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ABSTRACT 
 

We report the development and validation of a new humidified aerosol single scattering 

albedometer to quantify the effects of water uptake on submicrometer particle optical properties.  

The instrument simultaneously measures in-situ aerosol light extinction (σep) and scattering (σsp) 

using a cavity-attenuated phase shift-single scattering albedo particulate matter (PM) monitor 

(CAPS-PMSSA, Aerodyne Research, Inc.).  It retrieves by difference aerosol light absorption (σap) 

and directly quantifies aerosol single scattering albedo (SSA), the aerosol ‘brightness.’  We 

custom built a relative humidity (RH) control system using a water vapor-permeable membrane 

humidifier and coupled it to the CAPS-PMSSA to enable humidified aerosol observations.  Our 

humidified instrument (H-CAPS-PMSSA) overcomes problems with noise caused by mirror 

purge-flow humidification, heating, and characterizing cell RH.  Careful angular truncation 

corrections in scattering, particularly for larger particles, were combined with empirical 

observations. Results show that the optimal operational size to be Dp < 400 nm.   The H-CAPS-

PMSSA was evaluated with several pure single-component aerosols including ammonium sulfate 

((NH4)2SO4), absorbing nigrosin, and levoglucosan, an organic biomass smoke tracer.  The 

measured σep, σsp, and the derived optical hygroscopicity parameter () for size-selected 

ammonium sulfate are in good agreement with literature values.  For dry size-selected nigrosin in 

the 100 < Dp < 400 nm range, SSA values increased from ~0.3 to 0.65 with increasing Dp.  The 

enhancement in nigrosin σap at RH = 80% was a factor of 1.05 to 1.20 relative to dry conditions, 

with the larger particles showing greater enhancement.  SSA increased with RH with the largest 

fractional enhancement measured for the smallest particles.  For polydisperse levoglucosan, we 

measured a κ of 0.26 for both light extinction and scattering and negligible absorption.  Our new 

instrument enables reliable observations of the effects of ambient humidity on mixed aerosol 

optical properties, particularly for light-absorbing aerosols whose climate forcing is uncertain 

due to measurement gaps. 
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1 INTRODUCTION 

 

Atmospheric aerosols have important effects on human health, regional haze, and climate 

forcing.  The latter includes both a direct effect (Yu et al. 2006) via light extinction, and indirect 

effects on cloud formation, properties, and lifetime for both liquid and ice clouds (DeMott et al. 

2010; Lohmann and Feichter 2005).  Light extinction by particles at a given wavelength (λ), 

quantified as an extinction coefficient (σep with dimensions of inverse length), is the sum of light 

scattering (σsp) and light absorption (σap) by particles.  The magnitudes and uncertainties of σep, 

σsp, and σap are critical for climate impact assessments. In particular, complex aerosol 

physicochemical properties, their heterogeneity in time and space, and the interplay between 

their light scattering and absorbing properties demand intensive research.   

 

1.1 Measurements of Particle Light Scattering Dependence on Relative Humidity  

Relative humidity (RH, %) affects aerosol water content and therefore optical properties and 

climate (Seinfeld and Pandis 1998).  These effects have been measured by nephelometry and 

other techniques since the ~1970s (Anderson and Ogren 1998; Heintzenberg et al. 2006; Tang et 

al. 2019).  Aerosol composition is critical for RH effects, as, primary soot carbon aerosols are 

generally considered hydrophobic (Bond and Bergstrom 2006), while inorganics such as 

ammonium sulfate ((NH4)2SO4) are hydrophilic (Xu and Penner 2012).  Fresh hydrophobic soot 

and organic aerosols are oxidized with age and mix with hydrophilic components enhancing 

water uptake. As particles grow with RH, the aerosol lifetime, particle cross-sectional area, 

volume, composition, and refractive index change.  Competing effects of humidity on σap include 

amplification by lensing effects, reduction by compaction (China et al. 2013), and larger 

scattering.  Lacking humidity-dependent observations, particularly for light-absorbing aerosols, 

aerosol representations in models have large uncertainties (Cappa et al. 2012; Matsui, Hamilton 

and Mahowald 2018; Wang et al. 2018).   

 

A common intensive parameter is the light scattering hygroscopic growth factor, f(RH), that is 

the ratio of σsp at a given λ at high RH (typically RH > 80%) to that at RH < 40%, also defined 

similarly for σep or σap (Equation 1).  

 

𝑓(𝑅𝐻) =
𝜎𝑠𝑝,λ,𝑅𝐻ℎ𝑖𝑔ℎ

𝜎𝑠𝑝,λ,𝑅𝐻𝑙𝑜𝑤
     Equation 1 

 

Petters and Kreidenweis (2007) developed a single κ-parameter model of particle diameter (Dp) 

hygroscopic growth factors (D/Do).  This was extended to light extinction relating f(RH) to an 

optical hygroscopicity (κep) parameter (Brock et al. 2016a; Brock et al. 2016b), and defined 

similarly for κsp and κap with several simplifying assumptions (Equation ).  To approximate and 

compare hygroscopicity for different aerosol compositions, we use the ‘optical κ’ metric with ep, 

sp, ap subscripts as appropriate, and distinguish it from the κ-parameter for D/Do. 

  

ĸ𝑒𝑝 = (𝑓(RH)𝑒𝑝 − 1) ∗
100−𝑅𝐻

𝑅𝐻
    Equation 2 

,  
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In general, hygroscopicity decreases with increasing aerosol carbonaceous fraction in biomass 

burning aerosols (Carrico et al. 2005; Malm et al. 2005) and ambient aerosols (Orozco et al. 2016; 

Quinn et al. 2005).  However, this decrease depends on carbonaceous speciation and aging.   

 

1.2 Measurement of RH Dependence of Spectrally Resolved Light Absorption 

 

The climatic importance of light-absorbing mixed carbonaceous aerosols and their 

hygroscopicity are well-recognized and depend on their composition, mixing state, and 

morphology (Bond et al. 2013).  ‘Black carbon’ (BC) or ‘soot’ form fractal-like agglomerates of 

refractory carbon spherules (Dp ~ 20nm).   Although fresh BC is hydrophobic, oxidation, and 

mixing with inorganics both increase hygroscopicity over time (Zhang et al. 2020). 

 

Biomass burning emits or leads to secondary formation of less refractory ‘brown carbon’ (BrC) 

with stronger absorption in the blue and UV than BC (Lack et al. 2012; Lee et al. 2020).  BrC is 

a key absorbing species whose RH dependence is poorly characterized (Washenfelder et al. 

2015).  A lensing effect of mixed BC-BrC aerosols can shift a net cooling to net warming (Saleh 

et al. 2013; Saleh et al. 2014).  Furthermore, BrC evolves as it is transported downwind where 

oxidization can lead to bleaching (Forrister et al. 2015) or cloud processing can produce BrC.  

