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In recent years, Aerodyne aerosol mass spectrometers (AMS)
have been used in many locations around the world to study the
size-resolved, nonrefractory chemical composition of ambient par-
ticles. In order to obtain quantitative data, the mass or (number)
of particles detected by the AMS relative to the mass (or num-
ber) of particles sampled by the AMS, i.e., the AMS collection
efficiency (CE) must be known. Previous studies have proposed
and used parameterizations of the AMS CE based on the aerosol
composition and sampling line relative humidity. Here, we eval-
uate these parameterizations by comparing AMS mass concen-
trations with independent measurements of fine particle volume
or particle-into-liquid sampler (PILS) ion chromatography mea-
surements for 3 field campaigns with different dominant aerosol
mixtures: (1) acidic sulfate particles, (2) aerosol containing a high
mass fraction of ammonium nitrate, and (3) aerosol composed of
primarily biomass burning emissions. The use of the default CE
of 0.5 for all campaigns resulted in 81–90% of the AMS speciated
and total mass concentrations comparing well with fine particle
volume or PILS measurements within experimental uncertainties,
with positive biases compared with a random error curve. By using
composition-dependent CE values (sometimes as a function of size)
which increased the CE for the above aerosol types, the fraction
of data points within the measurement uncertainties increased to
more than 92% and the mass concentrations decreased by ∼5–15%
on an average. The CE did not appear to be significantly dependent
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on changes in organic mass fraction although it was substantial in
the 3 campaigns (47, 30, and 55%).

[Supplementary materials are available for this article. Go to
the publisher’s online edition of Aerosol Science and Technology
to view the free supplementary files.]

INTRODUCTION
Current uncertainties of aerosol impacts on climate and hu-

man health have driven the development of advanced instrumen-
tation that allows rapid and sensitive measurements of aerosol
chemical species. The Aerodyne Aerosol Mass Spectrometers
(AMS) or AMS instruments (Aerodyne Research Inc., Billerica,
MA) (Jayne et al. 2000; Canagaratna et al. 2007) are currently
the most commonly used research instrument in this category,
and they are often used in the field and laboratory studies across
the world (Zhang et al. 2007a; Jimenez et al. 2009). The general
operation of AMS instruments has been described elsewhere
(Jayne et al. 2000; Allan et al. 2003b; Jimenez et al. 2003;
Drewnick et al. 2005; DeCarlo et al. 2006; Canagaratna et al.
2007). Briefly, particles are transmitted into the AMS detection
region using an aerodynamic focusing lens, where they im-
pact an inverted-cone porous-tungsten vaporizer typically held
at 600◦C, and volatilize, with the vapors being analyzed by
electron ionization mass spectrometry. The net overall particle
transmission and detection efficiency is called the collection effi-
ciency (CE) and is expressed by the product of 3 terms (Huffman
et al. 2005):

CE (dva) = EL (dva) × ES (dva) × Eb (dva) [1]

where EL is the transmission efficiency of the aerodynamic lens
for spherical particles, ES captures the loss of transmission
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due to particle nonsphericity which causes the particle beam
to broaden, and Eb is the efficiency with which a particle that
impacts the vaporizer is detected. EL is largely dependent on
particle size (vacuum aerodynamic diameter or dva) (DeCarlo
et al. 2004) and the lens design and operating pressure (Jayne
et al. 2000; Zhang et al. 2004; Liu et al. 2007; Bahreini et al.
2008). For ambient particles transmitted through the AMS lens,
laboratory, and field measurements have shown that even though
ambient particles are often slightly nonspherical in the AMS, the
losses due to particle nonsphericity are minor (Huffman et al.
2005; Quinn et al. 2006; Salcedo et al. 2007).

Eb is dependent on the degree to which particles bounce
when they impact the vaporizer. Field experiments suggested
(Allan et al. 2004a; Quinn et al. 2006) and laboratory experi-
ments demonstrated (Matthew et al. 2008) that the last term of
the AMS CE, Eb, is a function of particle phase. In general,
previous studies indicate that particles with liquid surfaces have
higher AMS CE than those that are solid. There are 4 main
factors which influence particle phase in the AMS: relative hu-
midity in the sampling line, acidity/neutralization of the sulfate
content, ammonium nitrate content, and organic liquid content.
Thus far, only the inorganic species have been studied exten-
sively in the laboratory. Since particles typically lose all or much
of the particle-phase water in the AMS inlet and vacuum sys-
tem (Zelenyuk et al. 2006; Matthew et al. 2008), the sampling
line RH must be above 90% RH for the particles to remain liq-
uid when impacting on the vaporizer (Matthew et al. 2008). At
lower RH, sulfuric acid particles are liquid whereas the phase
of ammonium bisulfate and sulfate particles in the atmosphere
depends on whether or not the particles were initially dry or hy-
drated (Tang 1980). Indeed, field measurements of particulate
phase suggest that ambient sulfate aerosols are more frequently
metastable liquids between 45 and 75% RH (Rood et al. 1989) or
that particles can retain water at RH lower than the deliquescence
point (Khlystov et al. 2005; Engelhart et al. 2011), although par-
ticles in that RH range may lose most or all of their water in
the AMS. Ammonium nitrate is a metastable liquid in the at-
mosphere at any sampling line RH. For pure ammonium sulfate
and sulfate-dominated ambient particles, Eb increases with sam-
pling line RH above the deliquescence RH (Allan et al. 2004a;
Matthew et al. 2008) as well as with the deposition of thick
coatings of organic liquids (Matthew et al. 2008). The CE for
dry sulfate particles also increases with aerosol acidity (Quinn
et al. 2006) and increasing nitrate content (Weimer et al. 2006;
Crosier et al. 2007; Matthew et al. 2008; Nemitz et al. 2011).
In all cases, the trends are qualitatively explained by changes in
particle phase.

Organic particles can be either liquid or solid, but the-
ory predicts that mixtures of inorganic salts and dicarboxylic
acids will remain in a liquid phase under ambient conditions
(Marcolli et al. 2004). Recent results suggest that aged ambi-
ent organic aerosols have very low volatility, which calls into
question whether they form a liquid phase in the atmosphere
(Huffman et al. 2009; Cappa and Jimenez 2010). Liquid organic

particles are collected with Eb = 1 (Matthew et al. 2008), how-
ever, ambient organic-dominated particles have typical Eb ∼ 0.5
(Salcedo et al. 2006; DeCarlo et al. 2008; Kleinman et al. 2008;
Aiken et al. 2009) which suggests that they are not liquid in the
AMS.

