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ABSTRACT: We demonstrate a method to measure the absorption
spectra of gas and aerosol species across the visible and near-IR (500 to
840 nm) using a photoacoustic (PA) spectrometer and a pulsed
supercontinuum laser source. Measurements of gas phase absorption
spectra were demonstrated using H2O(g) as a function of relative
humidity (RH). The measured absorption intensities and peak shapes
were able to be quantified and compared to spectra calculated using the
2012 High Resolution Transmission (HITRAN2012) database. Size and
mass selected nigrosin aerosol was used to measure absorption spectra
across the visible and near-IR. Spectra were measured as a function of
aerosol size/mass and show good agreement to Mie theory calculations.
Lastly, we measured the broadband absorption spectrum of flame
generated soot aerosol at 5% and 70% RH. For the high RH case, we are able to quantifiably separate the soot and water
absorption contributions. For soot, we observe an enhancement in the mass specific absorption cross section ranging from 1.5 at
500 nm (p < 0.01) to 1.2 at 840 nm (p < 0.2) and a concomitant increase in the absorption Ångström exponent from 1.2 ± 0.4
(5% RH) to 1.6 ± 0.3 (70% RH).

Atmospheric trace gases and aerosols directly affect the
Earth’s radiation budget through the absorption of solar

radiation.1 Absorption by most gases is weak in the visible and
near-IR portion of the solar transmission window. This is also
the wavelength region where aerosols exert their greatest direct
effect, as particle size is comparable to the wavelength of light
and the number concentration is sufficiently high.2 Measure-
ment of aerosol absorption is challenging when compared to
gas-phase measurements. Aerosols can have large scattering
cross sections, negating the use of transmission spectroscopies
that are typically employed for measurement of gas-phase
absorption. Thus, alternative techniques are required to directly
measure absorption.
Photoacoustic spectroscopy (PAS) represents one method to

measure the absorption of gas and/or aerosol-phase species in
situ.3 A light source is modulated at an acoustic frequency (10
to 104 Hz) where light absorption and the concomitant thermal
relaxation lead to the generation of a pressure wave at the
carrier frequency that is detected using a microphone. PAS can
utilize either a nonresonant or resonant acoustic cavity, and
depending upon the nature of the sample, both have their
advantages and disadvantages.3b For a resonant acoustic cavity,
the acoustic pressure generated (p ̅) at the resonance frequency
f 0 depends on the absorption coefficient (αabs), the incident
optical power (W), the resonator length (L), and volume (V)
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where T is the temperature.4 The absorption coefficient (αabs)
represents the fractional loss in light intensity per unit
propagation distance (we use units of inverse meters, m−1)
and depends upon the particle’s absorption cross section (Cabs)
and number density (N) through

α = C Nabs abs (2)

The terms G and R in eq 1 represent the dimensionless
overlap integral that accounts for the shape of the resonator and
the relative response factor, respectively, which we assume to be
1. The measured signal is also dependent upon the bath gas in
which the measurement, taking place through the ratio of the
isobaric and isochoric specific heats, is given by the term γ (γ =
1.4 in air).3c Since measurements are performed in a resonant
acoustic cavity, the quality factor (Q) represents the ratio of the
resonance frequency ( f 0) to the half width (g) of the resonance

=Q
f

g2
0

(3)

The speed of sound is a function of temperature and gas
composition causing the resonance frequency to display a
similar dependence. Acoustic resonators with high Q are
achievable (>1000),5 but moderate values for Q (20 to 30) are
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preferred to reduce resonance sensitivity to changes in ambient
conditions.6 By measuring resonator response at multiple
frequencies ( f) around the resonance frequency, values for f 0
and g can be determined by fitting the resonance response
function4,5c
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where u and v are the real and imaginary component of the
acoustic response, A is the complex amplitude, and f ̅ is the
midpoint frequency between the highest and lowest measured
frequency. The terms B and C are adjusted background
parameters that account for the tails of other modes, frequency
dependence of the transducers, cross talk, etc. Since many of
the terms in eq 1 are constants, this expression can be
simplified and rearranged to solve for αabs
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where Pm, βm, and Cc are the microphone voltage measured at
the resonant frequency, the microphone sensitivity, and the cell
constant.7 Since the acoustic response (Pm) contains both real
and imaginary components, phase sensitive detection is
required. In practice, this can be done by taking the fast
Fourier transformation8 of the measured data in time or using a
lock-in amplifier.4,8a,9