Oxidation also increases aerosol polarity and hygroscopicity (Duplissy et al. 2011; Gorkowski, 

Preston, and Zuend 2019).   

 

Common absorption techniques, such as the multi-wavelength aethalometer and the Particle Soot 

Absorption Photometer (PSAP), measure filter deposits rather than in situ (Cross et al. 2010). 

Filter absorption overestimates result from imperfect scattering corrections (Bond, Anderson and 

Campbell 1999; Drinovec et al. 2015) and organics modifying the substrate optical properties 

(Cappa et al. 2008).  Several correction schemes, including shadowing and multiple scattering in 

the filter matrix, have been applied to dry aerosols (Coen et al. 2010; Petzold et al. 2013).  Due 

to filter effects on water uptake, the aethalometer is poorly suited to RH studies (Arnott et al. 

2003).  Other direct in situ techniques (e.g., photoacoustic and photothermal) are also subject to 

interferences at higher RH (>30%) due to evaporation limiting their utility (Diveky et al. 2019; 

Lewis et al. 2009).   

 

The single scattering albedo (SSA) quantifies the relative importance of σsp at a given 

wavelength, λ and depends on RH (Equation 2). SSA determines whether a given aerosol warms 

or cools climate (Russell et al. 2002).  Observations of SSA(λ, RH) are critical to quantify the net 

climate forcing as σsp and σap have different κ.   

𝑆𝑆𝐴(𝜆, 𝑅𝐻) =
𝜎𝑠𝑝,λ,RH 

𝜎𝑒𝑝,λ,RH 
     Equation 2. 

Previous studies of RH-dependent optical properties have simplistically assumed constant 

σap(RH) (Carrico et al. 2003).  Accurate measurements of the RH dependence of σap and SSA are 

needed to quantify direct and semi-direct (cloud evaporation by BC solar heating) climate 

forcing of aerosols. 
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1.3 Evolution of Humidity Dependent Aerosol Optical Property Instrumentation 

Beyond nephelometry, several RH-controlled techniques exist.  Traditional light extinction 

methods rely on long, open-path, instruments with low sensitivity or are ill-suited for in-situ 

process studies (Gordon et al. 2018; Malm and Persha 1991).  Several instruments have 

measured λ-dependent light extinction in-situ including the cavity ring-down spectrometer 

(CRDS) (Baynard et al. 2007; Langridge et al. 2011; Washenfelder et al. 2013). Using cavity 

ring-down spectroscopy, Baynard et al., (2006) and Langridge et al., (2011), explored 

hygroscopicity and light extinction of inorganic-organic mixtures and ambient aerosols.  Recent 

studies used a cavity-enhanced albedometer at λ = 532 nm, similar to our instrument, to measure 

the RH dependence of light extinction and scattering by mixing dry and humid flows (Zhou et al. 

2019); (Zhao et al. 2017; Zhou et al. 2020).  These studies used truncation reduction tubes to 

limit angular truncation losses, but size-dependent truncation corrections were not explored 

(Zhou et al. 2020).   

 

Other advanced σap techniques rely on photoacoustic spectroscopy (PAS) which is limited to dry 

aerosols due to laser heating (Arnott et al. 2003; Arnott et al. 1999; Flowers et al. 2010).  This 

heating affects the dynamic partitioning of water and was first identified by Arnott et al. (2003), 

measured in situ by Lewis et al., (2009), and quantified as a function of particle size later 

(Diveky et al. 2019).  Langridge et al. (2011) showed that nonlinearities in PAS signals limit the 

use to low RH.  Combinations of multiple optical instruments have probed RH dependence, 

though often on different sample flows or differing λ. 

 

The Cavity Attenuated Phase Shift Particulate Matter Extinction instrument (CAPS-PMex) 

originally measured only σep.   To quantify SSA, past measurements used a combination of 

instruments, for example, CRD spectroscopy and nephelometry (Singh, Fiddler, and Bililign 

2016).  The  Cavity-Attenuated Phase Shift particulate matter-single scattering albedo (CAPS-

PMSSA) monitor measures both light extinction and light scattering simultaneously for the same 

aerosol volume (Onasch et al. 2015).  We summarize the SSA and absorption techniques, their 

applicability or limitations for RH dependence measurements, and other key features in Table 1.   

 

2 MEASUREMENT SYSTEM DETAILS 

2.1 CAPS-PMex and CAPS-PMSSA Instruments 

We report here the development, calibration, and evaluation of a novel humidity-controlled 

cavity attenuated phase shift particulate matter albedometer (H-CAPS-PMSSA). The CAPS-

PMSSA instrument at the heart of this measurement system, is a recent, commercial in-situ flow-

through optical instrument at a discrete λ (Onasch et al. 2015). The basic instrument geometry is 

illustrated in our system design diagram in Figure 1, and its design and performance are detailed 

in Onasch et al., (2015) and references therein.   It simultaneously measures σsp and σep in the 

same volume and hence aerosol SSA and σap.  The humidity-controlled H-CAPS-PMSSA 

instrument is based on the design of a dual-nephelometer f(RH) light scattering system (Carrico 

et al. 2018; Gomez et al. 2018) that was modified for use a single CAPS-PMSSA instrument as 

described below.   

 

The original CAPS-PMex instrument measures light extinction only and reduces the detection 

threshold and path length constraints with an in-situ light-emitting diode (LED) phase-shift 
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method. It uses light reflection off of mirrors at the ends of a ~0.2 m physical cavity (Freedman 

2014).  The CAPS-PMex optical cell is fitted with high reflectivity mirrors (R ≥ 0.9998) at each 

end. This configuration gives it an effective path length of ~2 km with repeated reflections.  Thus 

it can measure with a lower detection limit (LDL) of 2 Mm-1 at 1 s, or less at longer time-scales 

(Kebabian, Robinson and Freedman 2007; Massoli et al. 2010).  Massoli et al. (2010) found 

similar performance with extinction precision of ±3% for pure scattering aerosols that agrees 

with Mie modeling within the 10% uncertainty in particle counting and a 3- detection limit of 3 

Mm-1 at 1-s.  The LED light source outputs a modulated square wave that is transmitted through 

the input mirror into the cavity.  The light leaks through the output mirror and reaches a large 

vacuum photodiode (LVPD) detector. A phase shift of the light occurs over the folded light path 

that is proportional to the light extinction as well as the known cell geometry (Onasch et al. 

2015).  The CAPS-PMSSA incorporates a Lambertian integrating sphere nephelometer to 

maximize scattered light collection within a standard extinction cell of the CAPS-PMex. The 

scattering channel uses a photo-multiplier tube (PMT) detector perpendicular to the sample cell 

that is activated only when the LEDs are switched off, and thus the PMTs only measure the light 

scattered by aerosols inside the sample cell.  Pressure and temperature sensors allow correction 

and subtraction for real-time changes in air Rayleigh scattering.  A comparison of CAPS-PMex 

with a nephelometer and PSAP showed linear relationships with actual light extinction for many 

aerosol types (Petzold et al. 2013).   