For some field studies, apparent CE values have been deter-
mined with the ambient data by comparing AMS mass loadings
for the individual species with other particulate chemical mea-
surements such as particle-into-liquid samplers (PILS) with ion
chromatography analysis (Weber et al. 2001; Takegawa et al.
2005) and online OC analyzers (Takegawa et al. 2005), or by
comparing the total AMS mass loadings with total apparent
volume- or total mass-based instruments such as scanning mo-
bility particle sizers (Quinn et al. 2006) or tapered element os-
cillating microbalances (TEOM) (Allan et al. 2004a; Drewnick
et al. 2004; Hogrefe et al. 2004; Weimer et al. 2006). Many
field studies reported that reasonable agreement and linear cor-
relations were obtained with other measurements by using a
CE of 0.5 (Allan et al. 2003a; Alfarra et al. 2004; Topping et
al. 2004; Takegawa et al. 2005; Salcedo et al. 2006; Aiken et
al. 2009; Timonen et al. 2010). In several field studies, the CE
value was estimated from sulfate comparisons (Drewnick et al.
2004; de Gouw et al. 2005; Takegawa et al. 2005; Venkatachari
et al. 2006; Weimer et al. 2006; Kondo et al. 2007; de Gouw
et al. 2008). In such cases, the AMS organic mass calculated
using the CE value estimated from only the sulfate mass in-
tercomparisons was still linearly-correlated with independent
organic carbon measurements with reasonable average organic
mass to organic carbon ratios of 1.7 ± 0.3 (de Gouw et al.
2005; Takegawa et al. 2005; Venkatachari et al. 2006; Kondo
et al. 2007; de Gouw et al. 2008). These results suggest that
the observed CE of ∼0.5 for most environments and chemical
compositions is valid because ambient particles are solid in the
AMS (Matthew et al. 2008) and are internally mixed (Murphy
et al. 2006; Zhang et al. 2007a).

AMS instruments with in situ light-scattering detection have
the potential to provide a direct measurement of CE (Cross et
al. 2009; Slowik et al. 2010). However, particles must be large
enough to scatter light in the instrument (∼215 nm in diame-
ter), provide enough signal from the single particle mass spectra
to count individual particles, and evaporate in 3 ms or less,
which make the results not directly applicable to the most com-
monly used MS-mode in which smaller particles and slower-
evaporating species are still detected. More studies involving
this method are needed to evaluate its use with ambient aerosols.

While a single CE value can be used to obtain speciated
aerosol mass concentrations in many ambient environments,
some field measurement comparisons suggest that individual
pollution events are best captured by introducing composition-
dependent CE values. Previous studies have developed em-
pirical formulations of inorganic composition-dependent CE
based on field comparisons (Quinn et al. 2006; Crosier et al.
2007). Here, we use data from 3 different field studies to com-
pare AMS mass, using the default CE = 0.5, with external
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260 A.M. MIDDLEBROOK ET AL.

measurements, to support parameterizations of CE as a function
of composition, and finally to show case studies of how these
parameterizations improved the overall comparisons with data
from other instruments. Since EL is explicitly taken into account
for these comparisons, ES is assumed to be 1 based on previous
beam width measurements of ambient particles (Huffman et al.
2005; Salcedo et al. 2007), and Eb for a single component has
not shown size-dependence in the laboratory (Matthew et al.
2008), the apparent CE should be equal to Eb.

FIELD DATA AND INSTRUMENTATION
Three sets of field data are used in this work: an airborne study

based in Houston, TX during September–October 2006 (Texas
Air Quality Study/Gulf of Mexico Atmospheric Composition
and Climate Study, TexAQS-II/GoMACCS), a ground-based
study in Boulder, CO during January–February 2005, and an air-
borne study above northern Alaska during April 2008 (Aerosol,
Radiation, and Cloud Processes affecting Arctic Climate, AR-
CPAC). The AMS instrument used in the ground-based study
was equipped with a quadrupole mass spectrometer, whereas
a compact-time-of-flight (C-ToF) mass spectrometer was used
with a pressure-controlled inlet for the airborne studies (Bahreini
et al. 2008). In all 3 datasets analyzed here, the instrument was
alternated between the bulk mass spectral mode (MS) and the
particle time-of-flight mode (PToF). As shown below and in
the supplemental material (Figures S1–S3), these 3 sets of field
data spanned a wide range of aerosol composition in terms of
the mass fractions of different species.

The AMS inlet flow rate, particle velocity, nitrate ionization
efficiency, and relative ionization efficiency for ammonium were
calibrated before, during, and after the field studies with stan-
dard procedures (e.g., Canagaratna et al. 2007). MS and PToF
data were recorded every 2.5 min for the ground-based study
and every 10–15 s for the airborne studies. The data were pro-
cessed using custom software written in Igor Pro (Wavemetrics
Inc.) and developed for the AMS and shared across the AMS
community (Allan et al. 2004b; DeCarlo et al. 2006). The mass
loadings for each species (Cs in µg m−3) were calculated in
the following manner (adapted from (Jimenez et al. 2003) and
Equation 7 in (Allan et al. 2004b)):

Cs = 1012 MWNO3

CEsRIEsIENO3 QNA

∑
i

Is,i [2]

where MWNO3 is the molecular weight of nitrate (62 g mol−1),
CEs is the collection efficiency of species s, IENO3 is the ioniza-
tion, transmission, and ion detection efficiency of nitrate (in ions
molec−1, typically shortened as “ionization efficiency”), RIEs is
the ionization efficiency of species s relative to the ionization
efficiency of nitrate, Q is the volumetric sample flow rate into
the instrument (in cm3 s−1), NA is Avogadro’s number, Is is the
measured ion rate in the partial mass spectra for species s (in
ions s−1), where all of the m/z fragments (i) in the partial mass

spectra are summed for species s. For some species, the calcu-
lation of partial mass spectra relies on fragmentation patterns
determined in the laboratory and known isotopic ratios (Allan
et al. 2004b). The factor of 1012 converts the units from g cm−3

to µg m−3. The uncertainty in CE is around 30% (2σ ) and it
dominates the uncertainty for individual species (Bahreini et
al. 2009). For organic material, the uncertainty in the organic
RIE is around 20% (2σ ) and is also a major contributor to its
uncertainty (Bahreini et al. 2009). The propagated, overall un-
certainty for the total AMS mass concentration is 20–35% (2σ )
(Bahreini et al. 2009). See Supplementary Information section
S1 of Bahreini et al. (2009) for details on uncertainty propa-
gation. Here we used 30% uncertainty in the AMS total mass
for the propagation of the combined measurement uncertainties
between the AMS and UHSAS (ultra-high sensitivity aerosol
spectrometer) or PILS.

The AMS detection limits were determined periodically dur-
ing each field study by placing a filter in front of the AMS inlet,
averaging the mass concentrations for each species using the
default CE, and multiplying the resulting standard deviations
by 3. Only data where all mass concentrations were greater
than 3 times the detection limit were used in the results reported
here. This effectively removes a bias toward larger errors for data
where the mass concentrations were close to the detection limits.

For the fine particle volume measurements in the airborne
studies, an ultra-high sensitivity aerosol spectrometer (UHSAS,
Droplet Measurement Technologies, Boulder, CO) was used to
measure the particle number distribution as a function of optical
diameter, from which the apparent fine particle volume is cal-
culated and reported (here for dry particles). The UHSAS was
operated at ambient relative humidity in the sampling line on
the aircraft, which was the same sampling line relative humidity
as the AMS. The conditions in the AMS inlet cause additional
drying that can change the phase of the particles from what they
were in the sampling line (Matthew et al. 2008). The UHSAS
instrument was calibrated with monodisperse, dry, ammonium
sulfate particles, which have a known index of refraction. Each
UHSAS bin of scattered light intensity was converted to particle
size, based on the dry, ammonium sulfate index of refraction.
The UHSAS volume was computed from the number distri-
bution by assuming spherical particles. Mass was calculated
from volume by using the AMS composition data to estimate
the average density. The size range for the UHSAS is 0.06–1
microns. Uncertainty in size due to estimates of the actual re-
fractive index (likely between 1.4 to 1.6 without an imaginary
component) lead to ∼10–15% uncertainty in diameter. This is
the largest component of the 30–45% uncertainties in volume
from the UHSAS (Brock et al. 2011).

