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This paper describes the design and performance of a photo-
acoustic aerosol absorption spectrometer (PAS) built for operation
on a research aircraft platform. The PAS instrument is capable
of measuring dry absorption at 659 nm, 532 nm, and 404 nm,
and absorption enhancement due to coatings at 532 nm and 404
nm. The measurement accuracy for all channels is < = 10% and
inflight 1 Hz sensitivities lie within the range of 0.5-1.5 Mm™!
PAS measurements of calibrated absorbing aerosol samples are
shown to be consistent with measurements made by a previous
generation single channel photo-acoustic instrument. Aircraft data
collected during a recent field campaign in California are used to
demonstrate the capabilities of the PAS. In combination with an
aircraft cavity ring down aerosol extinction spectrometer described
in a companion paper, the new PAS instrument provides a sensitive
airborne in-situ characterization of aerosol optics.

1. INTRODUCTION

Black carbon (BC) is estimated to contribute about 20-50%
of the present-day warming of CO, (IPCC 2007; Ramanathan
and Carmichael 2008) and can also perturb atmospheric heating
profiles, cloud lifetimes and the development of regional pre-
cipitation patterns (Ramanathan and Carmichael 2008). Where
major sources of anthropogenic emissions and biomass burning
exist, BC aerosol can contribute 1.2—-1.8 K of heating per day
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(Ramanathan et al. 2007). Evidence is also emerging that the
climate impact of BC evolves throughout its emission to de-
position lifecycle, including changes to mixing state (Jacobson
2001), incorporation into clouds (Koch and Del Genio 2010)
and impact based on geographic location (i.e., above clouds
or snow, Flanner et al. 2007; Doherty et al. 2010; Zarzycki and
Bond 2010). Ramanathan and Carmichael (2008) identified four
major uncertainties in the understanding of the climate impact of
BC: vertical distributions, mixing state, emissions inventories,
and the indirect effect on clouds.

It is apparent that for most of its atmospheric lifetime, BC
is coated in inorganic and organic materials (Quinn et al. 2006;
Zhang et al. 2007; Schwarz et al. 2008a). These coatings can re-
sultin (1) collapse of the fractal BC cores emitted from efficient
combustion (Zhang et al. 2008) and (2) enhanced absorption
of BC by lensing radiation through the coating to the BC core
(Schnaiter et al. 2005; Bond et al. 2006). This lensing can in-
crease total absorption by 50 to 100%. In addition, recent studies
have shown that a significant amount of organic aerosol, which
can coat BC cores, also absorbs radiation at wavelengths from
mid visible (532 nm) to the near UV (350 nm) (Barnard et al.
2008). Not only does this so-called brown carbon (BrC) absorb
radiation itself, it too can generate a lensing effect upon coating
BC (Lack and Cappa 2010).

Given the potential climate impacts of the phenomenon out-
lined above, accurate in-situ measurements of the optical prop-
erties of BC and BrC are needed (Moosmuller et al. 2009).
Traditional thermal methods of measuring the mass of BC have
significant uncertainties or biases (Boparai et al. 2008). More
recently, measurements of BC through laser-induced incandes-
cence have provided powerful insight into the distribution of
BC from local to global scales (Schwarz et al. 2010) and on the
potential for BC particles to be coated (Schwarz et al. 2008b).
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These mass-based methods, however, do not directly measure
the radiative impact of BC or BrC absorption or the magnitude
of the absorption enhancement. Traditional filter-based methods
of measuring in-situ absorption also have been shown to exhibit
significant variability (Muller et al. 2011) and biases (Lack et al.
2008; Lack et al. 2009; Nakayama et al. 2010). Remote sensing
instrumentation, like sun photometers and satellites (Schmid et
al. 2000) provide column integrated estimates of ambient aerosol
optical properties but cannot easily deconvolve the mixing state
or contributions from non-BC absorbers. Photo-acoustic absorp-
tion spectroscopy (PAS) has been shown to have high accuracy
(Lack et al. 2006), the ability to measure absorption enhance-
ments from clear coatings (Lack et al. 2009; Havey et al. 2010),
be deployable on aircraft platforms (Arnott et al. 2006), show
immunity to biases observed for filter based methods (Lack et
al. 2009), and to be able to deduce the contributions of BrC
absorption (Lewis et al. 2008; Chakrabarty et al. 2010).

As the understanding of the climate impact of BC and BrC
evolves, it is apparent that some important progress in absorp-
tion measurement techniques must also occur. These include
(1) accurate, sensitive vertical profiling on airborne platforms,
(2) identification of the contribution of absorption via enhance-
ments (from organic and water coatings), (3) determining the
wavelength dependence of absorption in the visible/near UV
spectrum, and (4) characterizing absorption related to BrC. We
developed a high sensitivity aircraft PAS system that addresses
many of these issues. This PAS operates five independent cavi-
ties; three sampling dry aerosol at 404 nm, 532 nm, or 659 nm,
and two sampling thermo-denuded aerosol at 404 nm and 532
nm. Here, we focus on operation of this new instrument as re-
gards to the first three points and provide performance examples
from in-field deployment during the 2010 NOAA CalNex cam-
paign (http://www.esrl.noaa.gov/csd/calnex/). Details related to
BrC absorption as well as absorption enhancements attributable
to water uptake will be covered in future manuscripts.