 

The CAPS-PMSSA instrument measures σep and σsp in a common sample volume at a discrete λ 

determined by the LED (Onasch et al. 2015).  Our instrument uses λ = 450 nm with a 20 nm 

bandwidth (Kebabian, Robinson, and Freedman 2007).  This exploits the larger scattering and 

absorption signals at shorter λ, reduced water vapor absorption, and to probe brown carbon 

properties.  The scattering channel is calibrated to the extinction of a non-absorbing aerosol 

(Onasch et al. 2015).  CAPS-PMSSA scattering and extinction yield precise estimates of SSA as 

their ratio and sensitive estimates of absorption as the difference between them (Onasch et al. 

2015).  The result is a measurement of SSA to within 5-10% based on extensive field testing 

(Modini et al. 2020).  SSA approaches one for a negligible absorber (e.g., ammonium sulfate and 

polystyrene latex spheres or PSLs) while decreasing toward zero for a strong absorber like soot.  

The SSA versus light absorption error relationship is non-linear σap is a small difference between 

two increasingly large signals with increasing SSA.  At SSA ~ 0.05, the CAPS-PMex has an 

accuracy of 5% for σap. However, at SSA ~ 0.50, the uncertainty in σap is ~13% and increases to 

above 60% for SSA values larger than 0.95  (Onasch et al. 2015).  A comparison of SSA from 

the CAPS-PMSSA with the CAPS-PMex plus aethalometer diverged at low SSA, attributable to an 

absorption bias in the aethalometer (Han et al. 2017).  Much of the uncertainty for low SSA 

aerosols relates to the absorption efficiency of coated soot spheres and modeling of core-shell 

versus uniform absorbers in filter-based studies (Brem et al. 2012).    

 

The CAPS-PMSSA has a small angular cone in the forward and backscatter directions where 

scattered light escapes the cell. This angular truncation is independent of absorption but depends 

on the scattering phase function and requires corrections (Liu et al. 2018).  The open tube ends 

cause minor angular truncation and together with the 98% reflectivity of the integrating sphere 

cause a low bias in light scattering (Han et al. 2017).  Onasch et al. (2015) correct for the 

truncation CAPS that increases with particle size. Several studies have examined and developed 
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truncation correction schemes (de Faria et al. 2017; Jie et al. 2016; Liu et al. 2018; Modini et al. 

2020).  The CAPS technique also requires a geometry factor correction to compensate for signal 

distortion in the photodetectors by the purge flows in the cell’s mirrors (Onasch et al. 2015). The 

CAPS-PMex monitor uses a geometry correction factor of 1.27, while the CAPS-PMSSA monitor 

uses a correction factor of 1.37 (due to a slightly shorter pathlength). We carefully implement 

and evaluate these corrections in our algorithms and perform experiments on size selected pure 

aerosols whose optical properties and water uptake are well known to calibrate the system.  

 

2.2 Humidified CAPS-PMSSA Measurement System Design Details 

We integrated the CAPS-PMSSA instrument into a measurement system that includes external 

RH/temperature (RH/T) sensors, temperature control, and a humidification system including an 

electronically actuated 3-way valve to select the dry or humid lines using a single CAPS-PMSSA 

instrument (Figure 1).  At the system inlet, a manual stainless steel 3-way ball valve allows 

aerosol sampling as well as zero checks with a HEPA filter (Pall-Gelman Science, Inc., Model 

No. 12144 or similar).  Tubing for plumbing is copper (6.4 mm OD) unless otherwise noted and 

connections are made with stainless steel or brass tube fittings (Swagelok, Inc. or similar).  Next, 

the sample is dried in a concentric screened dryer (Droplet Measurement Technologies, Inc., 

ASSY-1110) using a desiccant in the outer shell (Teledyne, calcium sulfate DrieRite or similar).  

Desiccant driers have been shown to remove more than water vapor in ambient studies (El Sayed 

et al., 2016).  The compounds used here, ammonium sulfate and levoglucosan have extremely 

low vapor pressures (< 24 µPa at 25 C), and nigrosin is a large molecule that is expected to be 

nonvolatile.  While evaporating droplets have been demonstrated to lead to some BrC formation 

in lab studies, they are unlikely to occur in our single-component systems (Lee et al. 2013). 

 

Since we currently use a single CAPS-PMSSA instrument, switching between dry and humidified 

lines is necessary.  Control of a large diameter electrically actuated three-way ball-valve (S&K 

Automation, Valbia 8E069-VB015-302-1/2”) switches between sample flow through the low RH 

non-humidified pathway or flow through a humidifier (Figure 1).  Positive DC polarity is used to 

switch the valve in one direction, and a relay switching module (Altronix, Inc. 12VDC) is 

required to toggle the DC polarity to return the valve.  Valve switching is triggered by solid-state 

relays (Crouzet, 84137240, 100A or similar) and controlled by custom software (National 

Instruments, Inc. LabVIEW).  By adding a second CAPS-PMSSA instrument measuring dry 

continuously and synchronously, the switching would not be necessary.  

 

A detailed schematic (Figure 1) shows the interior construction of the cylindrical profile tube-

shell rigid-membrane flow-through humidifier.  The humidifier is housed in a ¾” outer diameter 

stainless-steel shell approximately 35 cm in length.  Aerosol flows along an interior ¼” ID water 

vapor-permeable membrane (Microdyn-Nadir V8) that extends concentrically through the 

middle section of the outer shell.  The inner tubular membrane is water vapor-permeable and 

semi-rigid (and thus self-supporting) and is sealed with silicone and heat-shrink tubing at each 

end where it connects to the system plumbing. A ~15 cm segment of membrane thus separates 

the aerosol flow and liquid water jacket that fills the annular space of the outer shell.  A 

downstream vacuum pump pulls aerosol flow down the length of the membrane interior. The 

outer shell is wrapped by an insulated electrical heat tape with a variable voltage control (Omega 

Engineering, Inc., SRT051), and the heat tape is covered with insulation (Design Engineering, 
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Inc., 10005).  The rate of humidification is determined by the rate of heating of the water jacket 

which is controlled by a PID controller (Electro-tech Systems, Inc. Model 5100) interfaced to a 

capacitive RH sensor (Rotronic, Inc., Hygroclip) downstream of the humidifier (Figure 1).  

Downstream of the electrically actuated ball valve is a stainless-steel condensation trap.  The 

internal coalescing filter was removed from the water trap to minimize aerosol losses.  