To account for particle transmission losses in the AMS lens,
the measured AMS lens transmission curve (Bahreini et al.
2008) was applied to the fine particle number distributions.
The fine particle mass reported here therefore takes the lens
transmission curve into account. Note that particle losses in the
AMS lens can otherwise be incorrectly attributed to particle
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bounce losses. Accurately accounting for the lens transmission
efficiency is thus critical in comparisons of AMS mass concen-
trations with other measurements of the individual species. Here
the additional mass measured by the UHSAS and not measured
by the AMS due to lens transmission losses was at most 10%
and typically less than 5%. Measurement uncertainties (2σ )
for the UHSAS particle volume data were 30% for TexAQS
(Bahreini et al. 2009) and +45/–31% for ARCPAC (Brock et al.
2011).

Ion chromatography was performed on aerosol samples col-
lected with a PILS (Weber et al. 2001) and high-quality PILS
measurements were available only for the Boulder study. For
the data described here, the PILS system was operated with a
1 micron impactor on the sampling line which is similar to the
upper limit of particles transmitted by the AMS lens. Particulate
black carbon (BC) mass concentrations were obtained in the 2
airborne studies with a single-particle soot photometer (SP2)
instrument (Schwarz et al. 2006). The size range measured by
the SP2 instrument depends on particle density and is 0.07–0.50
µm mass-equivalent diameter assuming a BC density of 1.8 g
cm−3 (Park et al. 2004). Experimental uncertainties (2σ ) in the
PILS and BC measurements are 10% (Weber et al. 2001) and
15% (Schwarz et al. 2006), respectively.

The AMS mass concentrations were compared with the other
measurements in 2 ways: the AMS total plus BC mass was
divided by the mass estimated from the UHSAS fine particle
volume, or the AMS nitrate plus sulfate mass was divided by
the nitrate plus sulfate mass from the PILS-IC system. The
fine particle mass was obtained by multiplying the fine particle
volume transmitted into the AMS by the density estimated from
the AMS and BC composition. The mass-weighted density (ρ)
was calculated using ρorg = 1.25 g cm−3 (for TexAQS) or 1.3
g cm−3 (for ARCPAC), ρ inorg = 1.75 g cm−3 (primarily dry
ammonium sulfate, (Perry and Green 1997)), and ρBC = 1.8
g cm−3 (Park et al. 2004), for organic mass, inorganic mass,
and BC, respectively. This calculation is not very sensitive to
the density of BC because its mass fraction was nearly always
less than 5%. The density for organic material is consistent with
recent density measurements of ambient organic and biogenic
secondary organic aerosol which have been determined in 3
independent studies as 1.27, 1.22–1.28, and 1.3 ± 0.1 g cm−3

(Cross et al. 2007; Zelenyuk et al. 2008; Kiendler-Scharr et al.
2009).

In this work, we develop and evaluate empirical parameteri-
zations for CE to calculate bulk ensemble mass concentrations.
Thus, some of the variability in the estimated CE could indeed be
due to external versus internal mixing issues. The standard AMS
instrument does not have a direct means of evaluating the mixing
state of the particles, but differences in speciated size distribu-
tions can be indicative of different degrees of internal mixing.
Here, the Boulder dataset and a few events in the TexAQS data
showed distinctly different speciated size distributions. We have
corrected for this effect on the bulk mass concentrations by us-
ing a size dependent CE. For the ARCPAC dataset and most

of the TexAQS dataset where size dependent parameterizations
were not needed, internal mixing is supported by other measure-
ments (Asa-Awuku et al. 2011; Brock et al. 2011). Most of the
submicron aerosol mass in these 3 field studies was either non-
refractory species or BC. For the Boulder study, about 99% of
the ions measured with PILS were potentially measured by the
AMS (chloride, nitrate, sulfate, and ammonium) and less than
2% were refractory species (sodium, calcium, magnesium, plus
potassium). The number fraction of mineral dust and sea salt
was always less than 10% of fine (<0.7 micron) aerosols in the
ARCPAC study, with the exception of the Arctic boundary layer
aerosols which had a slightly higher fraction of sea salt (Brock
et al. 2011). Data with a clear influence of dust during ARCPAC
was identified by comparisons of the AMS total mass to aerosol
extinction data and removed from this analysis. Unfortunately,
no comparable direct information about nonrefractory species
was obtained during the TexAQS field study. The fact that the
resulting correlation between AMS + BC mass and fine parti-
cle mass is good, with only a few outliers (see Figures S5–S6),
suggests that dust or sea salt were not significant components
of the fine particle mass.

RESULTS AND DISCUSSION

Evaluation of the Default AMS CE
Mass concentrations are typically calculated with a default

CE = 0.5 for most ambient environments. Here, datasets from 3
field campaigns (TexAQS, Boulder, CO, and ARCPAC) are used
to examine the appropriateness of the default CE and parameter-
izations of CE based on chemical composition. Figure 1 shows
histograms of either (1) the ratio of the AMS total mass (using
the default CE) plus BC mass to fine particle mass (Mfine), or (2)
the AMS nitrate plus sulfate mass divided by the PILS nitrate
plus sulfate mass for all 3 field studies. The propagated uncer-
tainties (2σ ) for the combined instrument mass ratios are 45%
for TexAQS, 45% for Boulder, and +56/–46% for ARCPAC
and 95.5% of the mass ratios are expected to cluster around 1.0
within these measurement uncertainties. The Gaussian random
error curves for each study based on the combined measurement
uncertainties are included with the histograms in Figure 1. More
than 81% of the data fall within these combined measurement
uncertainties (Table 1), which is consistent with the observation
of a CE around 0.5 in most ambient measurement campaigns.
However, significant fractions of all 3 datasets (12% for Tex-
AQS, 19% for Boulder, and 18% for ARCPAC) are beyond the
combined uncertainties, while the expected percentage due to
random effects would be less than 5%. Most of the data points
that were outside the combined measurement uncertainties were
on the right-hand side of the random error curve (Figure 1), sug-
gesting a systematic positive bias for a subset of the data. The
ratios of speciated mass to fine particle mass that lie well above
1.0 correspond to pollution events or compositional differences
for which composition-dependent parameterization of CE may
be needed.
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262 A.M. MIDDLEBROOK ET AL.

FIG. 1. The frequency distributions of mass ratios from multiple, carefully-operated instruments from the 3 field studies when the default collection efficiency
(CE) of 0.5 is used for the AMS data. Also plotted are the Gaussian error curves (dashed curves) for the combined measurement uncertainties. Mass ratios that are
significantly greater than 1 are likely due to the various effects on the AMSCE. (Color figure available online.)

Parameterization of CE from Composition
Previous laboratory and field studies have shown clear trends

of increasing AMS CE with particle acidity, nitrate content,
sampling relative humidity, and coatings of pure liquid organic
material. Figures 2–4 show a comparison of these various pa-

rameterizations of CE as a function of aerosol chemical com-
position. These composition-dependent parameterizations are
evaluated using data from the 3 field studies and an algorithm
for calculating mass concentrations from these parameteriza-
tions is developed.

