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ABSTRACT. Methods for reducing and quantifying the uncertainties in aerosol
optical properties measured with the TSI 3563 integrating nephelometer are pre-
sented. For nearly all applications, the recommended calibration gases are air and
CO,. By routinely characterizing the instrumental response to these gases, a diag-
nostic record of instrument performance can be created. This record can be used to
improve measurement accuracy and quantify uncertainties due to instrumental
noise and calibration drift. When measuring scattering by particles, size segregation
upstream of the nephelometer at about 1 pm aerodynamic diameter greatly in-
creases the information content of the data for two reasons: one stemming from the
independence of coarse and fine particles in the atmosphere, and the second stem-
ming from the size dependence of the nephelometer response. For many applications
(e.g., extinction budget studies) it is important to correct nephelometer data for the
effects of angular nonidealities. Correction factors appropriate to a broad range of
sampling conditions are given herein and are shown to be constrained by the
wavelength dependence of light scattering, as measured by the nephelometer. Fi-
nally, the nephelometer measurement is nondestructive, such that the sampled
aerosol can be further analyzed downstream. Data from two nephelometers operated
in series are used to evaluate this procedure. A small loss of super-um particles
(5-10%) is found, while the sub-pm data demonstrates measurement reproducibility
within + 1%. AEROSOL SCIENCE AND TECHNOLOGY 29:57-69 (1998) © 1998
American Association for Aerosol Research

INTRODUCTION

In contrast to greenhouse gases, aerosol par-
ticles have variable optical properties that
must be studied in the field. The variety of
chemical and physical forms exhibited by at-
mospheric aerosols, as well as their short
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atmospheric lifetime, dictate that survey
measurements of their optical properties be
conducted across a wide range of locations
and timescales. The TSI 3563 nephelometer
is well suited to such measurements because
of its uniform, commercial production, rela-
tive ease of use, and because it simulta-
neously measures six important parameters
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with high sensitivity and proven accuracy
(Anderson et al., 1996). These six parame-
ters are the total scattering coefficient, o’s\p
(m™"), and the hemispheric backscattering
coefficient, op, (m™"), at three wavelengths,
A (450, 550, and 700 nm).

A pair of recent papers reviewed the his-
tory and theory of nephelometer measure-
ments (Heintzenberg and Charlson, 1996)
and presented the specific design and per-
formance characteristics of the model 3563
(Anderson et al., 1996). The goal of the
present paper is to describe a set of calibra-
tion, measurement, and data reduction pro-
tocols that will optimize its application to
studies of aerosol optical properties.

Deploying nephelometers for this purpose
demands accurate calibration and consistent
sampling practice to ensure that the six mea-
sured parameters are mutually intercompa-
rable and that data collected by one nephe-
lometer at one time and place can be
compared to data from other nephelometers
at other times and places. The two most
important aspects of the sampling system are
the particle size selection imposed by the
nephelometer inlet and the relative humidity
(RH) at which both the size selection and
the light scattering measurements take
place. The strategy discussed in this paper!
uses deliberate control of both these vari-
ables. Specifically, RH-induced variations
are minimized by maintaining a low sample
stream RH of 10-40% (achieved by modest
heating of 0-10°C), and low-RH size cuts of
10 pm and 1 pm (aerodynamic diameter)
are alternately imposed on the sample
stream by inertial impaction. Under this
strategy, RH-induced variations in light scat-
tering are studied separately by deliberate
humidification (Covert et al., 1972; Kolout-
sou-Vakakis et al., 1994); however, this topic
is beyond the scope of the present paper.
Here we focus on calibration and size-selec-

! This sampling strategy has been in use since 1992 at the
network of midlatitude aerosol research stations operated
by the NOAA Climate Monitoring and Diagnostic Labora-
tory and has been adopted in the International Global
Atmospheric Chemistry series of Aerosol Characterization
Experiments.
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tion protocols and their consequences for
data interpretation.

RECOMMENDED PROTOCOLS
Preferred Calibration Gases

Traditionally, nephelometers have been cal-
ibrated using air and CFC-12, thereby span-
ning a large range of scattering coefficients
(from 1 to 15 times a,,). With the restric-
tions imposed on CFCs by the Montreal Pro-
tocol, various substitute high-span gases
have been proposed (Horvath and Kaller,
1994) including CO,, CFC-22, HFC-134a,
and SF. These are evaluated in Table 1. In
terms of calibration accuracy (the overriding
consideration for most users), CO, is the
best choice. This follows from the fact that
the model 3563 nephelometer response is
known to be extremely linear (Anderson et
al., 1996) such that the only issue is to es-
tablish the slope of the calibration line with
high accuracy. This, in turn, depends on pho-
ton-counting statistics during the calibration
gas measurement and on how accurately the
gas scattering coefficients are known. Equiv-
alent photon-counting statistics can be
achieved with any of the high-span gases by
adjusting the measurement time. Thus, cal-
ibration accuracy reduces to a single issue:
how accurately are the gas scattering coeffi-
cients known? Because they have been much
more extensively studied, the scattering co-
efficients of air and CO, are the most accu-
rately known of the proposed calibration
gases. Uncertainties listed in Table 1 are
well known for CO, but poorly known for
the other gases. For example, a major (of
order 10%) influence on the scattering co-
efficient is the depolarization factor (King,
1923), which has been repeatedly measured
(and revised—see Young, 1980 and 1981)
for air and CO, over the last 100 years but
remains unknown for all of the alternate
high-span gases.

