free troposphere.
This is most likely the result of inaccurate assumptions concerning the chemical com-
position of the aerosols or to error incurred by assuming that the organic carbon is

non-hygroscopic.

July 8, 1997 In contrast to the relatively unperturbed boundary layer and free

troposphere observed during the June 21 case study, on July 8 the boundary layer air
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parcel had passed over much of the Iberian Peninsula while the free tropospheric air

parcel originated over Africa. Consistent with expectations, the resulting boundary
layer and free tropospheric aerosols contained substantial quantities of anthropogenic
aerosols and Saharan dust, respectively. As shown in Figure 4.10, the flight was
conducted southeast of Tenerife in a cloudless region that was not directly affected
by either Tenerife or the adjacent island, Gran Canaria. Measurements made at PDH
show an enhanced fractional contribution of the sulfates in continentally influenced
aerosols, which is reflected in the size-resolved, assumed composition for the boundary
layer. The fine mode aerosol within the free troposphere was predominantly organic
carbon, with dust constituting the majority of the coarse mode.

Boundary layer aerosol number concentrations were observed to reach values more
than five times higher than those measured during the cleaner, June 21 flight, while
free tropospheric aerosol mass loadings were more than two orders of magnitude
greater than those previously measured. The averaged number, volume, and extinc-
tion distributions in Figure 4.11 show the monomodal submicron aerosol within the
boundary layer dominates the overall extinction coefficient, while the coarse dust par-
ticles are responsible for essentially all of the extinction in the free troposphere. The
calculated aerosol mass, and to a lesser extent, the calculated extinction coeflicient,
is sensitive to the extrapolation used since the FSSP on the Pelican was inoperable.

Agreement between calculated and measured optical properties of the aerosol for
this flight is significantly better than for the June 21 case. Discrepancies associated
with the sunphotometer comparisons are within experimental uncertainties both in
the boundary layer and the dust layer aloft. Only between these two distinct layers
is the disagreement excessive, largely due to the differentiation of sunphotometer
data, which resulted in negative extinction coefficients between approximately 1600
and 1900 m. Agreement between the derived and measured scattering coeflicients
is within specified uncertainties both in the boundary layer, and in the transition
between the boundary layer and dust aloft, although a significant amount of scatter

1

is present when the values approach 107® m~!. More significant discrepancies exist

between the nephelometer measurements and size distribution calculations in the dust
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Figure 4.10: Size distributions and derived properties from the July 8 flight. Shown
are the assumed chemical compositions, the flight track, the relative humidity and
pressure during the flight with averaging periods indicated (BL = boundary layer,
FT = free troposphere, and P = altitude profile), an image plot showing the rel-
ative change in size distribution as a function of time, and the integrated number
concentration and dry aerosol mass as functions of time.
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Figure 4.11: Size distributions and optical comparisons from the July 8 flight. Shown
are the number, volume, and extinction distributions for the averaging periods shown
on Figure 4.10, the comparison between the calculated and measured extinction coefhi-
cients corresponding to three of the sunphotometer wavelengths, and the comparison
between the calculated and measured scattering coeflicients for the nephelometers.
Associated with each of the comparisons is a difference plot that presents the frac-
tional discrepancy between the calculated and measured property (diamonds) along
with the uncertainty bounds (dashed lines) calculated from the perturbations listed
in Tables 4.2 and 4.3. To provide greater detail for the majority of the data points,
fractional discrepancies greater than 1 are presented as arrows, with the actual dis-
crepancy shown in parentheses.
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layer. Greater than expected losses within the cyclone, tubing, and nephelometers
themselves could account for these discrepancies, although a 15% decrease in the
cyclone cut size was found to be insufficient to result in agreement.  Uncertainty
concerning the phase functions of nonspherical particles and the impact this would

have on the integrated scattering coefficient and, more importantly, the backscattering

coefficient could also lead to the observed disagreement.

July 10, 1997 The principal focus of the July 10 flight was a sunphotometer inter-
comparison with the R/V Vodyanitsky. As a result, the majority of the flight was a
transect to and from the location of the ship, as is shown in the flight track on Figure
4.12. Similar to the July 8 case study, the boundary layer aerosol encountered on
July 10 was also continentally influenced. Composition measurements made at PDH
on this day indicate that the bulk aerosol had characteristics very similar to those
observed for the previous case study, with sulfates dominating the submicron mass.
However, the number concentration observed was significantly less than on July 8,
while the size distribution was shifted to slightly larger diameters. These two effects
were found to partially offset one another with respect to the optical properties of
the aerosol, though. The free tropospheric aerosol was observed to contain little or

no mineral dust and contributed negligibly to the total columnar mass or extinction.

As shown in Figure 4.13, within the boundary layer, extinction coefficients derived
from the sunphotometer data were approximately 25% greater than those calculated
based on the size distribution measurements. Agreement with the nephelometers was
significantly better, suggesting that the disagreement with the sunphotometer may be
a result of larger particles that would not reach the nephelometers, but would affect
the sunphotometer measurement. As with approximately half of the flights, no FSSP
data were available in this case, and therefore the previously discussed extrapolation
could result in an underestimation of the concentration of large, sea salt particles.
Scattering and extinction coefficients within the free troposphere were approximately

two orders of magnitude less than within the boundary layer, resulting in an increase
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Figure 4.12: Size distributions and derived properties from the July 10 flight. Shown
are the assumed chemical compositions, the flight track, the relative humidity and
pressure during the flight with averaging periods indicated (BL = boundary layer,
FT = free troposphere, and P = altitude profile), an image plot showing the rel-
ative change in size distribution as a function of time, and the integrated number
concentration and dry aerosol mass as functions of time.
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Figure 4.13: Size distributions and optical comparisons from the July 10 flight. Shown
are the number, volume, and extinction distributions for the averaging periods shown
on Figure 4.12, the comparison between the calculated and measured extinction coeffi-
cients corresponding to three of the sunphotometer wavelengths, and the comparison
between the calculated and measured scattering coefficients for the nephelometers.
Associated with each of the comparisons is a difference plot that presents the frac-
tional discrepancy between the calculated and measured property (diamonds) along
with the uncertainty bounds (dashed lines) calculated from the perturbations listed
in Tables 4.2 and 4.3. To provide greater detail for the majority of the data points,
fractional discrepancies greater than 1 are presented as arrows, with the actual dis-
crepancy shown in parentheses.
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in the importance of the estimated random errors, and an increase in the scatter

observed in the difference plots.

July 17, 1997 The last of the case studies focused on the properties of a dust layer
significantly more effective at light extinction than that encountered during July
8. KNMI back trajectories suggested that the air parcel arriving in the boundary
layer passed adjacent to Europe making no direct contact, while most of the back
trajectories arriving in the free troposphere originated over Africa. Since the goal
of this mission was to characterize the dust layer, the flight was conducted primarily
south of Tenerife where boundary layer measurements were subject to contamination
from the island. This flight track is shown in Figure 4.14. On two occasions, the
aerosol number concentration reached approximately 10* cm~3, suggesting influence
from sources on Tenerife. Size distributions and integrated number concentration
corresponding to these events have not been included in the plots to allow for more
detail for the uninfluenced data. Measurements of both organic and elemental carbon
at IZO were thought to be unreasonably high for this date (J. Putaud, 1998, personal
communication) and therefore, the assumed chemical composition was based on the
average of the measurements made the previous and following days.