TABLE 1
Average mass ratios of either AMS + BC to fine particle mass or AMS (nitrate + sulfate) to PILS (nitrate + sulfate) ± 2 standard
deviations and the fraction of data that lies within the 2σ combined measurement uncertainties, as indicated for each study, using

different CE values

CE = 0.5 CE algorithm

Field study 2σ uncertainties (%) Ratio Fraction (%) Ratio Fraction (%)

TexAQS: all 45 1.0 ± 1.8 88 0.94 ± 0.62 92
TexAQS: October 5, 2006 45 1.14 ± 0.48 90 0.98 ± 0.28 99.5
Boulder 45 1.17 ± 0.78 81 0.97 ± 0.48 95
ARCPAC +56 and −46 1.1 ± 3.4 82 0.99 ± 0.64 92
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FIG. 2. The ratio of AMS mass to the mass of fine particles (Mfine) minus the
black carbon (BC) mass (from multiple, carefully-operated instruments) demon-
strates the acidity effect, where the apparent CE increases for acidic particles
(here as a function of the ratio of measured ammonium to predicted ammonium,
NH4/NH4,predict). Error bars are the standard deviations of the averages. Data
where the particles have high nitrate content (ANMF ≥ 0.4), which mainly af-
fected the Boulder dataset, are omitted for clarity. The parameterization from
Quinn et al. (2006) field data is shown as the dashed line and Equation 4 is the
solid line. (Color figure available online.)

FIG. 3. The ratio of AMS mass to either the mass of fine particles (Mfine) minus
the black carbon (BC) mass or the PILS-IC mass (from multiple, carefully-
operated instruments) demonstrates the nitrate effect, where CE increases with
nitrate content (here, as a function of ammonium nitrate mass fraction, ANMF).
Error bars are the standard deviations of the averages. Data where the particles
have high acidic content (NH4/NH4,predict ≤ 0.75) are omitted for clarity. The
parameterizations described by Crosier et al. (2007), Nemitz et al. (2011), and
Matthew et al. (2008) are shown as the dot-dash, dashed, and dotted lines,
respectively. Note that the ANMF-axis for the Crosier et al. parameterization
from field data (based solely on nitrate and sulfate mass) is not precisely the
same as for the other field data which included chloride and organic content.
Also the particles for the laboratory data parameterized by Matthew et al. did
not contain chloride or organic material. Equation 6 is shown as the solid line.
(Color figure available online.)

FIG. 4. The ratio of AMS mass to the mass of fine particles (Mfine) minus
the black carbon (BC) mass (from multiple, carefully-operated instruments)
demonstrates the CE does not change significantly with organic content. These
data were filtered for dry, neutralized, sulfate-rich particles (NH4/NH4,predict >

0.75 and ANMF< 0.4), which removed most of the Boulder data. Error bars
are the standard deviations of the averages. The overall average of all these
data points (a total of 12989 from the 2 field studies) is 0.45 ± 0.22 (2σ ).
The CEs determined from laboratory experiments by Matthew and coworkers
(Matthew et al. 2008) for organic liquid coatings on dry ammonium sulfate, pure,
metastable ammonium sulfate, and pure, dry ammonium sulfate are shown as
the dashed, dotted, and solid lines respectively. Note there is not any organic
material in the uncoated metastable and dry particles (dotted and solid lines).
The TexAQS organic material is representative of aged urban organic aerosol
(Bahreini et al. 2009) and the ARCPAC organic material is representative of
aged biomass burning aerosol (Warneke et al. 2009). (Color figure available
online.)

The 3 datasets used in this work exemplify different regimes
of the H+/NH4

+/SO4
2−/NO3

− phase diagram, organic mass
fraction content, and sampling line RH (Figures S1–S3). How-
ever, the RH in the AMS sampling inlet was greater than 80%
only for the Boulder study and these data were also high in
ammonium nitrate content. Unfortunately, the effect of RH on
the CE could not be explored independently for these studies.
The data presented here were thus restricted to those where the
sampling line RH was less than 80%.

In order to demonstrate the various effects (acidity, nitrate,
and organic) on the AMS CE, ambient AMS mass concentra-
tions from all 3 field studies were calculated with a CE = 1 and
then compared with those obtained from other measurements.
Figures 2–4 show the ratio of AMS total (or nitrate + sulfate)
mass (CE = 1) to total (or nitrate + sulfate) mass from other
measurements plotted against parameters representing acidity,
nitrate content, and organic content. Note that these measure-
ments were obtained with carefully-operated instruments and
took into account variations in particle sampling sizes and
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264 A.M. MIDDLEBROOK ET AL.

sampling conditions. The data were filtered for all mass con-
centrations more than 3 times the detection limit and for less
humid conditions (sampling line RH< 80%). The mass ratios
in Figures 2–4 can be taken as estimates of the AMS CE or
apparent CE, assuming that all other effects have been properly
taken into account since AMS mass is now compared with the
corresponding mass (i.e., total – BC or nitrate + sulfate) from
other measurements.

Effect of High Aerosol Acidity
Figure 2 shows the effect of aerosol acidity on the observed

mass ratio. For clarity, periods with high nitrate content (es-
pecially observed with the Boulder data) were omitted. If in-
cluded in this figure, these data points would cluster around
NH4/NH4,predict = 1.0 and show a large range of observed mass
ratios due to the effect of nitrate content. The nitrate effect
is presented in more detail in the discussion below. The level
of particle acidity in the datasets is characterized by the ra-
tio between measured ammonium concentration (NH4) and the
theoretically predicted concentration of ammonium (NH4,predict)
needed to neutralize the inorganic anion mass concentrations
observed by the AMS:

NH4,predict = 18 × (SO4/96 × 2 + NO3/62 + Chl/35.45) [3]

where SO4, NO3, and Chl were the measured aerosol sulfate,
nitrate, and chloride mass concentrations (in µg m−3), respec-
tively, from Equation (2) with CE = 1 for all species. The
ratio NH4/NH4,predict is correlated with other parameters used to
represent acidity such as pH (Zhang et al. 2007b). The AMS-
measured chloride is typically dominated by ammonium chlo-
ride and not sodium chloride (e.g., Salcedo et al., 2006). Note
that this calculation neglected the possibility of ammonium be-
ing needed to neutralize organic acids, that a small fraction
of the sulfate and nitrate may be due to organosulfates and
organonitrates (Farmer et al. 2010), and assumes the particles
are internally-mixed with the same CE.

In field measurements Quinn and coworkers observed that if
sulfate was fully or partially acidic, the CE increased linearly
to 1 with increasing acidity (Quinn et al. 2006). For partially or
fully neutralized particles, the CE was 0.45. While the typical
default CE is 10% higher than this, the difference is small con-
sidering the 30% uncertainty determined for CE (Bahreini et al.
2009). The equation for CE used in the Quinn et al. work was
converted into a function of NH4/NH4,predict for Figure 2 as: CE
= max[0.45, 1.0–1.1 × (NH4/NH4,predict)]. As shown below and
in Figure 4, the average for ambient ammonium sulfate particles
is 0.45 ± 0.22 (2σ ), hence 0.45 was considered a lower limit on
the CE of ambient particles. Although the field data in Figure 2
agree with the previously published parameterization of Quinn
et al. when considering the observed variability as represented
by the error bars, the averaged dry CE appears to be more closely

represented by:

CEdry = max
(

0.45, 1.0 − 0.73 ×
(

NH4
/
NH4,predict

))
[4]

One potential explanation for this slight difference is that the
mass from fine particle volume shown in Figure 2 was corrected
for AMS lens transmission efficiency whereas the Quinn et al.
parameterization was based on the AMS sulfate mass compared
with PILS-IC sulfate mass and may not have accounted for
differences in particle transmission between the 2 instruments.