2. INSTRUMENT DESIGN

Photo-acoustic spectroscopy utilizes a resonant cavity and
a laser that is amplitude-modulated at the cavity resonant fre-
quency (Fg). Absorption by constituents of the sampled air leads
to generation of a pressure wave that is amplified by the res-
onator. If the absorbed energy (in the form of a pressure wave)
reaches the sensitive microphones within the acoustic period
(1/Fg) the detected sound is directly related to the total light
absorption via a calibration constant. Delays in energy return
within the acoustic period result from energy investment into
evaporation, molecular dissociation or fluorescence or thermal
relaxation delays in large particles (Raspet et al. 2003; Mur-
phy 2009; Gillis et al. 2010). In the system described here, the
RH (<20%) and particle sizes (2 um size cut) are sufficiently
low that these issues negligibly affect the measured signal. The
technique has been widely applied to gas and particle phase
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absorption measurements. Arnott et al. (1999) and Négele and
Sigrist (2000) provide comprehensive descriptions of the PAS
technique which the reader is referred to for further details.

The PAS described here expands on the fundamental PAS
design by focusing on sensitivity, accuracy, and noise immunity
under field conditions. The instrument employs five cells; (1)
404 nm dry, (2) 404 nm thermo-denuded (i.e., heated), (3) 532
nm dry, (4) 532 nm thermo-denuded, and (5) 659 nm dry. Alter-
natively, the 532 nm thermo-denuded channel can be replaced
with a 532 nm elevated RH channel. The operating conditions
chosen for these cells simultaneously provide for the ability to
explore the wavelength dependence of absorption and the effects
of coatings.

The fundamental design principles to address the needs iden-
tified above and provide guidance for instrument development
(and described in detail in this manuscript) were identified as:

1. [Sensitivity] High laser power with low incident energy per
particle: PAS instrument sensitivity is directly related to laser
power, and yet particle properties can be altered (via incan-
descence or evaporation) if too much energy is introduced.

2. [Sensitivity + Airborne Deployment] Noise isolation: For
successful deployment on aircraft platforms physical isola-
tion from vibration and noise sources is essential. Other noise
rejection/cancellation/minimization design features are also
required to optimize operation.

3. [Accuracy] Regular calibrations/stable operating condi-
tions: Rapid temperature and pressure changes in an aircraft
can quickly de-tune a resonant PAS cavity. Temperature sta-
bilization, rapid pressure calibrations and accurate micro-
phone calibrations are essential to maintain high quality data
collection.

2.1. General Resonator Design

Figure 1 shows a schematic of the PAS cell design used in
the instrument. The cell design has changed considerably with
respect to a previous generation version described in Lack et
al. (2006). The cell is machined from aluminum and employs
dual half-wavelength resonators (11 cm long, 1.9 cm diameter)
capped on either end with % wavelength acoustic notches. Each
cell has a total sample volume of 185 cm?. Cell length was opti-
mized to produce resonant frequencies (Fg) within a range least
affected by NOAA WP-3D aircraft propeller noise and other
peaks in the acoustic noise spectrum of the aircraft operating
under common flight conditions. The dimensions produce an
Fg in the range of 1320-1360 Hz and cell quality factors (Q)
of 50-90 over the pressure and temperature ranges of 20-90
kPa and 285-295 K (Section 3.2 and Figure 3). While both res-
onators are open to sample flow, only one is exposed to power
modulated laser light; the other provides for noise cancellation
(Section 2.7). Knowles Acoustics! (Itasca, IL, USA) EK-3132
Electret microphones are placed at the antinode of the sound
wave at the center of each resonator (Figure 1). A Knowles
Acoustics EP-7369 speaker is placed in the background
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FIG. 1.

resonator and used to measure the cell F and measure Q (Sec-
tion 3.1). All cell connections are sealed with O-rings.

2.2. Lasers and Optics

The system uses two 60 mw, 403.6 nm diode laser modules,
one 60 mw 659.1 nm diode laser module (all from Diode Laser
Conceptsl, Central Point, OR, USA) and two 200 mw 532.1 nm
diode pumped solid state lasers (Snake Creek Laser!, Halstead,
PA, USA). Each laser’s wavelength was measured to ensure
accurate reference to absorption cross-sections of NO, and O3
used for calibration (Section 3.3). Here, we refer to each channel
as 404 nm, 532 nm, and 659 nm. Each laser is fitted with beam
collimation optics producing a < 1.5 mm diameter circular beam.
Laser power is modulated at the Fy of the cell. The lasers are
mounted directly into a 5-axis optic mount (Newport! LPV-1,
Irvine, CA, USA). This optical mount is placed directly behind
the entrance mirror of the astigmatic multipass cell (McManus
et al. 1995).