As shown in Figure 4.15, the coarse Saharan dust particles were observed to
account for essentially the entirety of the aerosol mass and extinction coefficient within
the free troposphere. The number size distribution within the boundary layer is
almost identical to that measured during the June 21 flight. Relative to the June 21
flight, however, the submicron aerosol contributed significantly more to the extinction
coeflicient.

Results from comparisons between calculated and derived optical properties were
similar to those from the July 8 flight, with discrepancies in excess of the estimated
uncertainties only for those comparisons with the nephelometers in the dust layer.
Some possible explanations for this disagreement are given in the discussion of the
July 8 mission. It is not clear whether the variability in the size distribution based

extinction coefficient as a function of altitude, or the lack thereof in the sunphotometer
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data, is a true representation of the boundary layer structure. The ambient relative

humidity profile seems to have a shape similar to the calculated values, though much
less exaggerated. As has been true in the boundary layer for most of the optical

comparisons, the derived extinction coefficients are less than those measured by the

sunphotometer.

4.5 Summary

Aerosol size distributions were measured using a DMA and two OPCs during 21
flights conducted as part of the ACE-2 field campaign. Great care was taken to
ensure the accuracy of the individual size measurements and of the ultimate integrated
distribution to which they contributed. Aerosol characteristics observed in this region
were varied, primarily resulting from the extent of contact the surrounding air mass
made with Europe or Africa prior to its arrival. To permit description of average
aerosol properties, boundary layer aerosols in this region can generally be categorized
as background or continentally influenced, while free tropospheric aerosols can be
differentiated on the basis of the presence or absence of a Saharan dust layer. Similar
to previous studies conducted in this area, the number size distributions within the
boundary layer were found to be bimodal during relatively clean conditions, but
possessed only a single, accumulation, mode during more polluted conditions. Free
tropospheric aerosols consistently had only a single mode that typically peaked below
100 nm diameter.

Detailed analyses were performed for four case studies that, collectively, spanned
the range of aerosol types encountered. Of particular interest for these case studies
were radiative closure comparisons performed between the vertically-resolved aerosol
optical characteristics as determined through the use of the aerosol microphysical
data, and those measured directly by a multi-wavelength sunphotometer and three
nephelometers. While differences did exist between the derived and measured quan-
tities in some cases, in general, the agreement obtained was within the uncertainty

expected. Averaged over the four case studies, the derived extinction coeflicient was
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Figure 4.14: Size distributions and derived properties from the July 17 flight. Shown
are the assumed chemical compositions, the flight track, the relative humidity and
pressure during the flight with averaging periods indicated (BL = boundary layer,
FT = free troposphere, and P = altitude profile), an image plot showing the rel-
ative change in size distribution as a function of time, and the integrated number
concentration and dry aerosol mass as functions of time.
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Figure 4.15: Size distributions and optical comparisons from the July 17 flight. Shown
are the number, volume, and extinction distributions for the averaging periods shown
on Figure 4.14, the comparison between the calculated and measured extinction coeffi-
cients corresponding to three of the sunphotometer wavelengths, and the comparison
between the calculated and measured scattering coeflicients for the nephelometers.
Associated with each of the comparisons is a difference plot that presents the frac-
tional discrepancy between the calculated and measured property (diamonds) along
with the uncertainty bounds (dashed lines) calculated from the perturbations listed
in Tables 4.2 and 4.3. To provide greater detail for the majority of the data points,
fractional discrepancies greater than 1 are presented as arrows, with the actual dis-
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2.5% greater than that measured by the sunphotometer for measurements made in

the clean boundary layer, but was 13%, 3.3%, and 17% less than that measured within
the polluted boundary layer, free troposphere with a dust layer, and free troposphere
without a dust layer, respectively. For comparisons with the non-humidified neph-
elometer, the averaged derived scattering coefficient exceeded the measured value by
4.7% and 17% in the polluted boundary layer and dust-laden free troposphere, re-
spectively, but was 9.6% and 41% less than that measured for background boundary
layer and free tropospheric aerosols, respectively. The simultaneous agreement with
the variety of instruments on board, each of which was sensitive to different aspects of
the sampled aerosol population, limits the degree to which potential multiple errors
in the size distribution and related analysis could simply offset one another, as might
be the case if comparison with a single measurement at a single wavelength were
made. It is clear from the case studies that direct comparison between the partial
scattering coefficients measured by the nephelometers and the total extinction coef-
ficient derived from the sunphotometer measurements, without careful consideration
of the size distributions, would lead to substantial error. Future improvements in
the sizing instruments themselves, as well as the simultaneous measurement of time
and size-resolved aerosol chemical composition, will improve the ability to perform in

situ radiative closure on the atmospheric aerosol.
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Abstract

As part of the Southern California Ozone Study (SCOS), a research aircraft was
employed during August and September of 1997 to characterize the physical and
chemical properties of the aerosol present over the Los Angeles Basin. Aerosol size
distributions measured using a differential mobility analyzer and two optical parti-
cle counters were combined with filter-based composition measurements to derive a
physicochemical description of the aerosol sampled. The accuracy of this description
was evaluated through comparison of derived and directly measured aerosol properties
including mass, absorption coefficient, hemispherical backscattering coefficient, and
total scattering coefficient at two different relative humidities. The sampled aerosol
exhibited a complex vertical structure possessing multiple elevated aerosol layers. The
most pronounced of these layers were observed to form by injection of aerosol above
the ground-level mixed layer along the southern edge of the San Gabriel Mountains,
which form the northern boundary of much of the Los Angeles Basin. Over multiple
inland areas, additional layers were observed at about 2500 m above sea level (asl),
while off the coast of Santa Monica, thin but concentrated layers were detected about
500 m asl. In addition to the sharp vertical gradients in aerosol concentration ob-
served, horizontal gradients at multiple locations were found to be sufficient to result
in more than 50% variability within a 5 x 5 km computational grid cell commonly
used in atmospheric models. Vertically-resolved aerosol measurements made over one
location during several flights, as well as over several locations during a morning
and afternoon flight on the same day, were used to investigate the temporally- and
spatially-resolved impact the aerosol had on gas-phase photolysis rates. These calcu-
lations predict that for a 10° zenith angle the sampled aerosol enhanced photolysis
rates by up to about 5%, although a slight decrease was often observed near ground

level.
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5.1 Introduction

Southern California has long struggled to comply with state and federal air quality
standards. Faced with a steadily increasing population and tightening ozone and par-
ticulate matter standards, further emissions reductions will be necessary. Extensive
atmospheric modeling efforts have provided a means for linking specific emission con-
trol scenarios with probable air quality outcomes (see, for example, Meng et al., 1997).
However, the complex terrain and meteorology associated with Southern California,
coupled with inherent uncertainties in model input fields, complicates these efforts.
Aircraft-based measurements (Blumenthal et al., 1978; Wakimoto and McElroy, 1986)
have demonstrated that vertical transport in the Los Angeles area is not consistent
with the simple representation of a mixed layer trapped below a temperature in-
version. Recently, three-dimensional meteorological models have provided further
insight into mechanisms responsible for formation of distinct pollution layers that
exist above the Los Angeles Basin for extended periods of time (Lu and Turco, 1994,
1995). Successful prediction of ground-level concentrations can only be accomplished
if the behavior and nature of material aloft are adequately described. In addition
to the poorly characterized variation of species concentrations with altitude, strong
horizontal gradients pose a unique problem for models; observed variations within a
computational grid cell (typically 5 x 5 km) call into question the assumption that
concentrations are uniform inside a grid volume. Use of a single measurement within
a grid cell to represent the entire cell can lead to uncertainties as high as 25-45%,
depending on the species of interest (McNair et al., 1996).