Measured PAS signal is proportional to the peak-to-peak
source intensity, so it is advantageous to use high intensity light
sources. Gas-phase measurements can be performed at longer
wavelengths (specifically the telecom region) where fiber
amplifiers can achieve Watt peak powers.10 Most aerosol
experiments are limited to data collection at a few discrete laser
wavelengths (4 or less) where sufficient power is available (i.e.,
λ = 266 nm,11 355 nm,11,12 404 nm,7,13 532 nm,8a,b,11,13b,14 660
nm,13b,15 685 nm,8a 870 nm13a 1047 nm,14 and 1064 nm11),
minimizing resolution across the absorption spectrum. Each
discrete laser wavelength often requires its own acoustic
resonator, complicating the experimental setup. For low
power measurements, temporal resolution is sacrificed: 48 s
wavelength−1 in Reed et al.10 for measurement of CO2 versus 5
min wavelength−1 presently.
The narrow spectral features of gas-phase species allow

multiple species to be simultaneously measured in a spectral
region spanning only a few wavenumbers. Aerosols are
broadband absorbers spanning the UV to near-IR, requiring
significantly greater spectral coverage to adequately capture a
full absorption spectrum. Broadband measurements using an
Hg arc lamp,9a an optical parametric oscillator,8c or a
supercontinuum laser16 to collect PAS spectra using a single
acoustic resonator have been demonstrated. The Hg lamp of
Wiegand et al.9a is capable of providing 44 to 382 mW of power
at 8 discrete wavelengths spanning 300 to 700 nm with
bandwidths ranging from 8 to 64 nm at 20 s wavelength−1

temporal resolution. The supercontinuum laser of Sharma et
al.16 provided 16 to 86 mW of power at 5 discrete wavelengths
from 417 to 675 nm with bandwidths ranging from 56.4 to 80
nm at 3 to 4 min wavelength−1. In both of the described
systems, an optical filter wheel was used for wavelength
selection. The average powers of these systems are comparable
to some of the discrete emission line lasers employed in other
PAS systems and are larger than the ones in the present work
(14 to 27 mW). However, the bandwidths employed are

comparable to and larger than that used in the present work
(10 to 20 nm), respectively, and the wavelength resolution is
significantly less than in the present work (16 to 22 discrete
wavelengths spanning 500 to 840 nm; see Supporting
Information for a detailed list of peak powers and bandwidths)
at a comparable temporal resolution; higher wavelength
resolution is achieved here through the use of a tunable
wavelength and bandwidth filter. The OPO of Haisch et al.8c

provides less power (0.8 to 8 mJ) with comparable spectral
coverage (410 to 710 nm) but provides better wavelength and
temporal resolution, 150 GHz and 30 s wavelength−1,
respectively. They also achieve a 2.5 × 10−7 m−1 limit of
detection, comparable to some of the discrete emission line
laser systems and nearly 100 times lower than the values quoted
in the present work (see Supporting Information), by using a
microphone with lower noise and higher sensitivity than the
one used in this work.
Many greenhouse gases exhibit lifetimes on the order of

years so their concentration can be considered globally
distributed.1a Radiative transfer models for gases have been
developed that can parametrize the strength of gas phase
absorption based upon both temperature and pressure.17 The
parametrization of aerosols in radiative transfer models is more
complex due to their diverse physical, chemical, and
morphological properties and short atmospheric lifetimes.
From a first-principles approximation, particle absorption can
be calculated using either: (1) a particle size distribution,
number concentration, mass density, and refractive index18 or
(2) a wavelength dependent and size independent mass-specific
absorption cross section (MAC, in units of m2 g−1) and particle
mass concentration (M, in units g m−3).19 The first set of
assumptions may cause prediction errors due to uncertainties in
particle density. However, the dependence of spectral shape on
particle size will be captured. Under the second set of
assumptions, any spectral shape dependence on particle size
will be lost as absorption is directly calculated from MAC. A
recent modeling study by Moosmüller et al.20 demonstrated
spectral shape dependence on particle size for spherical brown
carbon particles (BrC). Measurements of aerosol light
absorption in the Amazon basin alluded to size dependent
optical properties; however, changes in physiochemical
composition could not be ruled out, disallowing a definitive
assignment.21 Other recent field-based investigations have
observed aerosol absorption changes with size but assigned
the spectral variation to changes in chemical composition
discounting any size dependent optical properties.22 To date,
measurements of the spectral dependence of chemically similar
aerosols as a function of size have yet to be experimentally
demonstrated.
In this investigation, we describe a technique to collect a