 

RH/temperature sensors (E+E Electronik, Inc. Model EE08) are placed in strategic locations and 

monitored at ~ 0.2 Hz (Figure 1). Sensors are thin-film flat plate capacitors and newly certified 

using the manufacturer 2-point calibration. Per the manufacturer, the stated RH uncertainty is 

±2% at low RH and ±3% at RH > 90%. Time response (τ90) is 6 s, like other capacitive sensors, 

and temperature uncertainty is ±0.2 deg C (Pt-1000 sensor).  Several iterations determined that 

the locations for the sensors most representative of the optical cell conditions were immediately 

upstream and downstream of the CAPS cell, with insulated plumbing between the sensor and the 

CAPS.  The plumbing is insulated between these points and the CAPS cell to help keep it 

isothermal, and RH response is discussed later.   

 

The CAPS diaphragm pump drives the sample flow at a nominal rate of ~0.85 actual liters per 

minute (alpm) using the manufacturer-supplied orifice.  Here the flow rate was increased to ~ 1.8 

alpm using a larger orifice to allow quicker time response with changing RH conditions. With a 

controlled flow rate of 1.8 alpm and a sample volume downstream of the humidifier of ~0.25 L, 

the plug-flow residence time is approximately 8 s upstream of the CAPS-PMSSA.  The CAPS-

PMSSA diverts and filters a portion of its sample flow (< 0.01 lpm) to purge the mirrors to prevent 

aerosol deposition and degradation of mirror reflectivity.  Testing showed that a humidified 

purge flow caused variability in mirror reflectivity, introducing errors.  The mirror purge was 

diverted through a membrane drier (Permapure, Inc., MD-110-48S-4) to minimize this artefact. 

The pump was relocated outside the CAPS box to reduce heat loads in the instrument (with the 

lid removed to aid isothermal conditions).  Upon exiting, the sample is filtered and vented.  

 

The system is installed in a 0.91m H x 0.61m W x 0.76m D rack-mountable temperature-

controlled enclosure (EIC solutions Inc. Protector Series NEMA) with a solid-state 

thermoelectric air conditioner/heater (ThermoTEC Series, NEMA 4X, 800 BTU/hr) controlled 

via a thermocouple and PID controller.  Several small fans are operated inside the enclosure to 

enhance temperature uniformity and prevent potential cool spots and condensation. 

 

The entire system is controlled via a National Instruments LabVIEW virtual instrument (VI) that 

records light scattering coefficient, light extinction coefficient, instrument loss (a diagnostic 

indicating mirror cleanliness), temperature, and pressure measurements from the CAPS-PMSSA 

and controls valve switching.  Manufacturer-provided software is used for diagnostics and 

calibrating light scattering to extinction using a purely scattering aerosol. 

 

2.3  H-CAPS-PMSSA System Characterization  

Table 2 compares the sample thermal profile through the system when the sample flows through 

the dry and humid pathways.  The nominal setpoint of the thermoelectric air conditioner is 25°C 

to adjust sample conditions based on room temperature variations between ~20 to 30°C.  The 

sample enters the enclosure at room temperature and generally RH < 20%.  Efforts are made to 
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keep the sample isothermal through the system and limit the sample heating, though some 

warming does occur due to the humidifier, CAPS-PMSSA, and other incidental electronics heat 

generation.  The sample ∆T is limited to approximately 0.1 °C of heating across the CAPS cell 

resulting in ΔRH of -1%, below the uncertainty of the RH sensors.   

 

While humidifying, the sample exits the humidifier at 40% < RH < 95% and then is transported 

into the sample cell.  Due to slight warming into the CAPS, the RH in the cell is varied from the 

low value to up to RH ~ 90% (Figure 2).  Agreement of upstream and downstream RH probes is 

shown to be within measurement uncertainties (Figure 2, Table 2).  Warming is due to a 

combination of residual heat and gradients particularly while humidifying (Table 2).   

 

A representative plot of CAPS RH upstream and downstream of the cell as measured with the 

capacitive RH sensors is shown in Figure 2.  The mean and standard deviation of the absolute 

difference between the two sensors during an RH scan is 0.9 ± 1.0% in RH percent; the 

downstream sensor lags the upstream slightly during increasing RH scans, particularly at the 

beginning of an RH scan when dRH/dtime is large.  During a high RH ‘soak’ where RH is held 

at ~90% for 20 min, the agreement is within the 2-3% RH uncertainty (Figure 2).  In this case, 

accounting for a slight cooling across the CAPS from 26.4 ± 0.2 ºC to 26.0 ± 0.2 ºC occurring 

from inlet to outlet of the CAPS-PMSSA reduces the RH to 0.7%.  The mean of the two sensors 

is taken as the effective cell RH as described above.  A summary comparison of sensor 

agreement is given in Table 2 expressed as ΔRH across the CAPS cell. Though we sought to 

minimize temperature gradients in the instrument as described in the methods above, the highest 

RH is often upstream of the CAPS-PMSSA instrument, closer to the humidifier.  As a result, 

deliquescence is observed at an instrument cell RH below literature values as the slight warming 

in the CAPS-PMSSA pushes the deliquesced aerosol back down the super-saturated branch of the 

hysteresis loop.  We thus report here the hydrated aerosol properties for deliquescent aerosols 

like ammonium sulfate.    

 

To constrain light absorption by water vapor itself, σep, σsp and σap measurements are shown for 

filtered air (Gelman Sciences, Inc. HEPA or similar) at RH < 20% and RH = 80% in Table 3. 

The difference at low and high RH is negligible for light scattering, but a measurable difference 

is observed for light absorption and hence extinction. The high RH enhancement in absorption 

signal is ~1 Mm-1 (Table 3), attributable to water vapor absorption.  The absorption 

measurements at low and high RH are statistically different while the scattering measurements 

are not at the 99+% confidence level using a two-tail Student t-test. 

 

Using polystyrene latex spheres (PSLs, Duke Scientific, Inc., refractive index 1.59 + 0i), system 

particle loss tests were conducted.  Internal optical calibration of the CAPS-PMSSA involves 

setting σsp to match σep using non-absorbing aerosol with a Dp = 100 nm. We followed the 

approach of Onasch et al. (2015) regarding calibration; the effects of changing refractive index 

as a function of size are further discussed there and in Modini et al (2020).  Calibrations were 

performed approximately daily before the experiments or as needed to minimize drift, and an 

instrument zero-air baseline was taken before each size was tested.  After sonication to eliminate 

clumping, the PSLs were generated in solution in a nebulizer and size selected with a DMA (TSI, 

Inc. Model 3080) to eliminate the effects of PSL solution residue and agglomerates.  Using the 
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Mie light scattering model ‘MieAmigo’ that was designed by the manufacturer for the CAPS 

instrument, the truncation errors were corrected. A custom PyMieScatt code was also developed 

to independently evaluate the truncation corrections.  For 200, 500, and 1000 nm PSLs these 

corrections were approximately 0.3%, 6.7%, and 11.1%, respectively for the custom code versus 

0.8%, 6.3%, and 13.6%, respectively for MieAmigo (Onasch et al. 2015), the differences within 

the 4% truncation uncertainty found in Modini et al. (2020). 