During the summer and fall of 1987, the Southern California Air Quality Study
(SCAQS) was undertaken to provide a sufficiently detailed data set to test the ca-
pabilities of available meteorological and air quality models. Data from SCAQS,
particularly a small number of multi-day episodes, have served as the foundation for
most of the modeling work in the years since (Pandis et al., 1992; Harley et al., 1993;
Pandié et al., 1993; Jacobson, 1997; Lurmann et al., 1997; Lu et al., 1997; Meng et
al., 1998). Ten years after SCAQS, during the summer and fall of 1997, the Southern
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California Ozone Study (SCOS) was conducted in order to supplement the data set

acquired during SCAQS by employing a network of emissions, meteorological, and air
quality measurements. The stated goals of SCOS were:

1. Update and improve the existing aerometric and emission databases and model

applications for representing urban-scale ozone episodes in Southern California.

2. Quantify the contributions of ozone generated from emissions in one Southern
California air basin to federal and state ozone standard exceedances in neigh-

boring air basins.

3. Apply modeling and data analysis methods to design regional ozone attainment

strategies.

To satisfy goal 2, the study covered an extensive region that was roughly bounded
by the Channel Islands to the West, the San Joaquin Valley to the North, and the
California state border to the East and South. In all, the study encompassed ap-
proximately 53,000 square miles, although a large fraction of the measurements were
made within the Los Angeles Basin. SCOS was conducted between mid-June and mid-
October when the highest pollutant concentrations are usually observed in the region.
However, during this campaign unusually high sea surface temperatures caused by a
significant El Nifio event resulted in deeper marine layers and enhanced mixing rela-
tive to typical conditions in Southern California. Hence, air pollutant concentrations
tended to be somewhat lower during this study than is common for the region.

As its name implies, the Southern California Ozone Study was conducted primarily
to improve our understanding of ozone and its gas-phase precursors. A smaller, but
still extensive, component of the study focused on understanding the formation and
evolution of the atmospheric aerosol. The expanded monitoring network in place
for the ozone study facilitated interpretation of aerosol measurements. As part of
the aerosol component of SCOS, a research aircraft was utilized during August and
September of 1997 to provide a three-dimensional characterization of the Los Angeles

aerosol. This paper presents a description of the measurements obtained by that
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aircraft during the study period, and an analysis of the impact the aerosol column

may have on key gas-phase photolysis rates involved in ozone production.

5.2 Instrumentation and Analysis

Between August 27 and September 12, 1997 the Center for Interdisciplinary Remotely-
Piloted Aircraft Studies (CIRPAS) Pelican aircraft flew 12 missions over the Los An-
geles Basin. The Pelican is a Cessna Skymaster that has been modified by replacing
the front engine with an extended nose cowling that serves as the primary instru-
mentation bay. The resulting pusher configuration is ideal for aerosol measurements
because it minimizes the disturbance of the atmosphere prior to sampling. Optical
particle counters were mounted on each of the wings, while the remaining instruments
were located inside the aircraft. These latter instruments sampled from two parallel
inlets, each of which included a cyclone with a nominal cut size of 2.5 um. Since the
cyclones were positioned immediately downstream of the inlet opening, little drying
of the particles was likely prior to removal of the coarse mode. Table 5.1 contains a

complete list of instruments on board the Pelican during SCOS.

5.2.1 Filter Samples

The chemical composition of the aerosol was probed using a filter system employing
three parallel sampling trains, each having a flow rate of 24 L min~!. Separate trains
were used for analysis of trace metals, elemental and organic carbon, and inorganic
ions. Each sampling train consisted of three identical filter cassettes, allowing sequen-
tial exposure of multiple filters through the use of cockpit-activated solenoid valves
that were in-line with each of the filter cassettes. During SCOS, three sets of filter
samples were taken during each of the first six flights, with two sets taken on the
seventh flight. Filters were unloaded immediately following each flight and remained
refrigerated during storage and transport until analysis. Several filter blanks were

taken from each sampling train and were used to correct for the samples analyzed.
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Table 5.1: Measurements made on board the Pelican.

Property measured ] Instrument

Aerosol measurements
Inorganic ions, trace metals, EC/OC sub-2.5 um filter samplers ~1h

] Time

Particle size (0.01 - 0.5 um) TSI 3071 DMA / 3010 CPC | 1 min
Particle size (0.15 - 3.0 ym) PMS PCASP ls
Particle size (0.5 - 20 um) PMS FSSP 1s

3-color light scattering coefficient (total

and hemispherical backscattering) T8I 3563 nephelometer Ls

UW humidigraph (Radiance

Light scattering / RH relationship Research nephelometers) 6s
Light absorption coefficient Radiance Research PSAP ~ 1 min
Radiation measurements
Total solar Eppley pyranometer 1s
uv Eppley radiometer 1s

Meteorological measurements
Pressure (static and dynamic), Various 1s

temperature, and dew point

The first sampling train used a Teflon filter to collect samples for trace metal analy-
sis. Inductively-coupled plasma mass spectrometry (ICP-MS) was used to quantify
Nat, AB+ K+, Ni**, Zn**t, Mg?t, Si**, Fe?t, and Cu?* for each of the filters. With
the exception of Nat and Mg?* that were assumed to be associated with sea salt
particles, each of the metals was assumed to be present as oxides (Al;O3, SiO4, K50,
Fe,03, NiO, CuO, and ZnO) for determination of aerosol mass. Uncertainty in to-
tal aerosol mass introduced as a result of this assumption is relatively low since the
elements analyzed typically constituted only a small fraction of the aerosol.

Elemental and organic carbon collected on quartz filters in the second sampling
train was analyzed through thermal optical reflectance (Chow et al., 1993) by re-
searchers at the Desert Research Institute (DRI). To account for the positive artifact
resulting from organic vapor adsorption on the filter, a quartz back-up filter was used,
with the corrected organic aerosol mass assumed to be the difference between that
measured on the front and back filters. Since oxygen and hydrogen are not detected
in this type of analysis, organic carbon loadings were multiplied by 1.4 to estimate

total organic aerosol mass (White, 1990).
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Table 5.2: Detection limits for species analyzed.

Species Analytical Limit (pg/filter) Ambient Conc. (ug/m?®)
SO%™, NO3, NH} 0.8 0.4
oC 2 1
EC 0.5 0.3
Fe, Si, K 0.1 0.05
Na 0.01 0.005
Mg, Ni, Cu, Zn, Al 0.001 0.0005
mass 10 )

The final sampling train employed an MgQO denuder to remove nitric acid in order
to minimize the positive artifact that it might otherwise cause. Downstream of the de-
nuder, a Teflon filter was used to collect aerosol for inorganic ion analysis. Researchers
with DRI used ion chromatography to analyze and, and colorimetry to quantify. The
mass measured on the nylon back-up filter was assumed to be volatilized ammonium
nitrate, and was, therefore, used to correct the and mass measured on the Teflon
filter.

To assess the degree to which the aerosol mass was accounted for through the
speciation analyses, filters collected in trains A and C were analyzed by gravimetry.
These analyses were conducted by researchers at DRI under controlled conditions in
which the relative humidity was maintained at between 45 and 55%. The correction
applied to the and concentrations to account for ammonium nitrate volatilization was

also applied to the gravimetric mass.