The alternate high-span gases do offer an
advantage in terms of required sample time
(column 4 of Table 1), which could be im-
portant in some experiments (e.g., airborne
applications). However, this advantage is
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TABLE 1. Evaluation of Alternate Calibration Span Gases

Span Gas Air and Span Gas

Cost in Scattering Ratio Measurement Measurement
May, 1997 with Air® Sample Time' Total Time Cost
$/kg) Ol O (min) (min) )
CoO, 0.34 2.59 + 0.9% 30.0 110 0.50
CFC-22¢ 53 7.7 £ 2% 7.2 87 5.0
HFC-134a® 9.2 7.3 = 3% 7.6 88 10.6
SF, 49.0 6.8 £ 2%>" 83 88 38.0
“ HCCIF;. EPA notification required for use.

b H,CoF,.

< Using air scattering coefficients of 27.61, 12.125, and 4.549 (Mm 1) at 273.2°C and 1013.2 mb, uncertain to + 0.24% as reported by Anderson et al. (1996).
The small wavelength dependence of this ratio has been neglected.

4 CO, scattering coefficient determined by air/He calibrated nephelometer and confirmed by independent predictions based on measured refractive index
and depolarization factor, as summarized by Anderson et al. (1996). Uncertainty is small and well known.

¢ For span gases other than CO,, scattering coefficients are based solely on one or two measurements with an air/CO, or air/He calibrated nephelometer.
The depolarization factors are not known, preventing a theoretical confirmation. Uncertainty is poorly known (i.e., may be larger than indicated here).
I Harrison (1977) reports 7.69 = 0.08. A value of 7.6 * 0.2 was measured by the author and colleagues at the June 1994 nephelometer workshop (Anderson

et al., 1996).

8 As measured by the author and colleagues at the June 1994 nephelometer workshop (Anderson etal, 1996).
 Harrison (1977) reports 6.79 % 0.07. A value of 6.7 = 0.2 was measured by the author and colleagues at the June 1994 nephelometer workshop (Anderson

et al., 1996).

{Sample time only (ignoring time required to flush sample volume and inlet lines) that gives the same photon-counting uncertainty as a 30-minute
measurement with CO,. The effective photon count rate of a span gas is proportional to oy, — 0y, OF 10 the value for ogf/oy;, above minus one.

! Assuming 10-minute air flush, 60-mi air ement, 10
of 10 LPM STP. Cost is for span gas only.

largely negated when one takes into account
the need to thoroughly flush the instrument
and inlet lines prior to commencing the mea-
surement and the need to measure the neph-
elometer response to air as well as the high-
span gas (see column 5 of Table 1).

Finally, while none of the calibration gases
is prohibitively expensive, the cost of an
equivalently accurate CO, measurement is
far lower. Moreover, higher costs and fur-
ther restrictions on the use of F-22, HFC-
134a, and SF; are possible in the future. It is
worth noting that the low cost and ready
availability of CO, may affect data quality
for a practical reason—users need not feel
any reluctance to double or triple the flush
times, to repeat calibrations, or to make fre-
quent calibration gas measurements as rec-
ommended next.

Routine Measurements of Calibration Gases

Because the nephelometer signal (photon-
counting rate) is a relative measure of the
scattering coefficient, the quality of the aero-
sol measurements depends fundamentally
on how well the instrumental response to the
calibration gases is understood. With this in
mind, we recommend that frequent mea-

span gas flush, and span gas sample time as listed in previous column, all at a flow

surements of air and CO, be used to main-
tain a diagnostic log of instrument perfor-
mance. Bracketing aerosol measurements
with measurements of air and CO,, will serve
three purposes: (i) to provide immediate and
highly precise feedback regarding instru-
ment performance, (ii) to enable correction
for calibration drift, thereby improving ac-
curacy, and (iii) to build up a record of in-
strument noise and drift that can be used to
quantify measurement precision. A specific
procedure now will be described with results
presented in Tables 2 and 3.