The astigmatic cell consists of two mirrors (ARW Optical,
Wilmington, NC, USA) spaced 35 cm apart, with the “entrance”
mirror having a cylindrical radius of curvature of 43 cm and a
2 mm hole drilled in the center. The second (or back) mirror is
also cylindrical with a radius of curvature of 47 cm, which is ro-
tated 90° to the radius of curvature of the entrance mirror. Each
mirror is coated with a dielectric coating (R > 99.5%) specific to
the wavelength of light in use. With appropriate alignment this
multipass configuration theoretically produces 182 passes be-

(1) Microphone:
Background

(2) Microphone: Signal
(3) Speaker

(4) AR Coated Window
(5) Mirror: Entrance

(6) Mirror: Back

(7) RH Probe

(8) Laser Mount

(9) Laser Power Meter
(10) Inlet

(11) Outlet

(12) %A Acoustic Notches

J

Horizontal cross-section of PAS resonator and schematic of the PAS cell and optical configuration described in Section 2. (Color figure available online.)

fore laser light exits the entrance hole. The PAS cell is mounted
within the path of the laser multipass. The multipath light passes
through the PAS cell via two 1 mm thick windows (CVI Laser’,
Albuquerque, NM, USA), each with a high-transmission an-
tireflective coating specific to the wavelength of light in use.
Each window has transmission of > 99.5%. The effective laser
power in each multipass cell can be calculated using equation 1
(Négele and Sigrist 2000), and is shown in Table 1.

Tn—l

trans

Pesp=Py— Y Py (1]

n—1

where Py is the free space power of the laser, n is the number
of passes (182) and Ty, is 0.985 (one mirror and two windows
per pass). After 182 passes through the system only ~5% of
the original laser power remains. Therefore ensuring that the
final pass exits the system is not essential. This small fraction
of total laser power may interact with the cell walls, and create
noise, although not significantly. Relative laser RMS power is
monitored on the backside of the back mirror using a photodiode
sensor (S120b, Thorlabs!, Newton, NJ, USA). Light exiting the
far mirror is focused onto the photo-diode using a bi-convex lens.
The PAS acoustic signal is linearly proportional to laser power
and therefore power variations lead to changes in instrument
response. The relative laser RMS power is used to normalize
the PAS signal and, therefore, remove this dependency.
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TABLE 1
Details of lasers, laser power, and effective PAS cell power. The PAS cell circulating power calculations are estimates based upon
alignment of the multipass cells for 182 passes

Power — free space

Power — effective Multipass power

Wavelength (nm) Manufacturer Modulation (mw) (mw) stability (8 h)

403.6 (404) Diode laser! TTL 60 ~3,800 <1%

532.1 (532) Snake creek Sine 200 ~12,500 <5%
Lasers!

659.1 (659) Diode laser Sine 60 ~3,800 <1%
Concepts!

2.3. Flow Control and Conditioning

Air is sampled into the PAS instrument through a single inlet
at a total flow rate of up to 10 LPM. The total flow is dried to
~10% RH using a nafion multitube drier (Perma Pure PD-100T,
25 cm length, stainless steel housing) and is split into five sepa-
rate lines using a custom built manifold. A mass flow controller
(MC-5LPM-D; Alicat Scientific Tuscon, AZ, USA) located at
the outlet of each cell is used to control sample flow and to
monitor cell pressure. Suction is provided by a single, com-
pact scroll pump (Air Squared V11H12N2.5, Broomfield, CO,
USA). Flow in each cell cannot exceed 2 LPM before flow noise
increases to prohibitive levels. At 2 LPM, the sample residence
time within each cell is approximately 5.5 s, which is sufficient
for rapid sampling on an aircraft platform. RH and tempera-
ture are monitored in each cell using a thermohygrometer probe
(HMP50; Vaisala, Helsinki, Finland) positioned through one of
the acoustic notch end caps. An electronically actuated 3-way
valve allows sample flow to be directed through a filter (United
Filtration Systems DIF-LKS50-1/4", Sterling Heights, MI, USA)
to provide particle free measurement. A Mercury pen-ray lamp
(UVP' 90-0004-01, Upland, CA, USA) is positioned within the
filtered flow line to provide ozone (O3) for calibrations. The flow
system is constructed primarily of aluminum to avoid particle,
O3 and NO; losses (the latter absorbing gases being used for
calibration). Sample flow can optionally be directed through a
thermo-denuder (Section 2.5).

2.4. Temperature Control

The F of PAS cells are sensitive to changes in operating con-
ditions and particularly temperature. We therefore pay particular
attention to controlling the temperature of each cell. The easiest
temperature control is usually to heat an instrument to a fixed
temperature that is higher than usually encountered. However,
water evaporation artifacts on the PAS signal rapidly worsen as
temperature increases because of the increased vapor pressure
of water (Murphy 2009). In addition, semi-volatile species may
start to evaporate. We therefore chose to control the 5 PAS cells
(housed within an acoustically and thermally isolated box) at
290 (£ 1) K using a thermo electric cooler (TEC) and controller
(TE Technology' LC-200, TC-36-25 RS232, Traverse City, MI,

USA). In addition, each cell is mounted on an individual TEC
(TE Technology1 HP-199-1.4-1.5, Traverse City, MI, USA) that
makes contact with the optical table through thermally conduc-
tive foam pads, the use of which minimizes vibration trans-
fer to the cells. These individual TECs maintain the individual
cell temperatures to within + 0.1°C (Wavelength Electronics
WTC3243, Bozeman, MT, USA). This finer temperature con-
trol limits Fy shifts associated with changes in temperature to
less than £ 0.3 Hz.