Detection limits for each aerosol species analyzed are listed in Table 5.2. Aerosol
mass for each of the 20 sets of filters analyzed is shown in Figure 5.1. With the
exception of the September 4 and 5 flights, filter samples represent the integration
of the aerosol present over a relatively wide area and over about 2 km variation in
altitude. These spatially-unresolved filter measurements were uséd to gain a general
understanding of the chemical nature of the aerosol and to aid in the analysis of
time-resolved size distributions, but were not used to directly assess variations in

composition within the study area.
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Figure 5.1: Fine aerosol chemical composition during the seven flights for which
samples were collected. Also shown is aerosol mass determined gravimetrically, and
through integration of the size distributions.
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5.2.2 Optical Measurements

Three integrating nephelometers and an absorption photometer provided details of
the optical and hygroscopic properties of the aerosol sampled during SCOS. The Uni-
versity of Washington Passive Humidigraph, which consists of two Radiance Research
nephelometers operated in parallel at different relative humidities (RH), was used to
investigate the relationship between humidity and aerosol light scattering. In general,
humidities within the dry and wet nephelometers bracketed the ambient RH. A TSI
3563 nephelometer that measures total scattering and hemispherical backscattering
at blue (450 nm), green (550 nm), and red (700 nm) wavelengths was operated at a
humidity slightly below that of the drier of the two Radiance Research nephelometers.
Each of the nephelometers was calibrated prior to, or during, the study using gases
with known scattering properties.

A Radiance Research Particle Soot Absorption Photometer (PSAP) was used to
make time-resolved measurements of the absorption properties of the dry aerosol.
The PSAP continuously records transmittance of light (567 nm) through two regions
on a filter, one of which has an aerosol-laden flow passing through it, while the other
is used as a reference. The aerosol absorption coefficient, o,,, is determined from the
rate of change of the transmittance ratio between the two regions. PSAP calibration
results described by Bond et al. (1999) were used to analyze the data obtained. It has
been observed that variations in transmittance ratio unrelated to increased particle
loading occur as a result of pressure variations within the instrument. Only during
constant altitude legs when the observed change in transmittance due to particle

loading dominated over that caused by pressure variations were data analyzed.

5.2.3 Size Distribution Measurements

By integrating measurements from a differential mobility analyzer (DMA) and two
optical particle counters (OPCs), aerosol size distributions spanning the range from 10
nm to >20 pm in diameter were determined with 1 min time resolution. A TSI 3071

cylindrical DMA was operated with a TSI 3010 condensation particle counter to size
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particles with diameters between approximately 10 and 500 nm. Each of the DMA

flow rates was actively controlled to minimize fluctuations induced by pressure changes
within the instrument. The voltage applied to the DMA was scanned over 45 s, and
was automatically adjusted to maximize particle size range, while remaining below the
pressure and temperature dependent threshold for electrostatic breakdown. A wing-
mounted Particle Measuring Systems (PMS) Passive Cavity Aerosol Spectrometer
Probe (PCASP-100X) sized particles ranging from approximately 140 nm to over
3 um. The PCASP was calibrated prior to SCOS with polystyrene latex (PSL)
particles. Mie theory calculations that accounted for the angular configuration of
the light receptor in the PCASP were used to adjust this PSL calibration to that
expected for particles of any specified complex index of refraction. Mounted on the
wing opposite to the PCASP was a PMS Forward Scattering Spectrometer Probe
(FSSP-100). By utilizing an external laser / detector, the FSSP causes only minimal
disturbance to large particles and cloud droplets. The 1 Hz measurements of both the
PCASP and FSSP were averaged over the ~1 min measurement time of the DMA.
The PCASP and DMA systems both change the relative humidity of the aerosol
during the act of sampling, while the FSSP has little effect on this important para-
meter. To combine these measurements into a coherent description of the sampled
aerosol, the ambient particle size distribution must be estimated from the perturbed
data. An accurate description of the effect of humidity on particle size requires
knowledge of, or assumptions about, the aerosol composition, mixing state, and deli-
quescence state. Filter samples taken during the majority of the Pelican flights were
used to estimate the composition of the sampled aerosol during the respective filter
integration interval. For those flights during which no filter samples were taken, the
average composition analyzed during the flights with filter measurements was used.
Since filter samples were not size-resolved, it was assumed that size-dependent compo-
sition and mixing relationships were similar to those described by Zhang et al. (1993)
in their analysis of data taken during SCAQS. External mixtures of salt particles
were assumed so that available single-salt solution thermodynamics data (Tang and

Munkelwitz, 1994; Tang, 1996; Tang et al., 1997) could be used for particle growth
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/ evaporation calculations. Tang (1996) showed that only minor differences exist in
overall optical properties of internal and external mixtures of common nitrates and
sulfates. Moreover, the similar densities of common nitrates and sulfates limit the
uncertainty in the calculated aerosol mass that might be caused by this assumption.
Hygroscopic growth was considered only for the salt species, and not for carbon or
dust. The assumption that carbonaceous aerosol is non-hygroscopic is known to be
incorrect for at least some organic species found in the aerosol phase (Saxena et al.,
1995). However, in their interpretation of SCAQS impactor data, Zhang et al. (1993)
suggest that externally mixed carbonaceous particles were non-hygroscopic, while
carbon internally mixed with salt particles was less hygroscopic than the salt itself.
The relatively low humidity encountered throughout the present study, and generally
characteristic of the region, further limits uncertainties caused by this assumption.

The ambient relative humidity measured during SCOS often lay between the crys-
tallization and deliquescence points of the salt species known to be present in the
aerosol. Whether the aerosol would be wet or dry under these circumstances depends
on the RH history it experienced. Humidity data taken during the flights, coupled
with continuous ground-based measurements at five locations in the Los Angeles area,
were used to estimate the maximum humidity encountered by the aerosol that was
sampled during a given flight. As an estimate of the uncertainty that this assump-
tion might introduce, it was determined that, averaged over all of the flights, PM2.5
(dry aerosol mass = 2.5 pm aerodynamic diameter) calculated using the assumption
that the maximum humidity encountered was the ambient humidity at that time is
only 5.1% greater than that calculated assuming all salts had previously deliquesced.
After adjusting for relative humidity differences, excellent agreement in measured
concentration was observed in the overlapping size range of the PCASP and FSSP.
In general, the size distribution recovered from the DMA had a similar shape to that
measured by the PCASP, but was shifted by about 10% to larger size. The cause of
the discrepancy is not known, but it generally had little impact on derived aerosol
mass and optical properties. Lacking definitive evidence of the relative accuracy of the

different measurements, individual distributions were simply averaged in overlapping
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size ranges.

5.2.4 Optical and Mass Closure

Although composition and optical measurements afford valuable information about
the properties of the sampled aerosol, only an accurate physicochemical description
can provide a full range of spatially and temporally resolved aerosol characteristics.
In order to test the validity of the size distribution-based physicochemical description
of the aerosol, a number of closure comparisons were performed with the optical and
composition measurements. The utility of such comparisons is that they provide
confidence in the over-determined set of measurements when closure is achieved, and
indicate potential sources of error wheh it is not.