 

Particle loss was constrained by comparing the wet to dry ratio of light extinction and light 

scattering for PSLs (deviations below 1 suggest particle loss).  This comparison examined 

approximately 2-5 minutes of data (N ≥ 30 5-s data) just before and after a valve switch from dry 

to humid lines while allowing a short time (~15-30 sec) for stabilization.  With PSLs, a ratio of 

~1.0 is expected due to PSL negligible water uptake (Tan et al. 2013; Ye et al. 2009) (Figure 3a).  

The ratio of high (RH=80%) to low (RH=20%) light extinction coefficient (mean and standard 

deviation) was 1.00 ± 0.03 (range 0.95 to 1.04 for n=8 sizes); the ratio for light scattering was 

1.02 ± 0.03 (range 0.97 to 1.08).   Overall, for 100 < Dp < 1000 nm, high to low RH scattering 

and extinction ratio was measured within ±0.03 of the expected 1.0 value for PSLs, constraining 

particle losses in the range of most interest.  The size extremes show larger variability and 

discrepancies, particularly at 50 nm (Figure 3).  We include the Dp = 50 nm datapoint to 

demonstrate acceptable diffusion losses.  We stress that for this small size the scattering signal 

was quite low (< 8 Mm-1), even with the high number concentration generated by aerosolizing 

the entire sample size of 15 ml bottle of 50 nm PSLs in 200 ml solution needed in the atomizer.   

 

Over the measured PSL sizes, truncation-corrected SSA (expected 1.0 due to negligible PSL 

absorption) was 0.97 ± 0.04 (range 0.9 to 1.01 for n=8 sizes) at low RH and was 0.98 ± 0.03 

(range 0.93 to 1.02) at high RH (Figure 3b).  While the extinction measurement represents the 

total angular phase function, the scattering truncation error increases with the particle size due to 

increasing forward scattering.  This results in SSA falling below one for the larger sizes Dp > 500 

nm indicating that more careful truncation analysis will be needed for larger particles.  Also, 

higher signal variability increases uncertainties for larger PSL particles as shown by error bars in 

Figure 3.  Overall, for 100 < Dp < 300 nm, SSA is measured within 0.03 of the expected 1.0 

value for PSLs.  Higher variability and truncation errors explain the discrepancies at larger 

particle sizes (Dp > 500 nm).  Comparing SSA at low and high RH gives similar values for both 

extinction and scattering as shown in Figure 3b as expected for a hydrophobic PSL, excluding Dp 

= 50 nm case where signals were low.   

 

3 Truncation Correction Algorithms: Mie Amigo and PyMieScatt 
Truncation quantifies the unmeasured light scattering due to the angular limits of the instrument, 

a consequence of the finite length of the instrument (Anderson et al. 1996; Anderson and Ogren 

1998). Two approaches were taken to estimate truncation corrections: using the MieAmigo code 

developed for the CAPS-PMSSA instrument and our customized PyMieScatt Algorithm (Sumlin, 

Heinson and Chakrabarty 2018).  Both use the Lorentz-Mie scattering algorithms of Bohren and 

Huffman (1998). MieAmigo was developed by Aerodyne, Inc. for use with the CAPS-PMSSA and 

is written in C (Onasch et al. 2015).  The use of the additional internal code for truncation 

corrections is to further develop this area of inquiry in follow-on studies, particularly for larger 

particles. 
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The second approach is our custom Python module that implements PyMieScatt, an open-source 

software developed for direct and inverse Mie calculations (Sumlin, Heinson, and Chakrabarty 

2018). In determining the phase function, particles are assumed to be homogenous spherical 

particles in the Mie scattering regime. The scattering efficiency for ideal and truncated 

conditions is calculated for evenly spaced locations along the central axis of the cavity of the 

CAPS-PMSSA. The ideal phase function is integrated over the entire phase function [0,2π]. The 

angles of integration for the truncated phase function are defined by trigonometric relations 

involving the position along the central axis and the diameter of the glass tube within the CAPS-

PMSSA, the diameter of the integrating sphere, and the distance between each position along the 

central axis with respect to both apertures.   Since light can scatter into the integrating sphere 

from aerosol outside the integrating sphere, we extend the range along the central axis by 0.6 cm 

beyond the integrating sphere on either side with angles determined similarly. The ideal 

scattering efficiency is null for every position outside the integrating sphere. The truncation is 

then determined by integrating trapezoidally the ideal and truncated scattering efficiencies, Q, 

along the central axis of the cavity and taking a ratio of the two quantities (∫Qtrunc )⁄(∫Qideal). The 

truncation correction is the inverse of this ratio, and the correction must be normalized to the 

truncation of the calibration aerosol to reduce uncertainties from the extinction’s geometric 

correction.  For generated mono- and poly-dispersions, the agreement between MieAmigo and 

our custom code is strong (< 1%), though larger discrepancies (3-4%) arise for larger sizes and 

assumed log-normal distributions.  Modini et al. (2020) devised an approach to merge the 

Fresnel equations with Mie calculations for improved accuracy for calculating the truncation in 

CAPS-PMSSA monitors by explicitly accounting for light scattered off the inner surface of the 

glass tube inside the integrating sphere.  Further exploration of the truncation loss and correction 

models is underway for larger sizes, but for purposes here (mostly small diameter 

monodispersions) we consider the reflection modification to the truncation correction to be 

within the measurement uncertainty.  Where the PyMieScatt algorithm is used it is noted in the 

text. As discussed later, the truncation corrections were evaluated using ammonium sulfate size 

resolved f(RH) measurements (4.2) and the empirical calibration scheme tested on size selected 

dry nigrosin using photoacoustic observations (4.3).  

 

4 Laboratory Experiments  

4.1 Laboratory Measurements of f(RH) for Light Scattering and Absorbing Species 

Our approach was to measure well-characterized pure systems with varied and known optical 

properties and evaluate our two distinct truncation schemes and develop calibration protocols.  

We tested the H-CAPS-PMSSA with three laboratory-generated aerosols including light scatterers 

(ammonium sulfate, levoglucosan) and light absorbers (nigrosin).  Ammonium sulfate and 

nigrosin are standard laboratory species used for calibration of aerosol light scattering and 

absorption instruments, respectively.  We also performed independent measurements on dry size 

selected nigrosin particles with a photoacoustic spectrometer and our CAPS to demonstrate 

consistency. Mixtures of light scattering and absorbing species and ambient aerosol studies have 

also been measured and manuscripts are in preparation.   

 

Unless otherwise described, aerosols were generated in the Center for Aerosol Forensics (CAFÉ) 

laboratory at Los Alamos National Laboratory using an aerosol nebulizer (TSI, Inc. Model 
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3079A or similar), a diffusion drier (Droplet Measurement Technologies, Inc. Model ASSY 

1110 or similar), and size selection using a scanning mobility particle sizing system (TSI, Inc. 