2.5. Thermo-Denuder

A custom thermo-denuder was built following the design of
Fierz et al. (2007). The denuder consists of a 35 cm long 6.35
mm OD stainless steel tube heated to 448 K followed by a 25 cm
section of 6.35mm ID perforated stainless steel tubing which is
surrounded in activated carbon felt (Kynol CAN-305-15, Amer-
ican Technical Trading Inc, NY, USA) heated to 523 K. At a
flow rate of 1 Ipm, the effective residence time in the thermo-
denuder is 1.5 s. The activated carbon section absorbs volatile
species that evaporate from the heated aerosol. It is periodically
regenerated by heating to >773 K. In the work by Fierz et al.
(2007) this denuder configuration was shown to have almost
complete removal of coatings of a semi-volatile organic com-
pound described as representing a “worst case scenario” (Di-
Ethyl-Hexyl-Sebecate, boiling point of 300°c) coating sodium
chloride cores. In addition, they showed minimal losses >20 nm
particle diameter at temperatures ranging from 298 K to 473 K
(see Section 2.8 for details of particle loss within the denuder
used for this instrument).

2.6. Physical Noise Isolation

Multiple layers of physical noise isolation have been built
into this instrument. Each PAS cell is ‘soft’ mounted to the opti-
cal table via four neoprene mounts. The optical table, on which
the five cells are mounted, is itself mounted to the PAS enclo-
sure using wire rope isolators (Enidine WR3-400-10-D, Orchard
Park, NY, USA.) The PAS enclosure is lined with thermally and
acoustically isolating foam rubber and is also mounted to the
instrument rack using wire rope isolators (Enidine WR3-100-
10-D). Finally, the instrument rack itself is mounted on wire
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rope isolators (Enidine WR6-600-10-D). All wire rope isolators
are specified to have frequency damping at the natural frequency
of the components being supported. All aluminum sample lines
are ‘soft’ connected to junction points using short collars of
conductive silicone tubing. At each connection point less than 5
mm of conductive tubing is exposed to the sample flow to mini-
mize any potential issues that have been shown to arise with the
use of conductive silicone tubing (Timko et al. 2009). All sam-
ple lines are also externally shrouded in soft neoprene rubber
to minimize vibration transfer from the ambient environment.
Noise buffers (in the form of in-line particle filters) positioned
between the PAS cells and pumps minimize the introduction of
pump noise into the sample volume.

2.7. Electronics/Software and Noise Isolation

In addition to mechanical noise isolation, attention has also
been given to acoustic and electronic noise isolation in the
present system. As mentioned in Section 2.1, the resonators
are capped on either end with acoustic notches. In theory these
notches cancel out any noise at the cell Fg. However, in prac-
tice their effectiveness does not reach theoretical limits, in part
due to physical limitations in machining purely symmetrical
resonators and notches. Any noise that is present at the Fp
within a PAS cell will be detected equally by the microphones
in both resonators. Differential amplification electronics sub-
tract the signal in both resonators to remove this background
noise. The amplifier chain also incorporates a band pass filter
that limits detectable signals to those with frequencies between
300 Hz and 10 KHz. The differential amplification does not
remove noise that is not common to both resonators, such as
that associated with absorption of the modulated laser beam by
the cell walls or windows. Such remaining sources of noise can
therefore contribute to the measured signal.

2.8. Particle Losses

Particle losses through the PAS cells from gravitational set-
tling and inertial deposition were evaluated using the Max
Planck Institute Particle Loss Calculator (von der Weiden et
al. 2009). For a 1 LPM flow rate, estimated loss within each cell
and through the inlet tubing is <1.5% for sub-1 um particles,
~6% for 2 um particles and ~30% for 5 um particles. The pre-
dicted loss of sub-1 um aerosol was confirmed experimentally
by measuring extinction (using CRDS, Langridge et al. 2011)
of mono-disperse polystyrene spheres before and after a PAS
cell. Particle losses through the thermo-denuder were calculated
to be < = 1% (1 um diameter) and were measured experimen-
tally (using CRDS) to not exceed 2% for particles < = 1 um
diameter. Particle losses through the drier were measured to not
exceed 10% for all aerosol diameters below 2 um (Langridge et
al. 2011). We do not correct data for these losses and, therefore,
reported data are a lower limit.
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3. INSTRUMENT CALIBRATION AND
CHARACTERIZATION

Measured photoacoustic absorption is acquired by modulat-
ing the laser in the cavity at the current Fx and then acquiring
1 s of microphone signal. That signal is then converted to the
frequency domain via a fast Fourier transform (FFT). All signals
that can not be distinguished from noise are then removed from
the signal of interest (Hildebrand and Sekhon 1974). After the
initial background is removed, the area of the residual signal is
integrated in the region of interest (i.e., about the F) and the
resulting integrated area (IA) is then converted to absorption via
a calibration based on the process described in the following
sections.

3.1. Resonant Frequency (Fg) and Cell Quality Factor
(Q) Characterization

During aircraft operation, cell Fg characterization is essen-
tial given that temperature and pressure change as the aircraft
changes altitude (Arnott et al. 2006). Characterization is com-
monly performed by scanning across the expected region of
resonance with a noise generator (e.g., speaker), which can take
several to tens of seconds to complete. Keeping the laser mod-
ulated at Fy is critical in order to maintain calibration, and so
we have implemented a fast method for determining F (simi-
lar to Arnott et al. 1999) A 1 s constant-power acoustic ‘chirp’
covering a broad range of frequencies in the region of interest
(expected Fr + 200 Hz) is introduced via the speaker. In the
frequency domain, the microphone-detected chirp appears as a
Gaussian that can be fitted to extract the cell Fr and Q (Fig-
ure 2). For a 1 s calibration, the resolution of F is 1 Hz. This
determination is automatically done at the beginning of every
filter cycle. During flight operation a speaker duty cycle of 320
s is typically used, although this parameter can be adjusted or
alternatively the user can initiate calibrations manually at any
time. After characterization, the modulation frequency of the
laser power is adjusted to the measured Fp.