To estimate aerosol mass collected on the filters during sampling intervals, aerosol
size distributions were first adjusted to the relative humidity within the cyclone, which
was slightly warmer and drier than outside. The density of each aerosol type consid-
ered was then calculated and used to determine the appropriate cyclone penetration
efficiency s-curve. For hygroscopic particles, density was calculated as a function of
relative humidity, whereas constant densities of 2.6 g cm™3 for dust (Tegen and Fung,
1994), and 2.0 g cm™3 and 1.4 g cm™3 for elemental and organic carbon, respectively
(Larson et al., 1988), were used. The aerosol mass of those particles that passed
through the cyclone was then calculated through integration of the size distribution.
Aerosol mass derived in this way is included in Figure 5.1. Although there are some
differences between the three measures (species sum, gravimetric, and size distribu-
tion integration) of aerosol mass during a given filter interval, there are no pronounced
systematic discrepancies.

As with aerosol mass calculations, modification of the aerosol size distribution to
account for removal in the cyclone is necessary for comparison with the various optical
instruments on board. The remaining particles are then adjusted to the relative hu-
midityn within each instrument. For those cases in which the relative humidity of the

sample flow is reduced below the crystallization point of a given salt, only if the RH in
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the humidified nephelometer is above the deliquescence point of the salt is it assumed

to be hydrated. For analysis of scattering and absorption coefficients, constant re-
fractive indices of 1.95 - 0.661 for elemental carbon (Bergstrom, 1972) and 1.55 - 0.0
for organic carbon (Larson et al., 1988) were assumed. The wavelength-dependent
complex index of refraction of Saharan dust particles described by Patterson et al.
(1977) was assumed to be representative of dust present in Los Angeles. Optical
properties of dust vary with location and even time, but few representative data are
available. Fortunately, the contribution of dust to scattering and absorption was gen-
erally small, minimizing the uncertainty in derived optical properties resulting from
this assumption. Refractive index of aqueous aerosols was determined by the par-
tial molal refraction approach of Moelwyn-Hughes (1961). For internal mixtures of
salt and carbon, the volume-weighted average of the refractive indices of the compo-
nents was used. Fuller et al. (1999) found that volume-weighted calculations tend to
overestimate absorption of a mixed salt / elemental carbon particle relative to more
physically realistic scenarios such as a salt shell that contains an elemental carbon
inclusion. However, because of uncertainty in the mixing state and size distribution
of carbon in the aerosol, the magnitude of the error remains unknown.

Mie Theory was used to predict the response of the optical instruments to the
sampled aerosol with specified size-resolved concentration and refractive index. For
comparison with the nephelometers, the angular sensitivity of the TSI 3563 (An-
derson et al., 1996) was incorporated into the Mie Theory calculations. Figure 5.2
shows closure comparisons with the total scattering coefficient measured by each of
the Radiance Research nephelometers, the 550 nm hemispherical backscattering co-
efficient measured by the TSI nephelometer, and the absorption coefficient measured
by the PSAP. Data from each of the seven flights during which filter samples were
taken are included in the comparisons with the three nephelometers, while data from
only those flights that included extended constant altitude legs were included in the
PSAP comparison to minimize biases caused by pressure variations. Although each
comparison is characterized by some discrepancy, that with the PSAP is clearly the

most significant. Potential causes of this disagreement include errors in the analysis of
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carbon or in the distinction between organic and elemental carbon, errors in assumed

mixing state and sphericity of the particles, and errors in the absorption measure-
ment itself, potentially due to the broadside enhancement effect described by Fuller
et al. (1999). It is unlikely that this discrepancy results from use of volume-weighted
refractive indices in the size distribution-based calculations, since this would tend to

increase the derived absorption coeflicient, thereby improving agreement.

5.3 Three-Dimensional Aerosol Structure

A variety of flight patterns were utilized during SCOS in order to explore the three-
dimensional distribution of the aerosol in the Los Angeles Basin. The pattern used
during the first four missions of SCOS consisted of a sequence of ascending and de-
scending spirals. Both spatial and temporal variations in the aerosol were explored
by conducting one of these 4-hour missions in the morning and another in the af-
ternoon on both August 27 and August 28. Meteorological measurements showed
the temperature inversion on August 27 had a height of approximately 350 m until
breaking up in the early afternoon. A weak offshore flow was observed during the
evening, followed by on-shore flow and an inversion having a height of approximately
500 m the following day. Peak 1-hour ozone concentrations observed in the Southern
California Air Basin were 116 and 132 ppb on August 27 and 28, respectively.

To present the three-dimensional structure of the aerosol during this period, data
from spirals along two cross sections have been considered. An east-west cross section
was chosen that includes spirals over Santa Monica, El Monte, Azusa, Pomona, and
Rialto, while a north-south cross section includes spirals over Altadena, El Monte,
Fullerton, and Seal Beach. It is not possible to completely deconvolute the spatial
variations between spiral locations from variations that result from evolution or ad-
vection of the aerosol during the course of a flight. Nor is it possible to predict with
confidence the aerosol properties at a point along one of the cross sections through
simple interpolation of measurements made. Nevertheless, Figures 5.3 and 5.4 present

data along these cross sections as if they were snapshots in time exhibiting smooth
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variations between locations. PM2.5 has been considered here because of its regula-
tory relevance. Shown at the top of these figures are contour plots of aerosol mass
derived from measurements made at the lowest point of each spiral. Also presented are
the east-west (E-W) and north-south (N-S) cross sections considered. Beginning on
the morning of August 27, the aerosol was most concentrated over the inland valleys
between EI Monte and Chino, where PM2.5 exceeded 40 mg m~3. Strong gradients
in PM2.5 are apparent along both cross sections between the coast and inland areas.
Only a weak aerosol layer at approximately 1000 m above sea level (asl) is visible
above the ground-level polluted layer. Along the east-west cross section, little change
is observed in near-ground level aerosol mass from morning to afternoon, although the
columnar aerosol burden over the inland areas increased, and a weak, but distinct,
layer at ~400 m as] developed that stretched to Santa Monica. At approximately
1200 m asl along the north-south cross section, a much more intense aerosol layer is
observed, in which PM2.5 exceeds 30 mg m™3. These data suggest that aerosol was
injected above the mixed layer at the southern edge of the San Gabriel Mountains
and was then transported away from the mountains with the sea breeze return flow.
Aircraft-based measurements have previously identified such elevated pollution lay-
ers both over Southern California (Blumenthal et al., 1978; Wakimoto and McElroy,
1986; Li et al., 1997) and over similar coastal regions (Wakamatsu et al., 1983; Lalas
et al., 1983; Hoff et al., 1997). A second, less pronounced, layer is present approxi-
mately 200 m above the first. The two layers present along the east-west cross section
the following morning are likely remnants of this (these) layer(s). As the ground-level
mixed layer deepens in the afternoon of August 28, the morning layers cease to be
distinct, suggesting that they mixed with the underlying layer. Along the north-south
cross section, an elevated layer formed on August 28 in much the same way as was
observed the previous day.

The climb and descent rates used during this study were typically 150 m min™*,
leading to a vertical resolution of ~150 m in the size distribution measurements.