photoacoustic (PA) absorption spectra across the visible and
near-IR (500 to 850 nm) for both gas and aerosol phase
species. We first demonstrate the method by comparing
measured absorption spectra of H2O(g) to spectra calculated
using the 2012 High Resolution Transmission (HITRAN2012)
database.23 We then measure the MAC of aerosolized nigrosin,
a highly documented absorbing dye,9a,24 to show the first
experimentally measured dependence of aerosol spectral shape
on particle size and mass. Finally, we demonstrate that it is
possible to quantitatively measure both gas- and aerosol-phase
absorption spectra simultaneously using a broadband source
and that the spectral contributions from each can be separated.
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■ MATERIALS AND METHODS

The experimental setup used to determine water vapor and/or
aerosol absorption spectra is shown in Figure 1.

Absorption Spectrum Measurement. For a detailed
description of the determination of aerosol absorption
coefficients by photoacoustic spectroscopy, the reader is
directed to Arnott et al.;8a Lack et al.;8b Ajtai et al.;9b or Gillis
et al.4 Here, only a brief description of the PA, as shown in
Figure 2, for the measurement of absorption spectra, relative to
a single wavelength PA used in previous investigations, will be
provided.7,25

Wavelength selection and amplitude modulation of a
supercontinuum laser (NKT Photonics SuperK Extreme
EXR-15, ≈5.5 W over 475 nm to 2.5 μm, ≈1.5 W over 475
to 700 nm, 78 MHz repetition rate, 650 ps pulse width)26 was
performed using a tunable wavelength and bandwidth filter
(NKT Photonics SuperK Varia, output 475 to 850 nm) and
mechanical chopper (ThorLabs MC-2000 with MC1F30 blade)
driven by a function generator (Stanford Research Systems
DS345), respectively. The tunable wavelength and bandwidth
filter has a minimum bandwidth of <10 nm, a maximum
bandwidth of 100 nm, and >50 dB of out of band suppression
and is able to change wavelengths at greater than 10 nm s−1

with an absolute wavelength accuracy and repeatability of ±5
nm and <0.02 nm, respectively. The input and output of the
tunable wavelength and bandwidth filter are fiber coupled to
the supercontinuum laser and a protected silver reflective
collimator (ThorLabs RC04FC-P01), respectively. The laser
then travels in free space through the chopper and the PA cell.
An iris is situated ≈25 mm behind the chopper, and two more

irises are situated ≈25 mm before and after the resonator to
remove stray light from the collimator, light diffracted by the
chopper and light reflected by the face of the power meter,
respectively. At this aperture diameter, the irises serve to only
remove stray light and do not affect the total power
transmitted, although the beam width is a function of
wavelength (see Supporting Information Figure S1). Filter
bandwidth was chosen such that the total laser power reaching
the PA was a minimum of 14 mW, as measured by a calibrated
power meter (Newport, model 2931-C with 91D-SL-OD3
detector) situated at the resonator exit. For wavelengths where
the bandwidth required to obtain 14 mW would have been less
than 10 nm, the bandwidth was set to 10 nm. The average
power, bandwidth, and corresponding limits of detection can be
seen in Table S1 of the Supporting Information. The laser
power was chosen as a compromise between: (1) the reduction
of measurement noise via maximizing laser power, (2)
minimizing bandwidth for adequate spectral resolution, (3)
minimizing the effect of the nonlinear and nonuniform per nm
power density of the supercontinuum laser, and (4)
compensating for the output profile of the tunable wavelength
and bandpass filter (see Supporting Information Figure S2).
This method is in contrast to a similar supercontinuum
photoacoustic spectrometer developed by Sharma et al.16 where
the focus was on sensitivity at the expense of spectral resolution
(average bandwidth of ≈66 nm).
The microphone signal was conditioned with a low noise