FR
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FIG. 2. Speaker Chirp (gray) and returned PAS signal (black) used to charac-
terize Fr and Q of each cell.
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speaker amplitude.

3.2. Pressure and Temperature Dependencies

Laboratory tests were performed to determine the sensitivity
of this system to pressure and temperature changes. The system
pressure and temperature were adjusted to cover ranges likely
to be observed on a research aircraft. Figure 3 shows the Fg, O,
resonator time constant (Q/Fg), and the speaker amplitude as a
function of pressure and temperature for one cell. As expected,
F is most sensitive to temperature changes (at ~3 Hz K1)
illustrating the importance of the PAS cell temperature stabi-
lization. In contrast, the sensitivity of Fy to pressure changes is
relatively small at ~7.5x 102 Hz kPa~!. The sensitivity of Fg
to operating conditions shown here indicates the importance of
performing regular F characterizations during operation on an
aircraft.

3.3. Measurement Calibration
Absorption (bs,s) can be determined from PAS measure-

ments via a first principles calibration using equation 2 (Arnott
et al. 2006; Havey et al. 2010; Ajtai et al. 2010):

Pyic Ages T°F
babs — Mic Res R [2]
PLaser Y — 1 Q

where Py, is absolute laser power in the resonator, Ag,; is res-
onator cross sectional area, y is a thermodynamic term which
is constant in dry air (Arnott et al. 2006), and Py is the cali-
brated microphone signal (equivalent to IA). One limitation of
the system described here is that Py, can only be measured
in a relative sense, which prohibits simple application of the
first principles calibration shown in equation 2. We, therefore,
employ a hybrid approach, using regular empirical microphone
calibrations (to calibrate Py;.) and preflight Q and Fy calibra-
tions, to correct for the pressure dependencies.

3.3.1

The microphones are calibrated by correlating the micro-
phone response (IA) to known absorption levels of ozone (Lack
et al. 2006) quantified through concurrent CRDS extinction
measurements (Langridge et al. 2011). O; is introduced simul-
taneously into the CRDS and PAS cells in a parallel flow config-
uration. Gas phase absorption of O3 is measured by the CRDS
at 662 nm, 532 nm, and 405 nm, and is used to calibrate the
PAS 659 nm, 532 nm, and 404 nm channels. O3 cross-section
differences for the 662 nm/659 nm (405.5 nm/403.6 nm) pairs
differ by 0.5% (4%) (Burrows et al. 1999; Axson et al. 2011)
and, therefore, no correction (small correction) is applied to

Microphone Calibration



PHOTO ACOUSTIC AEROSOL ABSORPTION MEASURMENT FROM AIRCRAFT

the CRDS 662 nm (405.5 nm) measurements to account for
wavelength differences. Photolysis measurements were made
by running Oj; in series through a 532 nm CRDS cell, 404 nm
PAS cell and finally another 532 nm CRDS cell. No photolysis
was observed as Py, was cycled on and off and reduced.
NO; can also be used to calibrate the 404 nm channels (al-
though were not used for the 404 nm data presented here). The
CRDS data must be scaled by 10% to account for the differences
in the NO, crosssection at the CRDS and PAS wavelengths (Van-
daele et al. 1998; Langridge et al. 2011). Photolysis of NO, at
404 nm does occur within the PAS cell, due to the high den-
sity of 404 nm photons available. Photolysis is insignificant in
the CRDS cells due to very low power levels. Photolysis is de-
pendent on the exposure of NO, to 404 nm photons, which is
dependent on P; ., and residence time in the PAS cell. The pho-
tolysis factor is linear with Py, at a specific flow rate (the same
flow rate is always used for calibration). The CRDS measured
extinction during NO, calibrations is reduced by this photolysis
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factor. The photolysis factor for NO; introduces an additional
5% uncertainty to the 404 nm measurements.

This calibration approach relies on the CRDS and PAS cells
sampling equal concentrations of O3 or NO,. This assumption
was validated through laboratory experiments which showed
losses of <1% for both species when flowed through an as-
sembly consisting of two CRDS cells arranged either side of
a single PAS cell. To further test losses, a single PAS cell was
filled with NO, or O3 and then sealed while the temporal de-
cay in /A at 532 nm was monitored. Analysis of the decay rate
suggested losses of <1% for both species for flow rates used
in the current system. Figure 4c gives an example of an O;
calibration at 532 nm. It must be noted that absorption cross-
sections of NO, at 404 nm, 532 nm, and 659 nm, (Vandaele
et al. 1998) and by NO; (Orphal et al. 2003) at 659 nm are
significant (5.69e-19 cm?, 1.5x107" cm?, 6.81x1072! cm?,
and 3.43x107!8 cm?, respectively) and can cause significant
interference. It is, therefore, critical that Oz calibrations are
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FIG. 4. Steps involved in the calibration of PAS flight data. (a) Pressure dependence of PAS cell time constant (Q/Fr) measured during preflight (diamonds), in-
flight (dots), polynomial fit to preflight data (black dashed line), and pressure correction factor relative to calibration pressure (circles). (b) Removal of background
contributions from the measured PAS microphone signal. (c) Calibration regression for a gas phase calibration at 532 nm using ozone. (d) Final 1 Hz resolution,

pressure-corrected absorption data (bgps) at STP and 532 nm wavelength.
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performed using high-grade zero-air or oxygen to eliminate the
potential for interference.