Aliasing due to this limited vertical resolution became excessive during several spirals,

in which case the faster nephelometer measurements were examined. Figure 5.5 shows
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Figure 5.3: Distribution of PM2.5 throughout the Los Angeles basin as sampled
during morning and afternoon flights on August 27. The top plots show contours of
near-ground level aerosol mass as well as the east-west (E-W) and north-south (N-S)
cross sections used in the image plots shown below. As indicated in the August 27
contour plot, spiral locations are Altadena (AL), Azusa (AZ), Chino (CH), El Monte
(EM), Fullerton (FU), Pomona (PO), Rialto (RL), Riverside (RV), Santa Monica,
(SM), and Seal Beach (SB). Represented in the image plots is PM2.5 interpolated
from adjacent spirals. The solid gray area at the bottom of each of the image plots
represents the approximate ground level.
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Figure 5.4: The same format as in Figure 5.3 for the aerosol sampled during morning
and afternoon flights on August 28.
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Figure 5.5: Vertical profiles of ambient temperature and aerosol scattering coeffi-
cient measured during spirals flown off the coast of Santa Monica on four missions
conducted on August 27 and 28.

aerosol scattering coeflicients recorded with the non-humidified Radiance Research
nephelometer during each of the spirals flown off the coast of Santa Monica on the
first four flights. The morning spirals show relatively little vertical variation on either
day. With the strengthening of the sea breeze in the afternoon, pronounced, but
thin (~100 m), aerosol layers developed. The scattering coefficient of 0.00014 m™!
measured in the August 28 layer was among the highest observed at any location
during the study. Like the layers over the inland areas, these coastal layers have been
observed in previous studies and are attributed to vertical transport along the heated
coastal ranges, followed by horizontal transport towards the coast as part of the sea
breeze return flow (Lu and Turco, 1994).

During one flight on September 9 and two flights the following day three spirals
over El Monte and two over Long Beach reached altitudes of over 3000 m. On both
of these days upper level winds were from the south and west, and temperature
inversions were present until mid-afternoon. Maximum 1-hour ozone concentrations
were 105 and 113 ppb on September 9 and 10, respectively. Though the spirals were
flown over a 32-hour period at two dissimilar locations, each encountered an aerosol

layer at approximately 2500 m having a peak PM2.5 mass of about 2 mg m™3, as
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shown in Figure 5.6a. The early morning spiral flown over El Monte on September

9 indicates that a more concentrated layer may have been present above 3000 m,
although no similar layers were observed during 3400 m spirals on the morning of
September 10. The averaged mass distributions for the layers indicated by arrows in
Figure 5.6a are presented in Figure 5.6b. There is a clear shift in the aerosol mass
distribution within the 2500 m layer relative to the aerosol within either the ground
level or 1500 m layers. This observation is consistent with an aerosol that has aged
through condensation and coagulation.

Seven different flight patterns were employed for the twelve missions flown during
SCOS, making analysis of day-to-day variations difficult. However, the majority of
flight patterns included spirals over El Monte, Riverside, and Fullerton. These re-
peated spirals provide the data necessary for a statistical analysis of the aerosol over
these locations. Day to day variations in the aerosol concentration and properties
obscured any diurnal trends that might otherwise have been apparent. Therefore,
in combining data from each set of spirals, no distinction was made between sam-
ples taken at different times. Figure 5.7 presents the mean and standard deviation
of several intensive and extensive aerosol properties as a function of altitude for 10
spirals flown over both El Monte and Riverside, and 9 flown over Fullerton. The
data have been smoothed to more clearly show vertical trends. As indicated in these
plots, the aerosol variability at each location exceeds the mean variability between
locations. Consistent with expectations, aerosol mass decreases with increasing alti-
tude and with proximity to the coast. Aerosol number concentration was about 50%
higher in El Monte than in Riverside, while aerosol mass was higher in Riverside,
indicating that much of this increased mass results from growth of existing particles.
Steadily improving air quality in Los Angeles, coupled with atypical meteorology as-
sociated with a strong El Nino event, led to significantly lower aerosol loadings during
SCOS than during SCAQS ten years earlier. However, the relative contributions of
fine (PM2.5) and coarse (PM10 - PM2.5) fractions remained much the same. Chow
et al. (1994) found that, during SCAQS, PM2.5 constituted between 50 and 67%

of PM10, while near-ground level measurements made on board the Pelican during
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Figure 5.6: (a) Vertical profiles of PM2.5 measured during 3000+ m spirals flown over
El Monte and Long Beach, and (b) normalized mass size distributions averaged over
each of the layers indicated by arrows in (a)
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Figure 5.7: Vertical profiles representing the mean and standard deviation of a number
of extensive and intensive aerosol properties. Data taken during the ten flights during
which spirals were flown over El Monte and Riverside, and nine flights with spirals
flown over Fullerton, were used in the analysis. For the derived ratio of scattering
at 80% RH to scattering at 30% RH, only those data below the altitude at which
random error began to dominate are shown.

SCOS indicate a corresponding range of 53 to 69%. At each of these locations, PM2.5
constituted an increasing percentage of PM10 with increasing altitude. The ratio of
aerosol scattering at 80% RH to that at 30% RH is derived using the data from Radi-
ance Research nephelometers along with an empirical relationship between scattering
intensity and RH (Kasten, 1969). Only those data below the altitude at which ran-
dom error began to dominate this ratio are shown. The enhanced ratio observed for
Riverside suggests that aerosol hygroscopicity is greater in the inland areas, although

variations in aerosol size distribution could also account for the change.

5.4 Sub-Grid Variability

The primary goal of SCOS was the acquisition of a sufficiently detailed database
to lead to effective evaluation of photochemical and aerosol modeling capabilities.

Computational limitations, sparse meteorological and air quality measurements, and
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limited emissions inventories all serve to limit the minimum useful computational grid

size of three-dimensional models. Typical grid cells are 5 km on a side with a vertical
dimension that varies with height (Meng et al., 1997). McNair et al. (1996) discuss
potential errors involved in assuming that point measurements of a given species
represent the grid cell volume-average. In their analysis of data obtained during
SCAQS, they found that for the one pair of monitoring sites that were separated by
less than 5 km (4.8 km), variations in peak ozone concentration of up to 50% were
observed. Similar discrepancies were noted when point measurements were compared
with interpolations between surrounding measurements.

Identical patterns were flown on September 4 and 5 as part of an intensive mea-
surement period during SCOS that was designed to investigate nitrate formation
along a trajectory beginning east of downtown Los Angeles in Diamond Bar, passing
over the ammonia-rich area near Mira Loma, and ending near the eastern edge of
the Los Angeles Basin in Riverside. Meteorological measurements describe an initial
offshore flow on September 4 that gave way to onshore winds and a 120-150 m deep
marine layer on September 5. This transition was largely the result of increasing in-
fluence of tropical storm Kevin off the tip of the Baja Peninsula. Peak 1-hour ozone
concentrations diminished with this transition from 157 ppb on September 4 to 113
ppb on September 5. To ensure a sufficient amount of aerosol was collected for filter
analyses, the Pelican circled ~300 m above each sampling site for approximately one
hour. Figure 5.8 shows flight patterns for these missions. Inspection of data from
these flights during some of the constant altitude circular flight patterns showed per-
sistent gradients in aerosol concentration. The diameter of the circles ranged from
about 5.5 to 6.5 km. This is comparable to the computational grid size of conventional
three-dimensional models. Unlike simultaneous ground-based samples at multiple lo-
cations, airborne analysis of relative changes in pollutant concentrations is largely
insensitive to instrumental variability. On the other hand, with aircraft sampling it is
possible that variations perceived as being attributable to horizontal gradients could,
in fact, result from sampling along the boundary of a vertical layer that varies in

height. Because of flight pattern restrictions, spirals were not flown over any of the
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sampling locations, but were flown above adjacent areas. As shown in the insets in

Figure 5.8, vertical profiles of PM2.5 and temperature over Ell Monte and Riverside
do not indicate the presence of sharp vertical gradients near the sampling altitude
(~500 m), suggesting that any variations are horizontal in nature.