Effect of High Ammonium Nitrate Fraction
Figure 3 shows the variation in mass ratio as a function of

nitrate content in the sampled aerosol for the 3 studies. For
simplification periods where the acidity effect discussed above
is active are removed and only the data where particles were
mostly neutralized are shown. Here the aerosol nitrate content
is characterized by the ammonium nitrate mass fraction (ANMF)
as follows:

ANMF = 80/62 × NO3

(NH4 + SO4 + NO3 + Chl + Org)
[5]

where NH4, SO4, NO3, Chl, and Org were the measured aerosol
ammonium, sulfate, nitrate, chloride, and organic concentrations
(in µg m−3), respectively, from Equation (2) with CE = 1 for
all species. Again, this assumes that the particles are internally
mixed and have the same CE.

Previous laboratory and field work both yielded CE = 1 for
ANMF = 1 (Jayne et al. 2000; Crosier et al. 2007; Matthew et al.
2008; Nemitz et al. 2011). Yet, the previous work differed in the
CE for ANMF = 0 and how the CE increased with ANMF. The
CE parameterizations from previous work are shown in Fig-
ure 3. For this representation, the Crosier et al. parameterization
from field data which only included nitrate and sulfate mass was
converted into a function of ANMF neglecting the chloride and
organic concentrations: CE = 0.393 + 0.582 × ANMF. Note
that the ANMF-axis depicted in Figure 3 for their parameteriza-
tion (based solely on nitrate and sulfate mass) is not precisely the
same as for the other curves which included chloride and organic
content. For pure, dry mixed ammonium sulfate/ammonium ni-
trate particles with an ANMF less than 0.55, the laboratory CE
was similar to that of pure, dry ammonium sulfate where CE =
0.24 and fairly constant (Matthew et al. 2008). Above ANMF
= 0.55, the laboratory CE increased linearly with ANMF. For
the field data reported by Crosier and coworkers (2007), the
CE increased linearly from 0.4 for ammonium sulfate (ANMF
= 0) to 1 for ammonium nitrate (ANMF = 1). The Nemitz
et al. parameterization is from the EUCAARI (European Inte-
grated Project on Aerosol Cloud Climate Air Quality Interac-
tions) field project and is between the 2 other parameterizations
(Nemitz et al. 2011). The data reported here when taken together
with the previous field and laboratory studies suggest a different
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ANMF-dependent CE parameterization as follows:

CEdry = max(0.45, 0.0833 + 0.9167 × ANMF) [6]

in which a constant CE of 0.45 is used for ANMF ≤ 0.4 and a
linear CE increase up to 1 for ANMF > 0.4. The ANMF where
the CE increases in this parameterization (0.4) is a bit lower
than it is for pure, laboratory particles (0.55), perhaps due to the
effect of organic material in ambient particles.

Lack of Effect of High Organic Fraction
In the atmosphere, inorganic aerosol constituents such as

sulfate and nitrate are internally mixed with organic aerosol
material (Murphy et al. 2006; Zhang et al. 2007a). Laboratory
studies have shown an effect of the organic content on the AMS
CE when the organic material is a liquid coating on solid ammo-
nium sulfate (Matthew et al. 2008). In that work, the CE linearly
increased from the dry value up to 1 for an organic mass fraction
of approximately 50%. Whether or not the organic content has
an effect on the CE for ambient particles is explored here with
data from 2 field studies, where Figure 4 shows the observed
mass ratios as a function of organic aerosol mass fraction for
aerosols with dominantly an inorganic composition of ammo-
nium sulfate. Data points with high nitrate content (especially
observed with the Boulder data) were excluded from this figure
because the nitrate effect would obscure an organic effect on
CE. This figure indicates that changes in organic content be-
tween 25 and 80% do not have a clear effect on AMS CE. The
lack of a strong organic effect in the AMS CE may be consis-
tent with recent findings that ambient organic aerosols are solids
and not liquids at low relative humidities (Virtanen et al. 2010),
which are present in the AMS inlet. Furthermore, the aged ur-
ban aerosol (TexAQS) and the aged biomass burning aerosols
(ARCPAC) behaved similarly, which suggests that these types
of organic aerosol are probably not liquid when detected by the
AMS instrument. The overall average of all 12989 data points
from the 2 field studies is 0.45 ± 0.22 (2σ ). Note that this er-
ror bar represents the combined uncertainty of both the AMS
and UHSAS. These results need to be tested further with fresh
organic aerosols.

While laboratory measurements have shown a CE of approx-
imately 0.25 for pure, dry ammonium sulfate (Matthew et al.
2008), most ambient internally mixed sulfate/organic particles,
however, display a higher CE around 0.45 (Figure 4). In the
relative humidity range of 32–80% RH for dehydrating parti-
cles, pure ammonium sulfate particles are metastable liquids
in the atmosphere and have a statistically higher CE of 0.36
versus 0.25 for dry particles (Matthew et al. 2008). Yet the CE
for the metastable particles is also on average lower than the
CE for the ambient particles (Figure 4). Thus, it is possible
that the ubiquitous organic content plays a role in increasing
the CE of ammonium sulfate to about 0.45 in internally mixed
particles.

Effect of High RH
Because only the Boulder data had points when the sam-

pling line RH was greater than 80% and these points were
also high in ANMF, the effect of RH on the CE could not
be independently investigated for these studies. However, an
RH effect was observed in an ambient data set obtained at
Trinidad Head, CA, where the mass concentrations of sulfate
increased by a factor of about 2 when the RH was higher than
71% (Allan et al. 2004a). Here, an RH-dependent parameter-
ization of CE was estimated based on the laboratory work by
Matthew et al. (2008). Since particles lose water to some extent
in the AMS lens and vacuum chamber, the sampling line RH
where particles solidify in the AMS was typically higher than
the crystallization RH and where particles become liquid was
approximately equal to the deliquescence RH (Matthew et al.
2008). Matthew and coworkers showed that if the sampling line
RH falls between 80 and 90%, the CE increased linearly from
the “dry” CE. The observed relationship can be summarized as
follows:

CE = max(CEdry, (5×CEdry −4)+ (1−CEdry)/20×RH) [7]

where CEdry was the CE based on the dry particle composition
from either Equation 4 or 6 above and RH refers to the relative
humidity of the sampling inlet line (in %). If RH was not mea-
sured or was less than 80%, CE was set to CEdry. Again, this
estimation was approximate and did not take metastable phases
into account, other than ammonium nitrate. Additional studies

FIG. 5. The Comparison of the apparent CE (from the ratio of measurements
from multiple, carefully-operated instruments) from all 3 field studies with the
dry phase diagram for the H+/NH4

+/SO4
2−/NO3

− system at 298 K (Martin
2000). Note that the calculation of cation mole fraction (X) and anion mole
fraction (Y) only included the species H+, ammonium, sulfate, and nitrate for
the field data and did not include chloride or organic content.
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266 A.M. MIDDLEBROOK ET AL.