3.3.2.  Pressure Dependency Calibration

During preflight zero air is introduced into the sample line
while the speakers in each cell are activated to provide contin-
uous measurement of Fg and Q as the pressure of the system
is reduced from ambient (~100 kPa) to about 40 kPa using a
needle valve. These measurements are used to correct the pres-
sure dependencies of the PAS cells.

Equivalent by, levels at a reference pressure (ref-P) and any
other pressure (P) are related by Equation (3):

_ Puicp Ares T Fp_p ;3]
PLaser Y — 1 QP

Puic—Refp Ares T2Fr_pesp
y—1 QORresp

PLaser

so that the ratio of the microphone signals at different pressures
(fpress) 1s given by Equation (4) (assuming constant Py, and

V)

Orerp Fr-p

Pric—refp
— = = fp (4]
Op Fr_refp e

Ppic—p
We fit a third order polynomial function to preflight O/F data
(Figure 4a, grey diamonds), which is validated by in-flight O/Fg
data (Figure 4a, black stars), which is collected when the speaker
calibration is activated at the start of each of the particle filter
periods (every 5 min). The pressure at which the microphone
calibration is performed is used as a reference pressure (Pcy)
and fpress 1S calculated using the polynomial fit information
(Figure 4a, black dots). PAS measured IA across the flight is
then corrected to Pcy USING fpregs-

3.3.3.  Postprocessing

The procedure used for converting in-flight /A measurements
to aerosol absorption values incorporates information from each
of the calibration steps described above. It proceeds as follows:

1. IA measured in flight is normalized to Pc, using the fpress
function measured preflight (Section 3.3.2). The standard de-
viation in this fit is propagated through to the final calculated
absorption.

2. IA measured during filter periods is smoothed to 10-s, lin-
early interpolated across the duration of the flight (black
line, Figure 4b) and subtracted from the sample IA (grey
data, Figure 4b) to produce the background corrected /A sig-
nal (black data, Figure 4b). This background subtraction ac-
counts for long-term changes in gas-phase absorbers. Short-
term changes are removed in step 4.

3. The microphone calibration slope from gas-phase measure-
ment data (Section 3.3.1) is used to calculate absorption from
the background-subtracted /A data, which are then converted
to STP (100 kPa, 273 K) (Figure 4d). The standard deviation
in this calibration is used for uncertainty propagation.
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4. Gas phase extinction data measured by the CRDS (Lan-
gridge et al. 2011) between filter periods are convolved to
the cell residence time of the PAS and subtracted from the
PAS absorption. This step is only undertaken for gas phase
absorption exceeding 0.5 Mm~!. For all flights during the
CalNex field mission, gas phase interference at 659 nm was
insignificant and PAS data did not require short-term correc-
tion. In addition, the thermo-denuder successfully removed
all gas phase interference from the thermo-denuded 532 nm
and 404 nm signals. Dry 532 nm and 404 nm PAS absorption
sometimes required between-filter period gas phase correc-
tions, mostly during urban pollution events. During these
events, gas phase absorption at 532 nm (404 nm) contributed
on average ~10% (~35%) of PAS-measured absorption. Fu-
ture development will incorporate a NO, and O3 scrubber to
avoid the need for gas phase subtraction.

3.4. Systematic Uncertainties

Systematic uncertainties in the measured absorption include
(a) the fit to the pressure dependency of IA (Figure 4a) and
(b) the fit to the microphone calibration slope (Figure 4c). The
calibration slope uncertainty is affected by the magnitude of
the measured absorption. In the laboratory, O3 and NO, can be
introduced at high enough concentrations to minimize the mi-
crophone calibration uncertainty. During the CalNex field cam-
paign this was not always the case due to limitations of in-field
resources. Fit uncertainties are added point by point in the data
processing steps. Ground-based data have a systematic uncer-
tainty, of no more than £5% for all wavelengths and channels.
This uncertainty is confirmed experimentally (for 532 nm only)
in Section 4.1. For aircraft-based measurement the average of
point-by-point uncertainties from over 20 flights of data were
less than £10%, due to addition of the pressure dependency
of IA. An additional absolute uncertainty of ~40.5 Mm™! is
generated through the background subtraction although this is
dependent on the signal to noise ratio of each flight.