preamplifier (Stanford Research Systems, model SR560) set to
6 dB/octave roll-off below 300 Hz and above 3000 Hz. The
conditioned microphone signal was passed to a lock-in
amplifier (LIA, Stanford Research Systems, model SR830, τ =
10 ms). The in-phase (x) and quadrature (y) components of
the LIA and the analog output of the power meter were then
sampled at 100 kHz for 1 s using National Instruments BNC-
2120 and PCI-6281 data acquisition boards and analyzed using
LabView 8.6 virtual instruments using custom written code.
Power meter data was analyzed by calculating the power
spectrum using a fast Fourier transformation (FFT). From the
power spectrum, the RMS voltage at the modulation frequency
(VRMS) was retained for further analysis while the remainder of
the data was discarded. This RMS voltage was multiplied by the
power meter’s range setting at each wavelength and √8 to
obtain the peak-to-peak laser power (Wpp). LIA data was simply
averaged. Absorption coefficients were then calculated from
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where the pairs x and y and x0 and y0 are the LIA voltages while
measuring aerosols or LIA signal with the laser off, respectively.
The terms Cc and βm represent the calculated cell constant of
the acoustic resonator and the microphone sensitivity as
measured using a constant-amplitude sound source, respec-
tively;7 presently, Ccβm = 0.187 V m W−1. In total, 30, 1 s
samples were analyzed and averaged. The 30 s averages were
binned and averaged to 5 min. The limit of detection (LOD) at
this averaging time, defined as three times the background
deviation, was calculated using an Allan variance and
determined to be 9.6 × 10−8 W m−1 independent of
wavelength; the corresponding noise equivalent power is 2.4
× 10−9 W m−1 Hz−1/2 at the nominal f 0 of 1640 Hz.
Wavelength regions were randomized at the start of each
experiment to reduce systematic errors.

Figure 1. Block diagram of the experimental setup used for absorption
spectral measurements. Acronyms: humidity generator (HG), differ-
ential mobility analyzer (DMA), aerosol particle mass analyzer (APM),
photoacoustic spectrometer (PA), and condensation particle counter
(CPC).

Figure 2. Schematic of the photoacoustic instrument used. Acronyms:
supercontinuum laser (SC), tunable wavelength and bandwidth filter
(TWBF), parabolic collimator (PC), fiber optics (FO), focusing lenses
(L1, L2), mechanical chopper (C), iris (I), mirror (M), window (W),
microphone (M), acoustic resonator (AR), power meter (PM),
aerosol inlet (In), outlet (O), low-noise preamplifier (AMP), lock-in
amplifier (LIA), and computer (CPU).
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Water Vapor Absorption Spectra. Moist air was
generated using a humidity generator (InstruQuest, Inc.
HumiSys HF) at multiple relative humidity values. The
absorption spectrum was measured using the PA at 15
wavelength sections spanning 625 to 825 nm. Measurements
with significant amounts of water vapor had an additional 7
wavelengths sections added around 725 and 825 nm to resolve
the absorption bands located there. The relative humidity (RH)
of the air stream was monitored by a RH and temperature
sensor (Air Chip Technology HygroClip2) that was calibrated
using a chilled mirror hygrometer (Edgetech Instruments
DewMaster). Absorption spectra were calculated using
HITRAN2012 with a resolution of 0.05 cm−1.23

Nigrosin Generation and Conditioning. Nigrosin
(Sigma-Aldrich, water-soluble) aerosols were generated from
2 mg mL−1 solution using a liquid jet cross-flow atomizer (TSI
3076, 30 psig). A portion of the generated flow (0.5 L min−1)
was sampled for conditioning and measurement while the
excess flow (≈1.5 L min−1) was exhausted to a fume hood.
Aerosols were conditioned by passing the stream through a
large diameter Nafion dryer (PermaPure MD-700-48F-3), a
pair of diffusion dryers (TSI 3062), and a tube furnace
(Lindberg-Blue Mini-Mite) at 150 °C. The relative humidity
(RH) of the air stream exiting the dryers was monitored using a
RH and temperature sensor and was typically <10 ± 2% RH
prior to optical measurement. The desiccant was replaced when
the air stream was >15% RH. The dry aerosol was then size-
selected using a differential mobility analyzer (DMA, TSI 3080
Electrostatic classifier with 3081L column) and mass-selected
using an aerosol particle mass analyzer (APM, Kanomax 3601).
Particle number concentration was measured using a
condensation particle counter (CPC, TSI 3775). Coupled to
the PA absorption measurement, the observables measured by
the APM and CPC of mass (mp) and number density (N),
respectively, allow for the calculation of aerosol MAC through