Model 3938 using the 3080L long column and 3750 CPC) using an x-ray source for charge 

neutralization (TSI, Inc. Model 3088).  More details are given in previous manuscripts (Gomez 

et al. 2018; Romonosky et al. 2019).  The output of the atomizer was relatively constant; 

however, to adjust for minor fluctuations in aerosol generation, the magnitude of scattering, 

extinction, and absorption are normalized to total particle concentration measured with a 

condensation nuclei counter (TSI, Inc. Model 3010 or similar) or an independent nephelometer 

(Ecotech, Inc. Aurora 450 nm) during an RH scan to normalize out dry signal variability. 

 

4.2 Size Selected Monodisperse Ammonium Sulfate  

Previously we examined system particle loss with PSLs, finding reasonable particle loss. 

Notably, though with some variability due to PSL concentrations, a decrease in SSA below the 

expected value of 1.0 for PSLs for larger Dp (Figure 3) was due at least in part to angular 

truncation losses and imperfect corrections.  Next, we explicitly measure and calculate using the 

two Mie codes, the SSA for size selected ammonium sulfate to compare truncation corrections 

schemes vs empirical measurements to better constrain this issue.  A comparison of measured 

and Mie-calculated angular truncation for ammonium sulfate ((NH4)2SO4, Sigma Aldrich, Inc., 

MW 132.14 g/mol, CAS 7783-20-2) from the CAPS-PMSSA is shown in Figure 4 as a function of 

electrical mobility diameter (Dp).  This is expressed as the SSA as a function of Dp which should 

be 1.0 for ammonium sulfate and independent of Dp.  As Dp increased from 150 nm, uncorrected 

measured SSA drops below 0.9 at Dp = 500 nm.  The decrease in uncorrected SSA as a function 

of Dp is observed in Figure 4.  Estimated truncation error accounts for much but not all this. The 

residual error that grows at larger sizes can results from imperfect truncation correction, multiply 

charged particle effects, and/or other sources of uncertainty that we will continue to investigate.  

For reference, the truncation errors calculated in the MieAmigo code grew from <1 to 7% 

increasing with particle size.  Our PyMieScatt algorithm gave larger truncation corrections than 

Mie Amigo though both underpredicted it for large Dp. Using radiative transfer calculations, Liu 

et al. (2018) showed that the reflectivity of the glass tube surrounding the cavity can enhance the 

truncation, especially for larger aerosol with greater forward scattering. This is not accounted for 

in either correction algorithm and is an area that needs refinement. For our study, we choose to 

use the empirical ammonium sulfate SSA curve to calibrate our effective size-dependent 

correction that include truncation, speckling and other effects, and we evaluate it further with dry 

nigrosin.  

 

A time series of truncation-corrected measured light scattering cycling through several RH scans 

and Mie calculations is given in Figure 5 for ammonium sulfate.  Ammonium sulfate is a 

negligible absorber with dry complex refractive index parameterized as a function of RH and λ in 

Cotterell et al. (2017).   The minimum to maximum envelope indicated is the range of Mie-

simulated values considering the following uncertainties: ±2% for refractive index (~0.03), 

±10% for measured particle concentration, and ±4% for RH.  The latter uncertainty is an upper 

estimate based upon the sum of manufacturer uncertainty at high RH (3%) and the typical 

gradient observed through the optical cell as described above (1%). 
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Measurements of f(RH) for size selected pure ammonium sulfate, (NH4)2SO4, are shown in 

Figure 6.  Light scattering and extinction follow nearly identical f(RH) curves (negligible 

absorption) (Figure 6).  During the RH scan, the independent light extinction and scattering 

measurements were strongly correlated with R2 > 0.999 throughout the RH range.  Brock et al. 

(2016a) provided a framework to quantify the hygroscopicity in optical terms using the volume-

weighted κep model, analogous to single-parameter κ-Kӧhler theory (Petters and Kreidenweis 

2007).  The retrieved best-fit hygroscopicity for pure ammonium sulfate is κep =0.50 ± 0.02 for 

Dp = 300 nm (Table 4).  A summary of hygroscopicity measured here for ammonium sulfate 

compares well to literature values as summarized in Table 5.   

 

4.3 Size Selected Nigrosin  

H-CAPS-PMSSA measurements of dry size-selected monodisperse nigrosin (C22H14N6Na2O9S2, 

Alfa-Aesar, Inc., MW 616.5 g/mol, CAS Number 8005-03-6) were compared with a 3-λ 

photoacoustic spectrometer (PASS-3 at 405, 532, and 781nm) (Flowers et al. 2010).   The 

independent PASS-3 allows assessment for a dry absorbing aerosol of the size-dependent 

truncation error correction matching the ammonium sulfate SSA of 1 from Figure 4, plus other 

systematic biases such as speckling (Liu et al 2018).  The PASS-3 has much larger uncertainty 

and lower sensitivity than the CAPS-PMSSA but no truncation errors, so it allows testing this 

approach.  The PASS-3 is adjusted to 450 nm with σap and Absorption Ångström Exponent 

(AAE) at the appropriate wavelength pair at λ = 405, 532 or 781 nm.  We also stress that the 

absorption features of nigrosin in the blue are poorly characterized and introduce additional 

uncertainty. This is only possible at dry conditions (RH < 40%) with the PASS-3. 

 

Despite uncertainties due to a nigrosin absorption peak in this spectral region, the instruments 

show consistency for dry conditions.  In Figure 7 we show the truncation-corrected CAPS-PMSSA 

and PASS-3 absorption cross-section ratios. The open and filled circles represent experiments 

performed over six months apart establishing the long-term instrument stability.  While the 

uncertainties in the measured ratios are significant, Figure 7 clearly shows that the size-

dependent truncation-corrected dry σap from the CAPS-PMSSA agrees within experimental 

uncertainties with the PASS-3. For Dp < 250 nm dry nigrosin, where truncation error is very 

small, the ratio is ~1.0. For intermediate sizes 250 < Dp < 350 nm, the ratio is 1 ± 0.05, and 

increases to ~1.1 at Dp = 400 nm.  Above 400 nm, the corrections and the uncertainty become 

large, and the CAPS-PMSSA systematic bias is significant.  Therefore, we recommend limiting 

the RH dependent measurements for SSA and absorption f(RH) studies to Dp < 400 nm as more 

work is needed for larger particles. 