FIG. 6. Example of the acidity effect showing a portion of flight data from October 5, 2005 around Houston with the AMS CE = 0.5 (solid, black curve) or with
CE as a function of the composition-dependent algorithm. The calculated fine particle mass (Mfine) is shown in the top panel with the AMS plus black carbon (BC)
mass and the frequency distributions of the ratio of the AMS total mass from the 2 CEs plus BC mass to Mfine for the entire flight are shown in the bottom panel.
The gray region (top panel) shows ± 30% (2σ ) uncertainty in fine particle volume measurements and the dashed curve (bottom panel) is the Gaussian error curve
with the 2σ combined measurement uncertainty (45%). (Color figure available online.)

are needed to assess the RH parameterization of CE shown in
Equation 7.

A representation of the effect of acidity and nitrate content on
the apparent CE is shown in Figure 5 with the isothermal phase
diagram for the H+/NH4

+/SO4
2−/NO3

− system at dry conditions
(Martin 2000). In general, the apparent CE is broadly consistent
with known solid/liquid phases at 298 K. Variability is likely due
to drying in the AMS instrument and the relatively wide range of
sampling temperatures for the AMS (from 267 to 310 K for the
3 studies). Note that in addition to ionic composition, relative
humidity, and temperature, the phase of atmospheric particles
may also depend on the organic content or the presence of
inclusions to promote efflorescence of metastable phases such
as ammonium nitrate.

Algorithm Including All Effects
An algorithm was developed to estimate the chemical

composition-dependent CE according to the parameterizations
shown in Equations (4) and (6) for the 3 datasets (see supplemen-
tal information for the Igor procedure file). There were 2 main
steps to this algorithm. In the first step, the CE was estimated
with Equations (4) or (6). It is useful to note that the CE correc-
tions for nitrate content and particle acidity in these equations do
not conflict with each other since ammonium nitrate forms un-
der conditions when ammonium sulfate is partially or fully neu-
tralized at tropospheric temperatures (Wexler and Clegg 2002).
This is clear for the ARCPAC data set which spanned the 2
extremes, acidic and high nitrate content particles, during vari-
ous times in the field study (Figures 2, 3, and S3). Second, if the
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data contained points where the sampling line RH was greater
than 80%, these “dry” CEs would have been adjusted using
Equation (7). Because the data here were restricted to RH <

80%, the CE calculated only from step 1 was used. The particle
composition was assumed to be internally mixed and CE from
the algorithm was applied to all species equally for each data
point.

Using this approach, the CE was estimated for each AMS
measurement point in time and might introduce errors due to the
noise in the reported mass concentrations as a function of time.
Here, because most of the data were obtained from an airborne
platform and often varied significantly on short time scales, we
smoothed the measured species in the time series by at most
1 point (or 2 points for ammonium) and averaged the aerosol
mass distributions in the plumes whenever a size-dependent CE
was needed. Such time smoothing is recommended for future
studies when it helps reduce the effect of noise on the estimated
CE.

CASE STUDIES
As shown in Figures 2–4 and Figures S1–S3, TexAQS rep-

resents a study with pollution events that are acidic, Boulder
has variable and sometimes high nitrate content, and ARC-
PAC contains measurements with high nitrate content from a
flight above Colorado, has some acidic aerosol over Alaska, and
serves a test case to evaluate the effect of variable amounts of
organic material. In this work, the default CE is used to obtain
base-case mass concentrations (Figure 1). The base-case mass
concentrations are then compared with mass concentrations that
are calculated with variable CE values that are obtained from
composition-dependent algorithm using Equations 4 and 6.

Case 1: TexAQS-II, Summer/Fall 2006
Airborne measurements of aerosol chemical composition

were obtained as part of the Texas Air Quality Study/Gulf
of Mexico Atmospheric Composition and Climate Study
(TexAQS-II/GoMACCS) to understand air pollution around
eastern Texas (Bahreini et al. 2009). As shown in Figure 1 and
Table 1, 88% of the TexAQS data was within the experimental
uncertainties using the default CE of 0.5. Here, we discuss an
example of a specific flight where use of the default CE was
inappropriate.

For the flight of October 5, 2005, the average acidity was
higher than it was for most of the field study (Figure S1). The
top panel of Figure 6 focuses on a short time period of this flight
and shows the total mass from the AMS using CE = 0.5 and
also using the algorithm, mainly the acidity correction of Equa-
tion (4), plus BC mass. The calculated mass from fine particle
volume (Mfine) is also shown on this trace with its 30% (2σ )
uncertainty. Several points in the speciated mass from the AMS
with the default CE plus BC lie above this uncertainty band,
suggesting that the AMS mass calculated using CE = 0.5 is too
high. The distribution of the ratio of the speciated total mass
to the fine particle mass for the entire flight is shown in the

bottom panel. Note that when the CE algorithm is used, the
distribution in data points for this flight is much narrower than
the Gaussian distribution of random errors, demonstrating that
in some cases the particles are more homogeneous and the vari-
ability in CE is less than 30%.

Using the default CE, 90% of the AMS + BC data points
were within the experimental uncertainties (Table 1). When the
algorithm with the acidity correction to the AMS CE was applied
instead of the default CE, this fraction increased to 99%. For
this flight, the average ratio of the speciated mass to the fine
particle mass with the corrected CE was 0.98 ± 0.28 (2 standard

FIG. 7. Mass concentrations as a function of vacuum aerodynamic diameter
(dva) for various species measured with the AMS at Boulder, CO from 18:02
MST on February 6, 2005 to 02:02 MST on February 7, 2005 (top panel).
The mass concentrations for each species were calculated using the collection
efficiencies using CE = 0.5 for all species (dashed curves) and then using the
composition- and size-resolved CE algorithm (solid curves). The bottom panel
shows the frequency distributions of the ratio of the AMS to PILS mass for
nitrate plus sulfate mass using the default CE, the composition-dependent CE
algorithm, and the full composition- and size-dependent CE algorithm for the
entire field study. The dashed curve (bottom panel) is the Gaussian error curve
with the 2σ combined measurement uncertainty (45%).
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268 A.M. MIDDLEBROOK ET AL.

deviations), whereas it was 1.14 ± 0.48 (2 standard deviations)
with the default CE (Table 1).

Case 2: Boulder, CO, Winter 2005
We applied the CE algorithm to an AMS data set collected

during a ground-based study from January 26 to February 9,
2005 at a mesa site overlooking the southwestern edge of Boul-
der. For most of the study, aerosol sulfate was primarily in the
accumulation mode and aerosol nitrate, ammonium, and organic
material were distributed in the accumulation mode as well as in
a smaller mode (Figure S4). Because the AMS lens transmission
efficiency was 100% for particles between 100 and 560 nm and
there were times when a mode of smaller particles was present,
the CE algorithm was mainly evaluated for the time periods
where this small mode was not present (i.e., nitrate present in
the small mode was contributing to <40% of the total nitrate).
For these time periods, a large fraction of the ambient submicron
mass was measured by the AMS and the particles measured by
the AMS were likely measured by the bulk PILS-IC. There was
sufficient ammonium to fully neutralize both the sulfate and ni-
trate (slope of measured to predicted NH4 = 0.93, r2 = 0.88) and
the ANMF was often more than 60% across the size range with
most of the mass (Figure S4). Hence, a composition-dependent
CE is likely to help improve the ratio of AMS nitrate plus sulfate
mass to the PILS nitrate plus sulfate mass calculated using the
default CE (Figure 1). While the higher nitrate content affects
the overall applicability of CE = 0.5 for this dataset, the lack
of a strong size-dependence on the ANMF on average suggests
that applying a size-dependent CE might not be important for
this dataset.