3.5. Sensitivity

The sensitivity of each wavelength was calculated by measur-
ing the 2-sigma deviation around the mean for /A measured on
zero air (or free troposphere filtered air for in-flight) (Table 2).
For laboratory (surface) conditions the sensitivities at 659 nm,
532 nm, and 404 nm (including thermo-denuded channels) were
0.4, 0.15, and 0.2 Mm™!, respectively for 1 Hz data; the best
sensitivity performance under flight conditions for 1 Hz data
was 1.5, 0.75, and 0.5 Mm™!, respectively. Average sensitivity
performance, for dry absorption at 659 nm, 532 nm, and 404
nm under flight conditions for 1 Hz data was 2.0, 1.2, and 1.1
Mm~!, respectively. The thermo-denuder appeared to introduce
added noise in flight, possibly due to inadequate mechanical
isolation. For thermo-denuded 532 nm and 404 nm channels the
average sensitivity was 1.5 Mm™!. Deviations from sensitivi-
ties reported above resulted periodically from extreme aircraft
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TABLE 2
1 Hz sensitivity and uncertainties of the five PAS channels

Sensitivity - flight - best

Wavelength (nm) Sensitivity - ground (Mm™!) (average) (Mm™!) Uncertainty - ground  Uncertainty - flight
404 - dry 0.2 0.5(1.1) +5% +10%
404 - denuded 0.2 1.0 (1.5) +5% +10%
532 - dry 0.15 0.75 (1.2) +5% +10%
532 - denuded 0.15 1.0 (1.5) +5% +10%
659 - dry 0.4 1.5 (2.0) +5% +10%

noise, most often brought about by sharp turns and steep ascents
of the aircraft.

4. RESULTS
4.1. Laboratory Comparisons—Calibrated Absorbing
Spheres

The absorption cross-sections (o45;) of absorbing

polystyrene spheres (APSS) were measured (o aps.peqs) and
compared to the o aps calibrated (o aps.cq) USIng our previous
PAS instrument (Lack et al. 2006; Lack et al. 2009). Two sizes
of APSS were run through the new PAS system and results were
in very good agreement with previous measurements (Table 3).
The APSS were calibrated at 532 nm only and, therefore, no
comparison at other wavelengths was possible.

4.2.
4.2.1.
Here we show 1 Hz PAS data from a research flight to illus-
trate the in-flight capabilities. On the 19th of May 2010, during
the CalNex field campaign, the 5-channel PAS instrument flew
onboard the NOAA WP-3D research aircraft over Los Angeles.
Figure 5a shows ~90 min of 1 Hz data for the gas-phase cor-
rected dry absorption at each of the measurement wavelengths.
This figure also shows the wavelength dependent absorption
angstrom exponent (AAE) smoothed to 10 s resolution (and
only where absolute absorption was above background levels).
The AAE is calculated as the slope of the regression between the
plot of log(absorption) versus log(wavelength) (Moosmuller et

Field Deployment
Example Temporal and Vertical Profiles

TABLE 3
A comparison of the measured (0 gps.meqs) and calibrated
(0 Aps-car) Values of absorption cross section at 532 nm for

APSS
O Abs-cal O Abs-meas
APSSsize  Mm~'Yem™)or (Mm~'em ™) or
(nm) (1 x10%ecm? (1 x 1078 cm? Difference
327 0.028 £ 0.006 0.029 £ 0.003 +3.5%
376 0.051 £0.003 0.049 £ 0.003 —4%

al. 2011). Here we use all three absorption wavelengths to calcu-
late AAE404-532-659- Uncenainty in AAE404.532-659 1S calculated
as the measurement accuracy propagated in quadrature. Figures
5b and c show 3-wavelength absorption and AAE, respectively,
for a vertical profile during the flight, while Figure 5d shows the
PAS comparison to particle soot absorption photometer (PSAP)
measured absorption for that flight. PSAP to PAS regressions
for 659 nm, 532 nm, and 404 nm are 1.02, 1.03, and 1.06, re-
spectively. PSAP data were corrected using the procedures of
Virkkula (2010) and Virkkula et al. (2005), while PSAP data
at 469 nm was converted to 404 nm using an AAE of 1. We
did not use the PSAP-measured AAE for conversion to avoid
introducing a significant noise source into the 404 nm PSAP
data. An AAE of 1 does introduce some uncertainty that may
account for some of the difference between the PSAP and PAS
regression. However, for brief comparison purposes, an AAE of
1 is sufficient.

4.2.2.  Example Absorption Enhancement Due to Coatings
Here we demonstrate the capabilities of the PAS to measure
absorption enhancement (Ey,;) created by clear coatings on BC
cores, or added absorption due to BrC and E,,, on BC cores
(Lack and Cappa 2010). E4ps can be calculated from the ratio of
the dry absorption and the thermo-denuded absorption assum-
ing a complete internal mixture. This process assumes that the
non-BC coatings are entirely removed from the particles and
that pyrolysis of non-BC material does not occur; therefore the
measured E4,; will be a lower bound on the actual Ey4p,. During
the CalNex field campaign dry ambient air was passed through
the thermo-denuder on multiple flights. Figure 6 shows the mea-
sured absorption (1 Hz data) and the calculated E, for 532 nm
and 404 nm (smoothed to 1 min). Due to the low signal-to-noise
at the absorption levels measured the smoothed calculated Ej4p
contains significant variability. In Figure 6 periods that led to an
E4ps < 0 were removed for clarity of the figure. The E;, for 532
nm shows values ranging from ~0.7 and up to ~1.2. Consid-
ering the signal to noise and uncertainties of the measurements
this indicates minimal enhancement due to coatings and possi-
bly small issues regarding the removal of gas phase interference
(creating Esps < 1). At 404 nm, however, E,;s values of up to
2.5 were observed. As discussed in Lack and Cappa (2010) this
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FIG. 6. Dry and thermo-denuded 532 nm and 404 nm 1 Hz absorption (left axis). Calculated absorption enhancement (E4p;) at 532 nm and 405 nm shown in red

on the right axis (smoothed to 1 min). Uncertainties in Eops calculated through propagation of measurement accuracy. E4pg of 1 (i.e., no enhancement) shown as
gray line.
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Eps value may include contributions from either an enhance-
ment from clear coatings or absorption of BrC. Utilizing these,
and other measurements to elucidate the contributions of BrC
to absorption will be the subject of a subsequent manuscript.