The most accurate estimate of particle
scattering—call it oy, .—takes into account
calibration drift. If this quantity has a linear
relation to the reported scattering coeffi-
cient, o,,, then,

Opest — O+ So-m, (1)

where O and S are the offset and slope,
respectively, of the linear correction scheme.

‘These parameters can be determined from

measurements of air and CO,:

Ok,co, ~ Ok,air

S = 2)

Om,co, = Tmair

O = —Sam,air: (3)
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TABLE 2. Results of Air and CO, Measurements over a Two-Month Period

TOTAL SCATTER BACKSCATTER
Day of Year
1997) 450 nm 550 nm 700 nm 450 am 550 nm 700 nm
Slope, S, of linear correction scheme, Eq. (2)
70 0.997 0.980 0.969 1.019 0.987 0.978
86 1.018 0.994 0.989 1.036 0.999 1.010
101 1.012 0.978 0.969 1.021 0.988 0.974
120 1.005 0.985 0.986 1.031 0.990 0.995
stdev 0.009 0.007 0.011 0.008 0.005 0.017
Offset, O (Mm ™), of linear correction scheme, Eq. (3)
70 0.31 0.05 -0.03 0.16 -0.01 0.01
86 0.09 —0.07 -0.05 0.01 -0.06 —0.06
101 0.21 0.08 0.05 0.10 -0.01 0.01
120 0.05 ~0.11 —0.07 —0.08 —0.12 -0.15
stdev 0.12 0.09 0.05 0.11 0.05 0.08
Air noise, 80,,050,0; (Mm™"), as defined in Eq. (5) for 60-second averaging
70 0.39 0.14 0.11 0.27 0.10 0.10
86 0.33 0.15 0.12 0.27 0.10 0.12
101 0.29 0.13 0.12 0.23 0.10 0.15
120 0.42 0.14 0.12 0.26 0.10 0.11
CO; noise, 80,,55.,co, (Mm™'), as defined in Eq. (5) for 60-second averaging
70 0.64 0.20 0.18 0.42 0.15 0.13
86 0.61 0.22 0.20 0.36 0.17 0.15
101 0.57 0.23 0.17 0.40 0.13 0.13
120 0.70 0.28 0.17 0.33 0.15 0.11

stdev = standard deviation.

measured temperature and pressure such
that oy, ,;, would equal zero for a perfectly
calibrated nephelometer. Both Om,air and
Om,co, are assumed to be averages over long
(e.g., 30-minute) sample times following a
thorough flushing of the instrument and in-

where the subscripts k and m refer to the
known scattering coefficient of a given gas
and the reported nephelometer measure-
ment, respectively. Recall that the value re-
ported by the nephelometer includes an au-
tomatic subtraction of gy ,; based on the

TABLE 3. Results of Filtered Air Measurements on 7 Nephelometers

TOTAL SCATTER BACKSCATTER

450 nm 550 nmn 700 nm 450 nm 550 nm 700 nm
Air noise, 86,0, ,; (Mm™), as defined in Eq. (5) for 60-second averaging
ave 0.36 0.19 0.20 0.23 0.11 0.17
stdev (0.26) (0.13) (0.07) (0.13) 0.07) (0.06)
Wall scatter, W (Mm™"), as defined in Eq. (7)
ave 3.1 32 4.6 14 1.3 31
stdev (1.0) 0.7) (1.3) 0.7) (0.5) (0.8)
Offset variability, 80 (Mm ™), derived from repeated re-zeroings over a 12-hour period
ave . 0.14 0.07 0.08 0.10 0.05 0.07
stdev (0.14) (0.07) (0.03) (0.08) (0.04) (0.03)

ave = average; stdev = standard deviation.
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let tubing. The values oy required by the
equations above can be calculated from the
data in Table 1 (see column 3 and footnote
¢) and the measured pressure and tempera-
ture, using,

2732 P

O'k(T, P) = O'k(STP) T 1013.2.

O and S should be determined immedi-
ately following each set of air and CO, mea-
surements. This provides the user with pre-
cise, relevant, and easily understood
diagnostic information as displayed in Table
2. Note that S indicates the fractional slope
error, and O indicates the offset error (in
units of Mm 1) for each of the six measured
parameters.