There were, however, time periods where the ANMF varied
across the size range measured. An example of this is shown
in Figure 7. Here the ammonium nitrate mass fraction was
higher in the smaller mode than in the larger mode, making
the estimated CE change as a function of size. Applying the
composition-dependent CE algorithm as a function of size re-
sults in a slightly different shape to the mass distributions since
the CE was higher for the smaller particles where there was
relatively more ammonium nitrate. Unfortunately, high-quality,
dry volume distribution data are not available for this field study,
which would allow a direct evaluation of the composition- and
size-dependent CE.

For this dataset, mass distributions were obtained every 2.5
min and typically had sufficient signal-to-noise to generate a
CE from the algorithm using the mass distributions as a func-
tion of time. This composition- and size-dependent CE was
then applied across each of the species in individual mass dis-
tributions, which were integrated to give the final mass con-
centrations for each species. Using the default CE, 81% of the
mass ratios of AMS to PILS data were within the experimental
uncertainties (Table 1). When the algorithm with the nitrate-
content correction to the AMS CE was applied instead of the
default CE, this fraction increased to 95%. For both the bulk
and size-dependent CEs from the algorithm, less than 3% of

data points with mass ratios greater than 1 were outside the
maximum range of uncertainties from random effects whereas
for the default CE this fraction was 18%. The final mass ratios
of AMS to PILS data improved from 1.17 ± 0.78 (2 standard
deviations) using the default CE to 0.97 ± 0.48 (2 standard de-
viations) for the CE as a function of both composition and size
(Figure 7 and Table 1). While applying only the composition-
dependent CE algorithm to the entire field study improves the
mass ratios of the AMS to PILS for nitrate plus sulfate and
follows the Gaussian distribution of random errors from the
combined measurement uncertainties, using the composition-
and size-dependent CE narrows the distribution of data points
further.

Case 3: ARCPAC, Spring 2008
For the ARCPAC study, 18% of the data points had mass

ratios beyond the combined uncertainties when CE = 0.5 was
used (Figure 1), when less than 5% were expected due to ran-
dom effects. This case was the only 1 of the 3 studies where both
compositional extremes were observed: high acidity (Figure 2)
and high nitrate content (Figure 3). Furthermore, the particle
composition during the latter part of this field study was domi-
nated by organic material from aged biomass burning particles,
which had been transported to the Arctic from fires in Siberia
and Kazakhstan (Warneke et al. 2009). The BC mass fraction
for the entire field study including the biomass burning parti-
cles was less than 5%. When the composition-dependent CE
was applied, the mass concentrations for the acidic and nitrate-
dominated points were reduced and 13% more of the mass
ratios were closer to 1.0 and within the uncertainties (Figure 8).
The distribution created using the CE algorithm for the AMS
mass clearly fits the Gaussian distribution of random errors more
closely than that created using the default CE. The average mass
ratio and its standard deviation improved from 1.1 ± 1.7 (2

FIG. 8. Ratio of the AMS plus black carbon (BC) mass to the fine particle
mass (Mfine) for the entire ARCPAC study using either the default CE or the CE
algorithm. The dashed curve is the Gaussian error curve with the 2σ combined
measurement uncertainty (+56/–46%). (Color figure available online.)
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TABLE 2
Results from orthogonal distance regressions with an intercept through zero of the total measured mass, either from AMS + BC

versus fine particle mass, or AMS (nitrate + sulfate) versus PILS (nitrate + sulfate) for each study using different CE values
(shown in Figures S5–S8)

CE = 0.5 CE algorithm

Field study Number of data points slope R2 χ2 slope R2 χ2

TexAQS: all 13275 0.98 0.82 68509 0.96 0.90 29835
TexAQS: October 5, 2006 1543 1.15 0.72 10289 0.98 0.85 3699
Boulder 1228 1.23 0.80 3048 0.96 0.92 914
ARCPAC 2622 0.86 0.92 12827 0.89 0.95 8716

standard deviations) using the default CE to 0.99 ± 0.32 (2
standard deviations) using the composition-dependent CE algo-
rithm.

CONCLUSIONS
An algorithm was created for estimating AMS CE for field

data based on the aerosol chemical composition and sampling
line RH in addition to laboratory and field measurements of CE.
This approach improves quantification of AMS mass concen-
trations in comparison with other particle mass measurements
in cases where particles are acidic or contain large amounts of
nitrate, where the CE is actually higher than the default CE of
0.5. It is useful to note that for all 3 datasets particles that are not
acidic and do not contain large amounts of nitrate have a base
CE of 0.45. The default CE of 0.5 that has been typically used in
ambient AMS measurements lies within the uncertainty of this
value. In the datasets where the algorithm was applied, particle
composition sometimes varied across different size ranges and
a composition-dependent CE as a function of size was needed
to achieve better agreement with other particle measurements.
Consistent with previous results, in the base case scenario in
which CE = 0.5 is used for all data points, the agreement be-
tween AMS mass and external measurements of mass lies within
the experimental uncertainties for at least 81% of the data. In
all case studies, the systematic positive biases in the mass ratios
were indicative of the need for a higher CE than the default.
For these situations, the mass concentrations using the default
CE may be too high by as much as a factor of 2. In the field
studies examined here, the mass concentrations using the CE
algorithm compared with using the default CE decreased on av-
erage by 6% (TEXAQS), 16% (Boulder), and 10% (ARCPAC).
The departures from the default CE allow for better descriptions
of individual events and may be particularly necessary for en-
vironments with high acidity, nitrate content, and/or sampling
inlet RH. Tables 1 and 2 summarize how the algorithm improved
the mass ratio for all 3 studies, reducing the systematic positive
biases depicted in Figure 1 and increasing the linear correlation
between the various methods of determining submicron aerosol
mass. Furthermore, when the CE algorithm was applied, these
data points fell into the range of data expected by random error

of the combined measurement uncertainties with a 30% (2σ ) un-
certainty in AMS mass concentration. The variability in organic
content does not seem to correlate with obvious changes in CE
across the 3 environments. Due to the potential additional vari-
ation of CE at high humidity levels (Allan et al. 2004a; Ng et al.
2011), it is recommended that the AMS sampling line be dried
to low humidities (∼20% RH) before entering the AMS. This
strategy simplifies the application of the composition-dependent
CE determined in this paper and reduces further losses for par-
ticles that become too large to be transmitted through the lens
when hydrated. Although the application of this algorithm ap-
pears to provide reasonable AMS mass concentrations for these
field data sets, it should be tested with other data sets, especially
to determine effect of sampling line RH and different organic
materials in a variety of environments.
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FIG S1.  Chemical characterization of the measured aerosol mass during the TexAQS-II study 

depicted in the ratio of measured to predicted ammonium (top left panel), the ammonium nitrate 

mass fraction (top right panel), the organic mass fraction (bottom left panel), and the sampling 