 

We also performed f(RH) measurements on small nigrosin particles, and Figure 8 shows twelve 

repeating RH scans from dry to RH ~85%.  The PASS-3 measured σap in parallel (also shown) 

gave bracketing absorption values providing independent confirmation with average dry 

absorption during the experiment of 59 Mm-1 (PASS, 405 nm) < 68 Mm-1 (CAPS, 450 nm) < 79 

Mm-1 (PASS, 532 nm).  CAPS σep and σsp show consistent responses compared to the model 

simulations in the top 2 panels in Figure 8.  Uncertainties in RH, particle concentration and 

refractive index are propagated into the calculation to give the minimum-maximum envelope as 

shown in Figure 8, and measurements generally are within that expected range.  
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For size-selected nigrosin, f(RH)ep, sp, ap are given as separate panels (Figure 9a-c, respectively) 

for the selected dry sizes.  With larger sizes for nigrosin, the uncertainties in σap and f(RH)ap 

increase. It is also evident in the SSA trends with size as discussed later.  The nigrosin f(RH)sp 

curves exceed f(RH)ep resulting in a small though measurable f(RH)ap that monotonically 

increases with RH.  Generally, f(RH)ap for nigrosin increases with dry size ranging from ~1.05 to 

1.2 at RH = 80%  (Figure 9c).  For Dp = 100 and 300 nm sizes, the values for absorption 

enhancement f(RH=80%) are slightly lower than the values of 1.12 to 1.18 reported by Zhou et 

al. (2020).  Representative error bars shown in Figure 9 indicate the variability for the given 

parameter (~5%) for RH <40% which is considered ‘dry’ here.  We estimate experimental 

uncertainties of approximately ± 0.03 for f(RH)ap using the standard deviation of dry f(RH).   

 

Figure 9d shows the aerosol SSA for nigrosin for dry sizes: Dp = 100, 110, 200, 255, 300, 340, 

and 400 nm.  The smallest particles with dry Dp = 100 nm are the most strongly absorbing while 

larger particles show higher SSA as predicted by Mie Theory.  SSA(RH) increases by ~0.1 from 

low to high RH and is sensitive to Dp.  Using volume mixing rules and a dry refractive index for 

nigrosin of 1.635 + 0.175i, intermediate to the 1.63 + 0.13i found at 450 nm (Liu et al. 2013) and 

1.63 + 0.20i found at 420 nm (Washenfelder et al. 2013), we can calculate SSA. SSA is 0.3 for 

Dp = 100 nm and asymptotes to 0.7 for Dp > 255 nm, which is consistent with measured trends 

for smaller Dp in Figure 9d.  We see in Figure 9d that the SSA increases with Dp at a given 

humidity until 300 nm and then drops for Dp > 300nm. The angular truncation correction and its 

calculational uncertainty increases with particle size requiring caution for measurements for Dp > 

400 nm.  The lower SSA range for the largest dry Dp, 0.55 < SSA < 0.65, may be driven by a 

lower imaginary refractive index for nigrosin as found in other studies (Lack et al. 2006).  

Contributions from multiply-charged particles for larger sizes that cannot be removed from the 

population are possible for larger sizes but still likely small.   

 

Finally, Figure 9e shows the relationship between f(RH) for light scattering and light absorption 

for the particle dry sized measured with nigrosin (Cappa 2020).  The relationship is generally 

linear, though varies with dry size where larger Dp show larger f(RH)ap as indicated by the larger 

slopes in Figure 9e.  The linear fits can be used to parameterize the less-commonly measured 

f(RH)ap using f(RH)sp with knowledge of the aerosol composition and size.  The retrieved best fit 

κ-values (for RH > 80%) for nigrosin are given in Table 6.  All sizes show increases in 

absorption with RH that can be fit with 0.004 < κap < 0.08 (Table 6).  A summary of nigrosin 

absorption f(RH) values compared to literature sources is given in Table 7.  

 

4.4 Polydisperse Levoglucason 

Levoglucosan (C6H10O5 or 1,6-anhydro-β-D-glucopyranose, Sigma-Aldrich, Inc., MW = 162.14 

g/mol, CAS Number 498-07-7) is a biomass smoke marker produced by incomplete combustion 

of lignin (Engling et al. 2006; Sullivan et al. 2008).  Levoglucosan comprises up to 10 to 30% of 

OC (Aiken et al. 2009; Ward et al. 2006).  It is abundant in smoke particles with Dp < 0.5 µm 

(Engling et al. 2009).  Its lifetime was measured as 0.7 to 2.2 days, primarily limited by OH 

radical oxidation (Hennigan et al. 2010).  

 

Past studies demonstrate that levoglucosan is hydrophilic showing continuous water uptake with 

no observable deliquescence or hysteresis and a diameter growth factor of 1.18 and 1.38 at 80 
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and 90% RH, respectively for 100 nm dry particles (Mochida and Kawamura 2004).  Likewise, 

diameter growth factors D/Do (RH=80%) of 1.21 and D/Do (RH=90%) ~ 1.39 were measured for 

levoglucosan with Dp = 100 nm dry particles (Jing et al. 2017).  Mixed inorganic levoglucosan 

smoke deliquescence RH (DRH) fell by 0-8% with increasing organic fraction disappearing 

completely at high organics (Parsons, Knopf and Bertram 2004).  In mixtures with KCl, it 

lowered the DRH from 84% to < 80% and reduced the hygroscopicity as compared with pure 

KCl. Though levoglucosan has been associated with absorptive properties of biomass burning 

aerosols in several studies (Lee et al. 2020; Teich et al. 2017), its imaginary refractive index has 

been measured to be zero (non-absorbing) at 550 nm using high-performance liquid 

chromatography photodiode array spectroscopy (Schkolnik et al. 2007). 

 

Controlled-RH measurements of polydisperse aerosol generated as discussed in section 4.1 using 

levoglucosan are shown for light scattering and extinction in Figure 10.  The small quantity of 

material available to us allowed two RH-scan experiments with a small diameter polydisperse 

aerosol (geometric mean Dp,g = 56 nm, σg = 1.84). Truncation corrections at such a small size are 

small, ~1.01 for dry and 1.02 at RH =80%.  To normalize out minor fluctuations in aerosol 

generation, the dry light scattering coefficient from a dry nephelometer (Ecotech Aurora 450 nm) 

in parallel was used in real-time (<10% changes in dry signal). The light absorption component 

from levoglucosan was negligible as measured here, and hence light scattering and extinction 

were equivalent in both magnitude and hygroscopic response during two RH scans (Figure 10).   

Our measurements demonstrate that levoglucosan is moderately hydrophilic with κep and κsp = 

0.26 ± 0.01, and f(RH=80%) 2.02 ± 0.08 for a dry size distribution with Dp,g = 56 nm, σg = 1.84.   

This single-component organic compound found in smoke is more hydrophilic than typically 

measured organic carbon-dominated (Quinn et al. 2005) or aged ambient smoke aerosols 

(Carrico et al. 2005).  Garland et al. (2007) found a range of 1.5 < f(RH=80) < 1.7 for 

levoglucosan, for a larger dry size (Dp,g = 250 nm) though.  Consistently, a moderately 

hydrophilic response was observed for pure levoglucosan with HTDMA measurements by (Jing 

et al. 2017) with diameter growth factor of 1.28 at RH = 85% and 1.39 at RH = 90% for Dp = 

100 nm dry particles.  Part of the uncertainty for levoglucosan is that it exhibits no clear 

deliquescence point and likely binds water down to low RH adding uncertainty to the ‘baseline’ 

dry conditions (D/Do ~1 to 1.05 depending upon water retention at RH<40%), impacting both 

dry size and refractive index (Koehler et al. 2006). 