Gas measurements serve an additional
purpose of providing an empirical measure
of instrument noise2:

60'noise = Stdev[gm,gas(T)L (5)

where, as indicated, the calculated standard
deviation is a function of the averaging time,
7. Measured values of 80, o; fOT 60-sec-
ond averaging are given in Tables 2 and 3. A
previous work (Anderson et al., 1996)
showed that nephelometer noise is well ex-
plained by photon-counting uncertainty; that
is, that it scales with one over the square root
of total photons counted during a given av-
eraging time. This allows noise levels deter-
mined with gases to be used to predict noise
levels for arbitrary particle scattering coeffi-
cients and averaging times:

6O-Sp,noise(o-s;v T) = 2Stdev[o-m,gas('ro)]

To |Tsp T Tair + ' 6)
T o, +W (

where the factor of 2 produces an uncer-
tainty estimate appropriate to 90% confi-
dence, o;, and g, are the scattering coeffi-
cients of air and the measured gas,
respectively, and W is the wall scatter con-
.stant determined during the nephelometer

(4)

2 Throughout the text, the symbol “8” before a variable
denotes uncertainty in that variable. Thus “80,,.;.~ denotes
uncertainty in the measured scattering coefficient due to
noise.
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calibration. Wall scatter can be calculated
from quantities given in the manufacturer’s
configuration file? created after each recali-
bration:

W =B, - R (7a)
Wb = BbS - K4R, (7b)

where W and W, are the wall scatter values
for total scatter and backscatter, respec-
tively, B, and By are the listed “Zero Base-
line” values for total scatter and backscatter,
respectively, R is the listed “Rayleigh Scat-
ter” value (that is, oy ,;, adjusted for temper-
ature and pressure), and K, is the listed
calibration factor for backscatter. All these
parameters exist for each of the three neph-
elometer wavelengths. Measured wall scat-
ter values are given in Table 3.

From multiple measurements of the cali-
bration gases over time, the uncertainty in
any given measurement of o, due to cali-
bration drift, 8o, 4ri,» can be calculated as,

8O-sp,drift(a-sp)= \/(280)2 + (ZBSUSP)Z’ (8)

where 60 and &S are the standard deviations
of O and S from repeated determinations
and the factors of 2 are used, as in Eq. (6), to
produce a 90% confidence uncertainty level.
This quantity could also be calculated from
multiple calibrations over time by replacing
O with W (defined in Eqs. 7a and 7b) and S
with the manufacturer’s calibration constant,
K.

The quantities in Egs. (6) and (8) can be
combined into an estimate of precision un-
certainty:

ao-sp,precision(asp7 7)
= \/S(J%p,noise + Sazp,drift' (9)

The value of this quantity is that it allows
nephelometer measurements separated in

3 This file is named “nephenfg.dat” and is overwritten with
each pew calibration. An additional file named “nephcal-
.dat” contains the photon-count rates during the calibration
and also is overwritten. Since these files contain vital diag-
nostic information, another important protocol specific to
the current operating software is to save every new version
of these files, e.g., by copying them to unique file names.
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time or space to be compared. That is, it
provides a solid basis for assessing whether
or not measured differences in aerosol opti-
cal properties are significant. The use of this
quantity is illustrated below with data from
two nephelometers operated in series.

When measuring calibration gases, noise
levels for all six parameters can be kept be-
low 1% by using measurement times of 60
minutes for air and 30 minutes for CO,.
These measurements must be preceded by a
thorough flushing of the nephelometer and
inlet lines (ie., several volume exchanges
where the nephelometer itself can be treated
as a stirred reactor with a volume of 2.5
liters) (Bergin et al., 1997), such that the
total procedure takes about two hours. A
particle counter mounted downstream of the
nephelometer provides an excellent check
for leaks or inadequate flushing. Similarly,
the built-in RH monitor is a useful check for
water vapor contamination (e.g., vapor dif-
fusion from walls and/or filters). Gas mea-
surements should be repeated as often as
practical and a log maintained of the derived
values of S, O, 807, i 80 0ise,cO, 35 €X-
emplified in Table 2.

Selective Sampling/Exclusion of Coarse Mode
Particles

First implemented by White and coworkers
(1994), the selective sampling/exclusion of
coarse mode particles dramatically increases
the information content of nephelometer
measurements for two reasons. First, fine
and coarse mode particles are generally in-
dependent phenomena (Whitby, 1978) with
separate sources, sinks, and atmospheric
lifetimes. Second, the nephelometer re-
sponse is very different for coarse and fine
mode particles, because a much larger frac-
tion of coarse mode light scattering is con-
centrated into the near-forward lobe which,
due to design limitations, is not sensed by
the nephelometer. Field data and Mie cal-
culations are presented below to illustrate
the value of this procedure in general and to
show.the desirability of making the coarse/
fine cut at a low-RH aerodynamic diameter
of 1 um. :
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Angular Correction Factors

When using the nephelometer for extinction
budget studies, correction factors should be
applied to account for the effects of angular
nonidealities (primarily, the truncation of
near-forward scattering). Calculated values
appropriate to a broad range of sampling
conditions are given below. In addition, it
will be shown that the wavelength depen-
dence of light scattering, as measured by the
nephelometer, can be used to constrain
these correction factors and that they are
much better constrained when coarse mode
particles are excluded from the sample
stream.