4.2.3. Data Summary from Combined PAS Absorption and
CRDS Extinction Instruments

A companion paper (Langridge et al. 2011) describes the de-
velopment of a CRDS system for measuring multiwavelength
and multi-RH aerosol extinction. Figure 7 shows a vertical pro-
file of a selection of data measured and derived from the CRDS
and PAS instruments during a Calnex flight. During this vertical
profile, aerosol extinction was high (170-200 Mm ™' @ 532nm)
(Figure 7 panel a) while absorption was relatively low at 6-8
Mm~! (Figure 7 panel b), yielding aerosol single scatter albe-
dos (SSA = [extinction - absorption]/extinction) of 0.96-0.97
(Figure 7 panel d). The wavelength dependence (or Angstrom
exponents) for extinction and absorption are also shown in Fig-
ure 7 panel c. The SSA as a function of wavelength is one of the
primary determinants for the direct radiative impact of aerosols.
Aerosol extinction RH dependence (fRHgy) is an additional pa-
rameter required to determine the change in optical extinction as
a particle swells from dry to elevated RH (in this case ~15% to
85%). Figure 7 panel e shows fRHgy, of 1.6—1.8 for the example
vertical profile, indicating 60—80% increase in extinction from
15-85% RH. Above 825 meters (top of the boundary layer)
the pollution layer was substantially reduced, pushing the PAS
near its signal-to-noise limit for 1 Hz data, causing the signifi-
cant variability in derived AAE and SSA observed. In regions
where these low signal level parameters are required with bet-
ter certainty, averaging of the 1 Hz data would be necessary.
These profiles show the utility of the multiwavelength, multi-
RH capability of the combined instruments. Further assessment
of the data from both instruments will be the subject of future
manuscripts.

5. SUMMARY

The radiative impact of absorbing black carbon (BC) aerosol
is complicated by the addition of coatings of organic and inor-
ganic material on BC and an emerging understanding that some
organic aerosol may also absorb light (brown carbon, BrC).
Inaccuracies and biases in traditional measurement techniques
and lack of high quality spatial and temporal profiles contribute
to the uncertainty in the radiative impacts of absorbing aerosol.
Here we have described and demonstrated the utility of a three
wavelength, 5-channel photo-acoustic absorption spectrometer
(PAS) that is capable of sensitive measurement of absorption on
a research aircraft. This instrument will contribute to reducing
the uncertainties in the measurement of the absorption of BC,
BrC, and the effect of coatings on absorption of BC. The instru-
ment is capable of measuring vertical profiles of 659 nm, 532
nm, and 404 nm dry absorption and the absorption enhance-
ment due to semivolatile coatings on BC at 532 nm and 404 nm.
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In-flight sensitivity of dry absorption for 1 Hz resolution was
determined to be, at best, 1.5 Mm~!,0.75 Mm~', and 0.5 Mm™!
for 659 nm, 532 nm, and 404 nm, respectively. This sensitivity
is adequate for most measurements in a research aircraft envi-
ronment. However, future development goals of 0.1 Mm~! sen-
sitivity at 1 Hz have been set to obtain absorption measurements
comparable to the sensitivity of the laser incandescence-based
measurement of BC mass. Laser power is likely the most pro-
ductive path toward achieving this goal. The estimated in-flight
accuracy was determined to be <410% for all channels. The
combination of high laser power (via an astigmatic mirror mul-
tipass cell) and mechanical vibration isolation allowed for such
good sensitivity. The use of the matched wavelength aerosol
extinction from a new cavity ring down spectrometer (CRDS,
Langridge et al. 2011) for calibration purposes provides accu-
rate empirical calibrations. The instrument was compared to
calibrated absorbing polystyrene spheres and was found to be
within £4% of the calibrated standard. In-flight data compared
to filter-based absorption showed acceptable correlation and ab-
solute agreement when uncertainties of both instruments are
considered. The instrument design does not allow for absolute
laser power measurement thus restricting the use of the first
principles theoretical PAS calibration. However, future devel-
opment of this instrument will include application of the first
principles calibration, in addition to higher power lasers, re-
duced flow noise and additional vibration/noise isolation. The
choice of laser wavelengths and sample treatment within the
five channels (a restriction due to weight and space restrictions)
will also be investigated for optimal information retrieval (e.g.,
thermal-denuded 659 nm). The combination of the high sensitiv-
ity, high time resolution PAS absorption and CRDS extinction
will allow for unprecedented 4-dimensional analysis (altitude
latitude, longitude, and time) of the direct radiative impact of
atmospheric aerosol.

Note

1. Certain commercial equipment, instruments, or materials are iden-
tified in this article in order to adequately specify the experimental
procedure. Such identification does not imply recognition or en-
dorsement by the National Oceanic and Atmospheric Administra-
tion, nor does it imply that the material or equipment identified is
necessarily the best available for the purpose.
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