α
= =

Nm
C
m

MAC abs

p

abs

p (7)

The DMA is present to allow for isolation of the +1 charged
particle of interest.25

Solution Absorption Spectra. The absorption spectra of
5 × 10−3 mg mL−1 nigrosin solution under acidic, neutral, and
basic conditions were measured from 500 to 850 nm with a 4
nm slit width using a PerkinElmer Lambda Bio 20.
Soot Generation. Soot was generated using a Santoro

diffusion flame27 with ethylene fuel. Soot was aspirated into a
dry, HEPA-filtered carrier air stream via a sampling tube located
5 cm above the centerline of the burner. No further
conditioning of the soot was performed prior to size selection
by the DMA. Flows from the humidity generator and DMA
were merged prior to the APM for the measurement of soot at
elevated humidity.

■ RESULTS AND DISCUSSION
Water Vapor Absorption Spectrum. The water vapor

absorption spectrum from 625 to 840 nm is shown in Figure 3
for a relative humidity of 5% (black, xH2O = 1.28 × 10−3 ± 5 ×
10−5), 20% (red, xH2O = 5.14 × 10−3 ± 8 × 10−5), 40% (green,

xH2O = 1.03 × 10−2 ± 1 × 10−4), 60% (cyan, xH2O = 1.54 × 10−2

± 2 × 10−4), and 80% (blue, xH2O = 2.05 × 10−2 ± 2 × 10−4);

xH2O represents the mole fraction water at a given temperature

and pressure. The temperature of all experiments was 296.7 ±
0.1 K. The error bars correspond to the 2σ measurement
uncertainty. The absorption spectrum of H2O(g) was calculated
using Voigt profiles based on calculated collisional and Doppler
widths determined from HITRAN 201223 line parameters at
10% RH at 296 K with a resolution of 0.05 cm−1; this
corresponds to a nominal H2O(g) mole fraction of 2.76 × 10−3

in 1.01325 × 105 Pa (1 atm) of air (see Supporting Information
for all calculated spectra). To account for the bandwidth and
power density of the laser, absorption coefficients were
calculated as

∫
∫

α
λ λ λ

λ λ
=

S P

P

( ) ( ) d

( ) dabs
(8)

where S(λ), P(λ), and dλ are the signal intensity and power at a
given wavelength (λ) and the spacing between sequential
wavelengths, respectively. Power density was measured for
wavelength regions ≥600 nm using an optical spectrum
analyzer (Yokogawa AQ6370D; see Supporting Information
Figures S2 and S4 though S22). Across the set of wavelengths
where the measured absorption is above the limit of detection,
the average absolute value of the relative error is <16%. To
account for microphone response as a function of H2O vapor,
absorption was measured at the peak wavelengths of 725 and
820 nm, but no significant deviations from linearity were
observed (see Supporting Information Figure S23). Absorption
is also expected from water dimers28 and O2(g) in the near-IR,
neither of which were accounted for in the model described
above; O2(g) has an absorption peak at 775 nm of 3.5 × 10−5

m−1. The agreement between measured data and calculated
values suggests that H2O(g) can be used as a calibration source
for PAS in the near-IR.

Nigrosin Aerosol Mass-Specific Absorption Spectrum.
Nigrosin has been previously used as a model for absorbing
atmospheric aerosol9a,24 as it forms spherical particles8b that
absorb strongly across the visible region, with a well-defined
peak (solution absorption peak at ≈550 nm) making it an ideal
material to measure an aerosol absorption spectrum. Utilizing a
broadband source with sufficient resolution allows for relatively