Aerosol Measurements Downstream of a
Nephelometer

The nephelometer measurement is intended
to be nondestructive4, such that the aerosol
particles can be analyzed further down-
stream, including by a second nephelometer.
(The build-in blower at the nephelometer
outlet can be removed for these applica-
tions.) Field tests, discussed below, showed a
small loss of super-um particles (5-10%) at
a flow rate of 30 liters per minute, while
losses of sub-um particles appeared to be
negligible.

ILLUSTRATIVE RESULTS
Field Measurements at a Coastal Station

Two 3563 nephelometers were operated in
series (one immediately downstream of the
other) at a coastal station (Cheeka Peak,
WA, 48°N, 125°W, 480 m). A cut point at
Daero = 1 wm was achieved with a multi-jet
impactor operating at low RH with a greased
substrate to prevent bounce. Sample air al-
ternately passed through or around this im-
pactor, located upstream of the first nephe-
lometer, with a five-minute switching time.
The first minute of data following each

* Possible losses of particulate matter could occur due to
impaction or volatilization, but the plumbing design and the
modest sample heating are intended to minimize these
losses.
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FIGURE 1. Field measurements with two nephelometers in series. 10-minute data collected during nonfoggy
conditions over a one-week period. The upstream and downstream units are designated nephA and nephB,
respectively. (a) and (b) show nephelometer comparisons of o'ff," for sub- and super-pm particles, respectively
(units: Mm ™). (c) shows the relative discrepancy between the two units for super-pm ofﬁ“ as a function of the
magnitude of scattering. The solid lines indicate the precision uncertainty calculated from Eq. (9).

switch was discarded. Note that the sub-um
aerosol was measured directly, while scatter-
ing by super-um particles must be deter-
mined by subtracting the sub-um measure-
ments from measurements when the 1 um
impactor was not in line. During one week of
sampling in the summer of 1995, a variety of
concentrations and air masses were encoun-
tered. After discarding fog-impacted sam-
ples, just over 40 hours of data remain—241
samples with 10-minute time resolution.
Each sample consists of 12 parameters (3
wavelengths, total scatter and backscatter,
sub- and super-um) for both the upstream
and downstream nephelometers (denoted
“nephA” and “nephB,” respectively). Data
are reported in units of Mm ™! at the neph-
elometer temperature and pressure (28 *
2°C, 950 = 10 mb).

" Figures 1a and 1b illustrate the discrep-
ancy between the two nephelometers in
terms of linear regressions. Correlation co-
efficients for 9 of the 12 parameters (all but
super-um backscattering, which is noisy due
to low signal) are greater than 0.99. For the

"sub-um aerosol (e.g., Fig. 1a), regression
slopes for all six parameters are within 1% of
unity, indicating high precision and little if
any loss of particulate matter during trans-
port through nephA. On the other hand,

regression slopes for the super-um aerosol
(e.g., Fig. 1b) range from 0.93 to 0.96.

Figure 1c displays the relative discrepancy
between nephelometers as a function of con-
centration (on the x-axis) and in relation to
the predicted precision uncertainty arising
from noise during both the measurement
and the gas calibration. Precision uncer-
tainty was calculated from Eq. (9), using
noise and calibration drift data reported pre-
viously for these nephelometers (Anderson
et al., 1996) and equivalent to that shown in
Table 2. Since the discrepancies are well
beyond the estimated precision uncertainty,
these results provide definitive evidence that
a small amount of super-um particulate mat-
ter was lost during transit through the first
nephelometer, resulting in a small (5-10%)
decrease of super-um particulate light scat-
tering. To put this loss in context, measured
size distributions for the coarse mode aero-
sol indicated low-RH volume mean diame-
ters of 2—-4 pm.

Besides their different plumbing losses,
sub- and super-pm particles are revealed by
the measurements at our coastal station to
be independent atmospheric phenomena
with contrasting optical properties. Figure 2
shows data from an entire sampling year
(1995). A simple plot of sub-um versus su-
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FIGURE 2. Size-segregated nephelometer measurements at a coastal station. Hourly averaged data for nonfoggy
conditions during 1995. (a) Relationship between sub- and super-pm particle scattering for ofso. (b) Normalized
frequency distributions for backscatter ratio at 700 nm. (c) Normalized frequency distributions for measured

gstrom exponent over the 450 to 550 nm wavelength range. In (b) and (c), solid and dashed lines correspond to

sub- and super-pum particles, respectively.

per-um scattering (Fig. 2a) reveals the lack
of correlation. The optical properties of sub-
and super-um particles are examined in
Figs. 2b and 2c¢ in terms of normalized fre-
quency distributions of the backscatter ratio
at 700 nm, b(700), and the Angstrém expo-
nent over the 450 nm to 550 nm wavelength
range, A(450/550), defined as follows:

o .
b(A) = 52 10)
(V) o (
A/ = - tog(asy/o33) (11)

log(/\l/)\z) )

The solid and dashed curves refer to sub-um
and super-um data, respectively. Differ-
ences between the two particle size catego-
ries are dramatic. Consequently, to under-
stand the optical properties of the total
aerosol it is crucial to understand the frac-
tion of scattering due to each mode. Coarse/
fine separation, as recommended herein,
provides a convenient means of assessing
this fraction and of studying the optical char-
acteristics of each mode.