For each sampling location shown in Figure 5.8, an arrow indicates the direction
corresponding to the maximum gradient in aerosol concentration. Figures 5.9 and
5.10 show variations along the indicated direction of maximum gradient of several
normalized extensive and intensive aerosol properties, as well as size distributions.
The data along the gradients were averaged to limit scatter. Some variability was
apparent at each location, but that observed at Diamond Bar and Mira Loma on
September 4 and Riverside on September 5 is consistent with the presence of strong
gradients in aerosol concentration, resulting in PM2.5.,,,:PM2.5,,,;, ratios of 1.61,
1.33, and 1.39, respectively. The lack of variability in either the intensive properties or
the shape of the size distributions suggests that the aerosol concentration varies with
location, but its characteristics do not. As is true for most of the Los Angeles Basin,
there are major freeways as well as other emissions sources in the vicinity of each of
these locations, potentially causing the observed variability. It is also possible that the
variability is a result of changes in boundary layer depth over the area of the orbit. It
is interesting to note that none of the locations exhibited the same variability, or lack
thereof, on both days. Additional measurements are necessary to determine whether
the presence of these strong gradients follows a diurnal pattern, which might explain
the differences observed over the two-day period since the September 4 mission was

conducted approximately four hours earlier than the flight conducted on September

5.

5.5 Effect of the Aerosol on Photolysis Rates

Formation of ozone and a number of other gas and aerosol phase species is driven
by photochemistry (Seinfeld and Pandis, 1998). Accurate prediction of gas-phase

concentrations requires a detailed understanding of the array of reactions responsi-
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Figure 5.8: Flight patterns for missions conducted on September 4 and 5, along
with calculated back trajectories for air parcels arriving at Mira Loma and Riverside
during the corresponding sampling intervals. Insets show vertical profiles of PM2.5
and temperature at spiral locations. The heavy horizontal line in each of the profiles
represents the approximate altitude of the circles flown above Diamond Bar, Mira
Loma, and Riverside. The solid arrows through the flight track represent the direction
of maximum aerosol gradient at each of the sampling locations that was used for the
analysis presented in Figures 5.9 and 5.10.
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Figure 5.10: The same format as in Figure 5.9 for the aerosol sampled on September
5.
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ble for their formation and destruction, as well as the spectrally-resolved actinic flux
throughout the area of interest. Direct measurement of actinic flux or key photolysis
rates themselves can provide the necessary information, although such data are typ-
ically available only at ground-level. Alternatively, vertical aerosol profiles derived
from airborne measurements or vertically-resolved models can be used to determine
the potential impact of scattering and absorption on photolysis rates. Several investi-
gations of this type have been reported for different regions with varying cloud cover,
surface albedo, and solar zenith angle (Demerjian et al., 1980; Ruggaber et al., 1994;
Lantz et al., 1996; Castro et al., 1997; Dickerson et al., 1997; Jacobson, 1998, Liao et
al., 1999). The extensive aerosol measurements made with the Pelican provide much
of the data necessary for such an analysis, thereby reducing uncertainty in the role of
the aerosol in atmospheric photochemistry.

The approach taken here to determine photolysis rates has been described in Liao
et al. (1999), and will be described only briefly. Actinic flux was calculated using
the one-dimensional discrete ordinate radiative transfer (DISTORT) model (Stamnes
et al., 1988). The calculations employed eighty vertical layers from 0 to 70 km that
ranged in thickness from 100 m in the lowest 3 km, to 5 km between 50 and 70 km
in altitude. Aerosol concentration was assumed to be zero above the maximum mea-
surement height. Clearly, this will result in some error in derived photolysis rates.
An analysis of the impact of the layers observed at about 2500 m will be discussed
below, but no consideration of even higher layers is made, although it is likely that
the aerosol present above this height contributes negligibly to the columnar aerosol
burden. Actinic flux was calculated for the 290 to 700 nm wavelength range with
spectral intervals ranging from 1 nm for wavelengths between 290 and 330 nm, to 5
nm between 600 and 700 nm. Published data for temperature-dependent ozone ab-
sorption cross section (Malicet et al., 1995; WMO, 1985), solar irradiance (Neckel and
Labs, 1984; Woods et al., 1996), temperature profile (Nagatani and Rosenfield, 1993),
ozone profile (McPeters, 1993), and spectrally-resolved surface albedo (Demerjian et
al., 1980) were utilized for these analyses. As is common in Southern California dur-

ing the summer months, clouds were rare during this study and were, therefore, not
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Figure 5.11: Fractional change in five gas-phase photolysis rates calculated to have re-
sulted from the aerosol sampled over El Monte relative to an aerosol-free atmosphere.
For each reaction considered, the mean and standard deviation were determined from
photolysis rate calculations using measurements made during spirals flown over El
Monte on ten flights. Unlike most of the other analyses presented here, altitude is
relative to ground level and not sea level.

considered. To clearly demonstrate the variability associated with aerosol concentra-
tion and properties, and not time of day, a constant solar zenith angle of 10° was
considered.

Consistent with the approach taken to characterize physical and chemical aerosol
properties, photolysis rates were computed based on data taken along a cross section
during one flight, and taken at one location during several flights. Poor spectral res-
olution and size-dependent non-idealities prevented direct use of nephelometer and
absorption photometer measurements. Instead, aerosol optical properties at each
height interval were determined through Mie Theory calculations using the size dis-
tributions. As discussed above, the size distribution measurements have vertical res-
olution of approximately 150 m, which is slightly greater than the minimum vertical

layer thickness used in DISORT, so limited interpolation was necessary. The frac-
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tional change in several key photolysis rates resulting from the aerosol sampled over
El Monte during 10 flights is presented in Figure 5.11. As with the statistical analysis
of vertically-resolved aerosol properties shown in Figure 5.7, the mean and standard
deviation were calculated and presented as a solid line and shaded region, respectively.
Little variation is observed in the impact the aerosol is expected to have on photolysis
rates of NOy, HCHO, CH3;COCHj3, and O3 —O(!D), while the impact on photolysis of
O; to form O(®P) is smaller in magnitude and exhibits less vertical variability than is
observed for the other reactions considered. For each reaction analyzed, the El Monte
aerosol causes a slight decrease in photolysis rates in the lowest 100 m, with a more
pronounced enhancement observed above this height. The presence of a cross-over
point at which the fractional change of a given photolysis rate is zero results from an
offset between increased diffuse actinic flux due to aerosol-enhanced scattering and
decreased direct actinic flux caused by upward scattering and absorption by the over-
lying aerosol. These cross-overs have been observed in similar analyses with relatively
non-absorbing aerosol like that encountered during SCOS (e.g., Liao et al., 1999). The
maximum increase in photolysis rates above that expected if no aerosol were present
is approximately 2% for O3 —O(3P), and 5% for each of the other reactions consid-
ered. Inclusion of the 2500 m aerosol layers measured during spirals over El Monte
on September 9 and 10 results in a further enhancement of approximately 1% (0.3%
for O3 —O(3P)). Similar results were obtained when the fractional change in the
photolysis rate of NO; was considered along the east-west cross section described in
Figure 5.4 using data from morning and afternoon flights on August 28. As shown in
Figure 5.12, only slight variations in photolysis rate alteration are observed along the
cross section, both in the morning and afternoon. The sharp gradient in fractional
photolysis rate change with height in the lowest 500 m demonstrates the potential
error caused by extrapolations of ground-based radiative flux measurements. The im-
pact of aerosols on photolysis rates presented here is similar to estimates of Jacobson
(1998) using data obtained over Long Beach on August 27, 1987, during SCAQS, but
differs significantly from calculations performed using data obtained over Claremont