Figure 3. Absorption spectrum of water vapor at 5% (black), 20%
(red), 40% (green), 60% (cyan), and 80% (blue) relative humidity.
Error bars correspond to 2σ of measurement uncertainty. Solid lines
correspond to the calculated absorption spectrum from HITRAN for
the specified bandwidths.
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small variations in the spectral shape to be resolved. By
selecting aerosol with known size and mass, the data can be
quantitatively compared to Mie theory.
The measured nigrosin aerosol mass specific absorption

spectrum for two mobility diameter and mass combinations,
250 nm and 1.04 × 10−14 g and 450 nm and 5.80 × 10−14 g, are
shown in Figure 4 as red squares and green triangles,

respectively; the solid red and green lines correspond to
MAC values calculated using Mie theory and a particle density
of 1.34 g cm−3 (average from mass distribution fits; see
Supporting Information for density measurements and
refractive index determination as a function of wavelength).
The solid black line corresponds to the measured mass-specific
absorption spectrum of a 5.0 × 10−3 mg mL−1 solution in base
(pH > 10). The error bars in MAC represent the 2σ
measurement uncertainty, as calculated from propagation of
uncertainty in the measured absorption, laser power, mass, and
number concentration. A total of 15 wavelength regions were
used, versus using 22 for water vapor, spanning 500 to 825 nm.
In this measurement, less resolution was required due to the
low RH (<10%) and the absence of fine structure as observed
with the H2O(g) measurement. As can be seen from Figure 4,
good agreement between the calculated and measured values is
obtained for all wavelengths measured with an average absolute
deviation of ≈7%. Uncertainties are greatest toward the blue
side of the spectrum and are most likely a result of using
extinction data to determine the refractive index29 and
extrapolating these values across the entire spectrum (see
Supporting Information for full discussion on how refractive
index values were obtained). To our knowledge, these nigrosin
absorption spectra represent the first well-resolved quantitative
experimental demonstrations on the chemically similar size
dependence of aerosol absorption spectra using a photoacoustic
spectrometer. Other measurements of aerosol light absorption
have alluded to size dependent optical properties; however, in
each instance, changes in physiochemical composition were
attributed to the size-dependent optical properties.21,22

Previous investigations have attempted to compare the
measured aerosol absorption spectrum to the same material in
solution.9a,30 However, both Mie theory and the data presented
here demonstrate that care should be taken with comparison
between solution- and aerosol-phase absorption measurements
as the spectral shape and MAC are a function of aerosol size.
Instead, we recommend that the wavelength dependent
refractive indices be used for comparison between solution
and aerosolized material as Mie theory calculations will capture
the spectral size dependence.

Soot and Water Vapor Absorption Spectrum. As a
demonstration of the utilization of the broadband photo-
acoustic technique over a wide spectral region, we measured the
absorption spectrum of soot generated from a Santoro diffusion
flame. Data were collected at both low (5%) and elevated
(70%) RH as shown in Figure 5a as the black circles and red

squares, respectively. The temperature of all experiments was
297.4 ± 0.2 K. The total measured absorption contains
contributions from both the soot and H2O(g).

α α α= +abs soot H O2 (g) (9)

The absorption by water vapor can be calculated using the
power-weighted absorption coefficients (αH2O(g)) determined
from HITRAN and the mole fraction water (xH2O).

α α=
×

× ×−
−x

2.73 10
(2.73 10 )H O

H O
3 H O

3
2 (g)

2

2 (g) (10)

The 2.73 × 10−3 term represents the mole fraction of H2O(g)
at 10% RH and STP. The absorption contribution from the
aerosol is simplified by assuming the absorption is described by

Figure 4. Measured nigrosin mass specific absorption (MAC)
spectrum for 250 and 450 nm mobility diameters; red squares and
green triangles, respectively. The solid black line corresponds to the
absorption spectrum of a 7.53 × 10−2 mg mL−1 solution. Solid red and
green lines correspond to calculated Mie theory values for the
corresponding sizes.

Figure 5. (a) Measured absorption spectrum of size and mass-selected
soot at 5% (black circles) and 70% RH (red squares). (b) Soot mass
specific absorption spectrum after removal of H2O(g) absorption. Solid
lines are fits to the data using eqs 12 and 11 in a and b, respectively.
Error bars represent 2σ of measurement uncertainty.
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a single power law expression, the absorption Ångström
exponent (AAE)20 where

λ=λ

−
⎜ ⎟⎛
⎝

⎞
⎠kMAC

500 nm0

AAE

(11)

Since particle mass and number concentration are also
known, it follows from eq 8 that

α λ
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3
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The fitting procedure was applied for each RH in Figure 5a,
as shown by the solid lines. From the fitted data, it is possible to
extract the soot absorption contribution from the total
absorption spectrum and calculate the soot MAC under both
conditions. The RH calculated from the fit, MAC at λ = 500
nm, and the AAE are shown in Table 1; uncertainties are 2σ.