Theoretical Study of Cut-Size Effects:
Calculated Nephelometer Correction Factors

Nepliclometer measurements of O and oy
contain systematic errors due to angular and

wavelength nonidealities. A correction fac-
tor, C, may be defined as,

C — Tirue , (12)
O-neph

where oy, is the Mie-calculated 0-180° or
90-180° scattering coefficient and o, p de-
rives from a modified Mie-integral (Heint-
zenberg and Charlson, 1978) using the mea-
sured  angular  sensitivity of the
nephelometer. The angular sensitivity of the
model 3563 nephelometer is taken from a
previous work (Anderson et al., 1996); wave-
length nonidealities were shown to be of
secondary importance and are neglected
here.s

To calculate C, it is necessary to take the
gas calibration of the nephelometer into ac-
count. This is because an implicit effect of
the gas calibration is to correct for angular
nonidealities as long as nephelometer mea-
surements are made on a Rayleigh-scatter-
ing medium (i.e., gases and very small par-
ticles). Errors due to angular nonidealities
occur only to the extent that the scattering
phase function of the measured aerosol dif-

* Tables of the measured angular and wavelength sensitiv-
ities of the 3563 nephelometer are available from the au-
thors; send requests by email to: tadand@u.washington.
edu.
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FIGURE 3. Calculated correction
factor, C,,, accounting for angular
; nonidealities in the nephelometer

measurement of o7y, plotted as a
- function of the geometric volume
. mean diameter, D, of a lognormal
size distribution. Here, the geomet-
ric standard deviation was set to
L 1.8 and a refractive index of 1.46 —
0.00i was used. Angular nonideali-
ties derive from the nonlambertian
nature of illumination intensity
| and from truncation of near-for-

ward-scattered light (from 0 to
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S { o truncation only
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fers from the Rayleigh-scattering phase
function. (For a full discussion, see Ander-
son et al., 1996.)

The total scatter correction, C,, arises be-
cause the nephelometer measurement is bi-
ased away from near-forward scattering. The
fraction of light scattered in the near-for-
ward direction increases monotonically with
particle size for particles diameters below
about 5 wm. For this reason, C is near unity
for very small particles (D, < 0.1 pm) and
_increases monotonically with particle size
(assuming a constant refractive index and a
broad enough size distribution to damp out
the Mie oscillations), as shown in Fig. 3.
Because the wavelength variation of scatter-
ing is also sensitive to particle size, it is pos-
sible, as Wioll be shown below, to use the
measured Angstrom exponent (Eq. 11) to
constrain C,. (A similar idea was put for-
ward by Rosen et al., 1997.) Correcting the
nephelometer measurement of o, for angu-
lar nonidealities is required when total ex-
tinction due to scattering is of interest—for
instance, in extinction budget studies
(White, 1990; Malm et al., 1996) or column
closure studies (Clarke et al., 1996; Remer et
al., 1997).

Two factors contribute to biasing nephe-
lometer sensitivity away from near-forward
scattering: truncation error (the geometrical
blockage of near-forward-scattered light for

T ~7°), as discussed in the text. The
solid line shows the calculated
value of C,, when the full angular
sensitivity is taken into account,
while the dashed line shows C, cal-
culated when only 0-7° truncation
error is considered.

angles below about 7°) and nonlambertian
error (the slightly noncosine-weighted inten-
sity distribution of illumination light pro-
vided by the opal glass diffusor). The dashed
curve in Fig. 3 shows what C; would be if
truncation error were the only factor. While
truncation error dominates for large parti-
cles (where C, is also large), it is apparent
from Fig. 3 that nonlambertian error domi-
nates for sub-um particles.

In contrast to C,, the backscatter correc-
tion factor, C,, is always fairly close to unity
and is not a monotonic function of particle
size. It arises from imperfect separation of
light at 90° and unsensed light beyond about
170°. C,, is of interest, for instance, when
converting backscatter ratio, b = ‘Tbsp/o‘s , to
asymmetry parameter, g, as is requlredp for
computing aerosol effects in two-stream ra-
diative transfer models. Formulas available
for making this conversion (Marshall et al,,
1995) assume “true” values of b. Moreover,
knowledge of the uncertainty of Cyg and Cy
could be propagated usefully into the radia-
tive transfer calculation.