line relative humidity (bottom right panel).The flight on 5 Oct 2005 is also depicted since it was 

a flight with higher than average acidity and is discussed more fully in the text.   
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FIG S2.  Chemical characterization of the measured aerosol mass during the Boulder winter 

study depicted in the ratio of measured to predicted ammonium (top left panel), the ammonium 

nitrate mass fraction (top right panel), the organic mass fraction (bottom left panel), and the 

sampling line relative humidity (bottom right panel).   
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FIG S3.  Chemical characterization of the measured aerosol mass during the ARCPAC study 

depicted in the ratio of measured to predicted ammonium (top left panel), the ammonium nitrate 

mass fraction (top right panel), the organic mass fraction (bottom left panel), and the sampling 

line relative humidity (bottom right panel). The flight on 1 Apr 2008 is also depicted since it was 

a flight over Colorado with higher than average nitrate content and is discussed more fully in the 

text.  
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FIG S4.  Average mass concentrations as a function of vacuum aerodynamic diameter (dva) for 

various species measured with the AMS in Boulder, CO from 26 Jan 2005 to 9 Feb 2005.  These 

concentrations were calculated using CE = 0.5 for all species.  The ammonium nitrate mass 

fraction for the average distribution is approximately 0.65 over the size range containing most of 

the aerosol mass.   
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Fig. S5. Mass from the AMS plus black carbon (BC) versus the fine particulate mass (Mfine) 

from the TexAQS field study. The default CE is used to calculate the AMS mass in the top panel 

and the CE algorithm described in this manuscript was used in the bottom panel. The linear fit is 

an orthogonal distance regression with an intercept of 0. The difference in slopes between the 

two is not significant. The decrease in χ
2
 indicates that the data obtained using the CE algorithm 

is better represented by a linear relationship to Mfine than the data obtained using the default CE.  
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Fig. S6. Mass from the AMS plus black carbon (BC) versus the fine particulate mass (Mfine) 

from 5 Oct. 2006 during the TexAQS field study. The default CE is used to calculate the AMS 

mass in the top panel and the CE algorithm described in this manuscript was used in the bottom 

panel. The linear fit is an orthogonal distance regression with an intercept of 0. The slope from 

the fit for the data using the CE algorithm is closer to one than the slope from the fit for the data 

using the default CE. The decrease in χ
2
 indicates that the data obtained using the CE algorithm 

is better represented by a linear relationship to Mfine than the data obtained using the default CE.  
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Fig. S7. Nitrate plus sulfate mass from the AMS versus nitrate plus sulfate mass from the PILS 

instrument during the field study in Boulder, CO. The default CE is used to calculate the AMS 

mass in the top panel and the CE algorithm described in this manuscript was used in the bottom 

panel. The linear fit is an orthogonal distance regression with an intercept of 0. The slope from 

the fit for the data using the CE algorithm is closer to one than the slope from the fit for the data 

using the default CE. The decrease in χ
2
 indicates that the data obtained using the CE algorithm 

is better represented by a linear relationship to Mfine than the data obtained using the default CE.  
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Fig. S8. Mass from the AMS plus black carbon (BC) versus the fine particulate mass (Mfine) 

from the ARCPAC study. The default CE is used to calculate the AMS mass in the top panel and 

the CE algorithm described in this manuscript was used in the bottom panel. The linear fit is an 

orthogonal distance regression with an intercept of 0. The slope from the fit for the data using the 

CE algorithm is closer to one than the slope from the fit for the data using the default CE. The 

decrease in χ
2
 indicates that the data obtained using the CE algorithm is better represented by a 

linear relationship to Mfine than the data obtained using the default CE.  
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IGOR Procedure File (ipf) for determining the composition- (phase-) dependent CE using 

Equations 3-7.   

 

Function CalcCE_fPhase(NH4_DL,CE_lowNH4) 

 Variable NH4_DL,CE_lowNH4 

 //  NH4_DL = ammonium detection limit 

 //  CE_lowNH4 = CE for points where ammonium is below its detection limit 

  

 //  Prior to running this procedure, all species must be calculated using CE=1. 

 //  The sampling line relative humidity (if measured) should be named "RH_SL" 

 

 wave SO4, NH4, NO3, Chl, org, RH_SL 

  

 // Create waves of each species to smooth for the calculations. 

 duplicate/o SO4 SO4_CE1 

 duplicate/o NH4 NH4_CE1 

 duplicate/o NO3 NO3_CE1 

 duplicate/o Chl Chl_CE1 

 duplicate/o org org_CE1 

 

 Smooth 1, SO4_CE1,NH4_CE1,NO3_CE1,Chl_CE1, org_CE1 

 

 Variable i 

 Duplicate/o SO4 PredNH4_CE1, NH4_MeasToPredict, ANMF 

 Duplicate/o SO4 CE_dry,CE_fPhase 

 CE_dry=nan 

 CE_fPhase=nan 

 

 // Equation 3 

 PredNH4_CE1=18*(SO4_CE1/96*2+NO3_CE1/62+Chl_CE1/35.45) 

 NH4_MeasToPredict=NH4_CE1/PredNH4_CE1 

  

 // Equation 5 

 ANMF=(80/62)*NO3_CE1/(NO3_CE1+SO4_CE1+NH4_CE1+Org_CE1+Chl_CE1) 

 

 // Calculate the dry collection efficiency, CE_dry 



 

10 

 For (i=0;i<(numpnts(SO4_CE1)+1);i+=1) 

  // Nan negative NH4_MeasToPredict points 

  If (NH4_MeasToPredict[i]<0) 

   NH4_MeasToPredict[i]=nan 

  EndIf 

 

  // Nan ANMF points if negative or more than 1 

  If (ANMF[i]<0) 

   ANMF[i]=nan 

  ElseIf (ANMF[i]>1) 

   ANMF[i]=nan 

  EndIf 

   

  If (PredNH4_CE1[i]<NH4_DL) 

   // In general, do not calculate CE for these points. 

   CE_dry[i]=nan 

   // In the CE paper, applied CE for low ammonium mass 

   // CE_dry[i]=CE_lowNH4 

  ElseIf (NH4_MeasToPredict[i]>=0.75) 

   // Apply Equation 4 

   CE_dry[i]= 0.0833+0.9167*ANMF[i] 

  ElseIf (NH4_MeasToPredict[i]<0.75) 

   // Apply Equation 6 

   CE_dry[i]= 1-0.73*NH4_MeasToPredict[i] 

  EndIf 

 EndFor 

  

 // Make CE_dry between 0.45 and 1 

 CE_dry=min(1,(max(0.45,CE_dry))) 

  

 If (WaveExists(RH_SL)==1) 

  // Apply Equation 7 

  CE_fPhase=(5*CE_dry-4)+(1-CE_dry)/20*RH_SL 

  For (i=0;i<numpnts(CE_fPhase)+1;i+=1) 

   If (RH_SL[i]<80 || numtype(RH_SL[i])==2 ) 

    CE_fPhase[i]=CE_dry[i] 
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   EndIf 

  EndFor 

 Else 

  CE_fPhase=CE_dry 

 EndIf 

  

 KillWaves SO4_CE1,NH4_CE1,NO3_CE1,Chl_CE1, org_CE1, PredNH4_CE1 

End Function 
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