on the same day. Specifically, Jacobson (1998) predicted that the aerosol present
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over Claremont resulted in a decrease of up to about 12% in the NO, photolysis rate,
resulting from a more concentrated and highly absorbing aerosol than was sampled
during SCOS. The atypical meteorological conditions during this campaign prevented
a comparable severe pollution episode, while improved air quality in Southern Cal-
ifornia since 1987 would probably limit the likelihood of aerosol loadings similar to
those observed in Claremont during SCAQS. Therefore, the results from SCOS and
SCAQS probably bound the likely impact that a significant, present-day, pollution

episode would have on photolysis rates.

5.6 Summary

As part of the Southern California Ozone Study (SCOS), 12 missions were conducted
with an aircraft instrumented to characterize the chemical and physical properties
of the Los Angeles aerosol. Instrumentation on board included three parallel filter
sampling systems, three nephelometers, an absorption photometer, a DMA, and two
OPCs. Data from the variety of measurements made were combined to provide a time-
resolved physicochemical description of the aerosol. Several closure comparisons were
performed between derived and directly measured properties. Best-fit lines through
scatter plots containing these data for comparisons of fine aerosol mass, ”dry” aerosol
scattering coefficient, ”wet” aerosol scattering coefficient, hemispherical backscatter-
ing coeflicient, and absorption coefficient had slopes of 0.91, 1.06, 1.13, 1.21, and 0.55,
respectively. The exact cause of the large disagreement in the absorption comparison
is not known, although a number of potential errors have been suggested.

The aerosol present over the Los Angeles Basin exhibits a complex three-dimensional
structure. Vertically-resolved data suggest that pronounced elevated layers present
over the inland areas were formed by injection of aerosol above the ground-level
polluted layer along the Southern edge of the San Gabriel Mountains, followed by
advection towards the coast through incorporation into the sea breeze return flow.
Additional layers were observed about 500 m asl off the coast of Santa Monica, and

approximately 2500 m asl over El Monte and Long Beach. Data from spirals flown
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Figure 5.12: Vertically-resolved fractional change in the NO; photolysis rate calcu-
lated using data obtained during spirals flown on the morning and afternoon flights
of August 28. The east-west cross section indicated in Figure 5.4 was used for pre-
sentation of these data.
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over El Monte, Fullerton, and Riverside on several flights over the three-week sampling
period were used to provide a limited statistical description of the vertically-resolved
aerosol at each location. In general, it was found that variability over time exceeded
variability among locations. Constant altitude circles flown over Diamond Bar, Mira
Loma, and Riverside yielded evidence of gradients in aerosol concentration sufficient
to cause over 50% variability within a 5 x 5 km computational grid cell commonly
used in atmospheric models.

Data from spirals flown over El Monte during several flights, as well as from
spirals flown over several locations on August 28, were used to analyze the impact of
the aerosol on important photolysis rates in the photochemical generation of ozone.
On average, the aerosol was predicted to cause a slight decrease in photolysis rates
in the first 100 m above ground-level, but led to a more pronounced (up to ~5%)
increase above that height. For most of the reactions considered, the 2500 m elevated
aerosol layers above El Monte caused an enhancement in photolysis rates of about
1% above that resulting from the aerosol present below these layers. Collectively, the
data obtained in this sampling program provide further insight into microphysical

processes that govern the size, composition, and spatial and temporal behavior of the

Los Angeles aerosol.
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Chapter 6 Conclusions
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Analysis of atmospheric aerosols is complicated by their physical, chemical, spa-
tial, and temporal variability. Faced with this complexity, it is necessary to determine
the most suitable method of sufficiently characterizing an aerosol in order to inves-
tigate the property or effect of interest. Aircraft-based measurements often provide
the best approach for studying variable or otherwise complex aerosols, particularly
when their columnar properties are of interest. Though many of the limitations re-
lated to aircraft measurements are common with those encountered when sampling
from other platforms, they are often times more extreme. Beyond the obvious con-
straints on weight, space, and power, aircraft-based measurements must typically be
more time-resolved than their ground-based counterparts, since even a one-minute
measurement will be integrated over several kilometers. Size distributions represent
an aerosol descriptor that provides temporally (and therefore spatially) resolved in-
formation about both intensive and extensive aerosol properties. Although they do
not completely define an aerosol population, when combined with additional mea-
surements or assumptions concerning the physical and chemical state of the particles
of interest, size distributions do offer enough detail to permit evaluation of a wide
range of associated properties.

As with any measurement, it is beneficial to improve the speed with which aircraft-
based size distributions can be made, as well as the range they cover. Improvements
that have been made in the analysis of DMA data provide a means of accelerating
DMA measurements, while, at the same time, improving accuracy. Introduction of
scanning flow substantially enhanced the performance of DMAs by expanding their
size range, and improving resolution and counting statistics. While these improve-
ments have improved the accuracy of airborne and ground-based measurements, there
still exists an enormous potential for improvement.

In many respects, the radiative closure analysis performed using data from ACE-
2 was a great success; never before had the measured physicochemical properties
of an aerosol been validated through comparison with such a wide range of optical
measurements. Discrepancies between derived and measured optical properties were

largely within calculated uncertainties. However, it is the uncertainties themselves
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that may be regarded as excessive. Possible inaccuracies in assumptions that are
used in place of unavailable data provide an all-to-simple explanation for observed
discrepancies. Minimization of these possible sources of error will reveal the true
accuracy of physicochemical descriptions of sampled aerosols. The discussion of the
methodology used for the ACE-2 analysis is comparable in length to the remainder
of the chapter. The numerous assumptions and simplifications have been discussed
in detail, and future researchers would benefit from examining them in order to find
ways to make changes prior to an experiment in order to eliminate the need for them
during analysis.

The challenge in processing the SCOS data centered on determining how best
to collapse gigabytes of data from a variety of instruments, during several flights
that covered hundreds of square kilometers, into a coherent, and hopefully repre-
sentative, picture of the Los Angeles aerosol. In doing this, necessary evils such as
interpolation were required, though undoubtedly inaccurate to some extent given the
complex meteorology and topography in Southern California. Likewise, deconvolu-
tion of temporal from spatial variations is not possible for the rapidly-evolving Los
Angeles aerosol, but again, to provide a concise picture of the aerosol, these difficul-
ties had to be overlooked to some degree. Certain measurements, such as continuous
lidar at multiple locations, could have permitted a more accurate description, while
additional flights may have aided in the interpretation of some of the complex features
observed in the aerosol. Even with these limitations, the data set obtained from the
12 missions conducted during SCOS constitute what is likely the most comprehensive
three-dimensional description of the Los Angeles aerosol made to date. In situ analy-
sis of aerosols throughout the basin will provide much of the framework necessary for

modeling endeavors in the future.
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