Good agreement is obtained between the RH measured by the
probe and the calculated RH. For comparison, the low RH
MAC value of 5.2 ± 1.4 m2 g−1 at λ = 550 nm is lower than the
widely referenced Bond et al.31 and Bond and Bergstrom32

value of 7.5 m2 g−1 but is higher than our previous
measurements of 5.69 ± 0.83 m2 g−1 at λ = 405 nm using a
similar setup25b (extrapolation of our current value to λ = 405
nm yields 9.0 m2 g−1), likely from a lower organic fraction in
the soot used in this investigation.
The measured data show that both MAC and AAE of the

soot are a function of RH, with higher values being measured at
higher RH. The MAC enhancement is spectrally dependent
ranging from 1.5 at 500 nm (p < 0.01) to 1.2 at 840 nm (p <
0.2) causing a concomitant enhancement in the AAE from 1.2
± 0.4 to 1.6 ± 0.3. The measured enhancement can be
attributed to a thin surface coating of water. The magnitude of a
particle’s enhancement is likely a function of the wavelength
dependent dry particle absorption cross section, as discussed in
previous modeling results.33 Importantly, simulations have
shown that a thin coating of water on soot, regardless of its
thickness, leads to absorption enhancement,34 although
previous PAS investigations at RH ≥ 70% have measured an
absorption decrease.35 Attenuation of the absorption signal in
PAS at high RH has been rationalized by thermal transfer to the
water layer and energy loss through vaporization into the gas
phase.36 It is likely that water evaporation contributes to the
measured acoustic signal due to a pressure increase, but the
offset in energy transferred to the gas phase from the latent heat
of vaporization more than counterbalances this effect. Signal
reduction from coating vaporization at high RH is a limitation
of PAS and is a challenge to decouple the effect of the coating
from the intrinsic absorption cross section. It is important to
note that experiments presented here use an ultrafast, pulsed
laser source (78 MHz repetition rate and 650 ps pulse duration,
respectively), which we posit circumvents coating vaporization
as the particle thermal relaxation is faster than the evaporation

rate of water for soot. This is in contrast to previous studies that
utilize continuous-wave (CW) lasers, where particle heating
and cooling occur at the acoustic period (≈3 orders of
magnitude slower than the pulsed laser used in this study)
thereby allowing evaporation to occur and reducing the
apparent cross section.35 The effect of utilizing an ultrafast
pulsed laser source was investigated by measuring soot using a
CW source at identical time-averaged laser power and
wavelength (660 nm). Absorption cross sections were
measured at 5% and 70% RH. The measured absorption
cross sections for the CW laser were comparable within
measurement uncertainty at both RH values while the pulsed
laser source was enhanced by 21% at 70% RH. The presented
data suggest that through judicious choice of pulse duration
and/or source duty cycle one may be able to negate signal
dampening in PAS of humidified environments. More detailed
investigations are currently underway to fully understand these
observations.
The technique described is able to quantitatively measure the

absorption spectrum of gas and aerosol phase species across the
visible and near-IR and allows for the decoupling of each
phase’s contribution to the total signal. We used the technique
to measure the absorption spectrum of water vapor and
compared that to the spectrum calculated using HITRAN2012.
We then demonstrated the ability to quantify aerosol MAC by
measuring two size and mass selected particle distributions to
show that the spectral shape is a function of particle size,
consistent with previous modeling results.20 Unlike previous
measurements where particle composition was asserted to be
the driving force for changes in MAC and spectral shape,21,22

the observed changes presented have arisen solely from changes
in particle size. We conclude by demonstrating the ability to
decouple absorption signals from a gas and aerosol sample and
the ability to measure soot absorption enhancement at high RH
by utilizing a pulsed laser source.
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HITRAN and useful discussions about the physics of acoustic
responses, respectively.

■ REFERENCES
(1) (a) Hartmann, D. L.; Klein Tank, A. M. G.; Rusticucci, M.;
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