Nephelometer correction factors and
their uncertainties, appropriate to a broad
range of aerosol populations, are given in
Table 4. These were calculated by assuming
homogenous spherical particles and bi-
modal, lognormal size distributions with
geometric standard deviations, S, of 1.8 and
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TABLE 4. Nephelometer Correction Factors for Angular Nonidealities

a) Midpoint £ half range of calculated correction factors for specified conditions*

Total Scatter Backscatter
450 nm 550 nm 700 nm 450 nm 550 nm 700 nm
No cut 1.29 = (.23 1.29 + (.23 1.26 = 0.21 0.981 = 0.038 0982 +0.038  0.985 + 0.040
Sub-um 1.094 £ 0.042  1.073 £0.033  1.049 = 0.023 0951 = 0.009 .947 + 0.009  0.952 = 0.010
Super-um 1.64 = 0.38 1.51 £ 0.28 1.38 £ 0.20 1.027 = 0.060  1.026 = 0.047  1.005 *+ 0.051

b) Correction factors for total scatter as a linear function of Angstr('im exponent using C = a + b*A®

450 nm 550 nm 700 nm
[residual| [residual] |residual]|
a b mean  max a mean  max a b mean  max
Nocut 1365 -—.156 0.050 0.22 1.337 —.138 0.046 021 1.297 -.113 0.042 0.17
Sub-um 1165 -—.046 0.010 0.031 1.152 —.044 0007 0.022 1120 —-.035 0.004 0.014

“ Bimodal, lognormal size distributions with ranges of volume mean diameters and refractive indices given in text. The range of fine mode mass fraction

is 0.9 to 0.1.

b A-values for input to this formula are calculated from Eq. (11) using uncorrected nephelometer measurements of ap at two wavelengths; A(450/550) at

450 nm, A(450/700) at 550 nm, and A(550/700) at 700 nm.

geometric volume mean diameters of 0.2 <
Dgr = 0.4 pm for the fine mode and 2.0 <
Dg,c = 4.0 um for the coarse mode. Refrac-
tive index ranges from 1.40 = n = 1.52 for
the real part and 0.00 < k =< 0.01 for the
imaginary part were used. These assump-
tions cover most aerosol populations outside
of direct source plumes and when the neph-
elometer is operated at low relative humidity
(RH = 50%). For higher RH measure-
ments, larger fine-mode sizes would be ap-
propriate. Similarly, measurements near
combustion sources would require higher
values of k, and sampling of dust or seasalt
near the surface would commonly require
larger coarse-mode sizes. Nonspherical
shape effects have been neglected in these
calculations, which introduces additional,
unquantified uncertainty. However, because
the angular correction factor arises mostly
due to near-forward scattering, which is
quite insensitive to shape effects (see, e.g.,
Mishchenko et al., 1995), we expect this ad-
ditional uncertainty to be small.

Table 4 and Fig. 4 show the results of
these calculations and illustrate several
points. First, correction factors for total scat-
ter, Cy, are always greater than unity and are
known to sufficient accuracy to justify their

use in applications such as extinction budget
studies. Second, C,, exhibits a systematic re-
lationship with the measured wavelength de-
pendence of scattering, as represented by
the Angstrom exponent. This is shown in
Figs. 4a and 4b and comes about because
both C and A are strong functions of par-
ticle size.® Using this relationship, Cy is pa-
rameterized as a linear function of A, with
the results shown in Table 4b and Figs 4a
and 4b. This provides a much more accurate
estimate of C than adopting a constant
value (e.g., the midpoint of the range of
possible values, as listed in Table 4a). The
latter strategy is appropriate, however, for
super-pum particles and for C, since, in all
these cases, there is no useful relationship
between C and A. (See, for instance, Fig.
4c). Finally, the uncertainty data provided in
Table 4 demonstrate the utility of segregat-
ing sub- and super-um particles. Such size
segregation results in highly accurate infor-
mation on the sub-um aerosol—uncertain-

¢ It is interesting to note that the effect of particle refractive
index (the real part, n) acts in an orthogonal direction, as
shown by the points marked “X” in Fig. 4b. These points
represent the highest of the three tested values of n (name-
ly, 1.52).
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FIGURE 4. Calculated relationship between C,; (as in Fig. 3) and the measured wavelength dependence of light
scattering, A (see Eq. 11). Calculations used a range of bimodal size distributions and refractive indices, as discussed
in the text., The fine-mode mass fraction was varied from 10% to 90%. (a) Assuming no size cut, there is a strong

relationship between

and C,,, but the correction factor is large and fairly poorly constrained. (b) Assuming a 1

pm size cut, the relationship is strong and the correction factor is small and well constrained. (¢) Assuming an
alternating 1 pum size cut, such that derived properties of the super-um particles can be studied, these super-um

particles are seen to manifest no useful relationship between

ties are reduced by factors of 5 to 10 with
respect to the no-size-cut case, as shown in
Table 4b. The reason is obvious from Fig.
4c—the optical properties of super-um par-
ticles result in much larger correction factors
that bear no useful relationship to A. With
selective size segregation, optimal nephe-
lometer performance is achieved for sub-um
particles, while useful information on the
portion of scattering and backscattering due
to super-um particles is also obtained.

DISCUSSION

Measuring the calibration gases to deter-
mine S and O is a convenient means of
demonstrating proper instrument perfor-
mance. Problems stemming from mundane
causes such as plumbing leaks, malfunction-
ing sensors, or software glitches are imme-
diately detectable, making it much less likely
that large corrections or loss of data would
occur. Extended duration (12-24 hour) mea-
surements of filtered air to determine the
quantities listed in Table 3 provide addi-
tional performance data for identifying
problems that affect noise but not calibra-
tion.

A and C,..

Some previous investigators have calcu-
lated nephelometer corrections factors by

‘considering truncation error only (e.g., En-

sor and Waggoner, 1970) rather than the full
angular sensitivity (following Heintzenberg,
1978) which includes the slightly nonlamber-
tian distribution of illumination intensity. As
shown in Fig. 3, our calculations indicate
that truncation-error-only correction factors
will be inaccurate for sub-um particles, since
nonlambertian error dominates in that size
range. Depending on particle size, errors of
5-15% could occur. Such errors would be
significant if, for example, light absorption
were being determined as the difference be-
tween total extinction and nephelometer-
measured scattering. The calculations shown
in Fig. 3 are based on the measured angular
sensitivity of the TSI 3563 nephelometer, but
the general result probably applies to any
nephelometer employing an opal glass diffu-
sor—for instance, the angular sensitivity
found by Heintzenberg (1978) was very sim-
ilar.

Our calculations yield a coarse-mode cor-
rection factor of about 1.5 for total scatter at
550 nm, which is considerably lower than the
values around 2 derived empirically by
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White et al. (1994). This may come about
because of the different definitions of coarse
mode—low-RH aerodynamic diameter lim-
its are 1.0 and 10 wm herein but were 2.5 and
15 pm in the study by White and coworkers.

While it is important for some purposes to
correct nephelometer measurements for an-
gular truncation, in the context of global
energy perturbations the nephelometer
measurement is a potentially valuable pa-
rameter without correction. This is because
top-of-atmosphere radiative forcing, like the
nephelometer measurement of Oy IS insen-
sitive to near-forward scattering. Thus, the
measured value of oy, is actually a better
proxy for upscatter-to-space than is the
“true” value. However, radiative transfer
models utilizing this relationship do not
presently exist.

CONCLUSIONS

The recommended calibration and measure-
ment protocols can be summarized as fol-
lows.

1. The preferred calibration gases for nearly
all applications are air and CO,. As
shown in Table 1, these are not only the
cheapest, safest, and most convenient to
use, but their scattering coefficients are
more accurately known than any of the
proposed alternate span gases.

2. Optimal accuracy and quantification of
uncertainties are facilitated by routine
measurements of the calibration gases.
Using a simple analysis scheme (Egs.
1-9), these measurements can be used to
maintain a diagnostic record of instru-
ment performance, to improve measure-
ment accuracy, and to quantify instru-
ment noise and calibration drift. Sample
results are given in Tables 2 and 3.

3. Coarse mode particles should be period-
ically excluded from the sample stream. A
cut size of 1 um (aerodynamic diameter
at low relative humidity) is recom-
mended. This allows the independent
contributions of coarse and fine mode
particles to light scattering to be sepa-
rated, as demonstrated with field data
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from a coastal station. Further, it fully
exploits the potential of the 3563 nephe-
lometer to deliver detailed and highly ac-
curate information on the optical proper-
ties of sub-um aerosol.

4. For extinction budget studies, correction
factors for the effects of angular nonide-
alities should be applied. Values appro-
priate to a broad range of sampling con-
ditions are given in Table 4, along with
uncertainties.

5. Because the nephelometer measurement
is essentially nondestructive, aerosol par-
ticles can be further analyzed down-
stream. This technique was evaluated
with data from two nephelometers oper-
ated in series. A small loss (5-10%) of
super-pm particles was observed, and this
loss was shown to be beyond the precision
uncertainty of the instrument. The
sub-pm data showed no evidence of par-
ticle losses and demonstrated a measure-
ment reproducibility within *+ 1%.
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