 

5 SUMMARY AND CONCLUSION 
Despite key advancements, relative humidity (RH) dependent optical property measurements 

continue to be challenging, particularly for absorbing aerosols. We report the construction, 

validation, and first measurements that confirm reliable performance of a new humidified cavity 

attenuated phase shift particulate matter single scattering albedo (H-CAPS-PMSSA) instrument 

for measuring RH dependence of aerosol optical properties. It allows controlled humidity 

measurements using the CAPS-PMSSA (Aerodyne, Inc.) that combines light extinction using the 

cavity attenuated phase shift technique and light scattering using an integrating sphere 

nephelometer.  Our new technique reliably quantifies the RH dependence of light absorption as 

well as aerosol single scattering albedo by using scattering and extinction measurements of the 

same aerosol volume.  We show that it is a precise, accurate, and robust instrument that uses a 

commercially available instrument at its heart and can be replicated.   
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The H-CAPS-PMSSA uses a controlled-RH system developed for controlling and measuring the 

hygroscopic response of absorbing aerosols and provides a direct measurement of single 

scattering albedo as a function of RH.  The H-CAPS-PMSSA uses a membrane-based flow-

through humidifier with a PID controller to control the humidification process and is enclosed in 

a thermoelectrically air-conditioned enclosure for temperature uniformity.  Several instrument 

modifications included increasing sample flow rate, removing the sample pump and other 

modifications to reduce sample heating, and locating RH/temperature sensors immediately 

upstream and downstream of the sample cell.  The system was tested for particle loss which was 

shown to be small, RH characterization, and light scattering angular truncation error corrections.  

 

The system details are documented herein as well as the first results with ammonium sulfate, 

nigrosin, and levoglucosan.  Measurements with light scattering and absorbing compounds were 

used to validate instrumental performance, and results were within experimental uncertainties for 

the pure scattering and absorbing aerosols. Careful analysis of computed scattering truncation 

corrections show that they are small (<5%) and accurate for particles with diameters Dp < 

400nm.  Proper truncation corrections that grow with size is critical and limits our current 

operation regime to D < 400 nm.    Several instrument improvements are underway, including 

adding a second CAPS-PMSSA instrument to run continuously as a ‘dry’ reference state 

measurement.  The instrument will be used to further diagnose the response of light-absorbing 

mixtures to the influence of RH.  Future work will also examine the optical properties and their 

RH dependence for inorganic species, organic species, and mixtures. 
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8 TABLE AND FIGURE CAPTIONS  
Table 1.  Summary of studies relevant to absorbing aerosols, aerosol single scattering albedo, 

and relative humidity (RH) dependence. 

 

Table 2.  Typical profile of RH and temperature through H-CAPS-PMSSA system (arithmetic 

means and standard deviations of 5-s data averaged over 42 RH scans, n = 22,735). 

 

Table 3.  Comparison of light extinction, scattering and absorption coefficients (σep, σsp, and σap, 

respectively) at λ = 450 nm of filtered air at low and high RH (n =297, 5-sec data). 

 

Table 4.  Best fit values for optical κep and κsp (averaged for RH > 70%) for pure ammonium 

sulfate as a function of dry (RH<40%) size (absorption is negligible). 

 

Table 5.  Comparison of values of f(RH)ep for ammonium sulfate. 

 

Table 6.  Best fit values κ (RH > 80%) for optical parameters for pure nigrosin as a function of 

dry size. 

 

Table 7.  Comparison of values of f(RH) for light absorption for nigrosin. 

 

Figure 1.  Experimental flow diagram showing relative humidity (RH) controlled cavity 

attenuated phase shift instrument (H-CAPS-PMSSA).  Lower detail shows the interior of the 

humidifier consisting of a liquid water jacket surrounding the interior aerosol sample flow.  

Water jacket and aerosol flow are separated by a semi-rigid water-vapor permeable membrane.    

 

Figure 2.  Relative Humidity (RH) during an RH scan upward as measured immediately 

upstream and downstream of the CAPS optical cell.  

 

Figure 3.  (a) PSL truncation-corrected measured particle loss as a function of diameter (n = 8 

from 50 nm < Dp < 1000 nm).  Agreement is expressed as ratios of wet to dry extinction and 

scattering coefficients (with PSL ratio expected as 1.0 due to negligible water uptake).  (b) PSL 

truncation corrected single scattering albedo (SSA) as a function of PSL Dp.  Means and 

standard deviations of ratios of data averaged over ~5 minutes (n >= 30) and then ratioed during 

stable aerosol generation periods.  The magnitude of the extinction coefficient for each size is 

shown as blue bars along the bottom axis where small signals at the extremes of Dp contributed 

to high variability. 

 

Figure 4.  Truncation error effects for CAPS light scattering illustrated by the decrease in 

uncorrected measured single scattering albedo (SSA) with electrical mobility Dp for a purely 

scattering ammonium sulfate aerosol. 

 

Figure 5.  Repeated measurements of light extinction and scattering with deliquesced ammonium 

sulfate during eight increasing RH scans (~20% < RH < 85%) in comparison with simulated Mie 

calculations.  The min and max represent calculations with the uncertainties in input parameters 

(size, concentration, refractive index, diameter growth factors, and RH).   
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Figure 6.  Comparison of f(RH) for light scattering and extinction for pure ammonium sulfate 

(dry conditions RH <40%). 

 

Figure 7. For dry nigrosin (RH<40%), the ratio of measured and empirically corrected light 

absorption for two instruments (CAPS-PMSSA/PASS-3 that uses the ammonium sulfate SSA=1 

calibration via Figure 4).  The PASS-3 σap at 450 nm was calculated from 405 nm PASS-3 σap 

and AAE values. The open circles and closed circles show observations made over six months 

apart after a few updates by different operators to demonstrate stability.  

 

Figure 8.  Nigrosin (a) σep, (b) σsp, (c) σap including data from a multi-λ PASS for comparison 

and (d) single scattering albedo (SSA) and RH (right y-axis) time series measured with the H-

CAPS-PMSSA for twelve RH scans, compared with Mie simulations. 

 

Figure 9.  Comparison of f(RH) (‘dry’ RH < 40%) for pure nigrosin measured with H-CAPS-

PMSSA and corrected for truncation, for (a) σep, (b) σsp, (c) σap, (d) SSA(RH), and (e) f(RH)ap vs 

f(RH)sp.  Representative best fit optical κ-lines are shown for dry Dp = 255 nm. Representative 

error bars show the standard deviation of the given f(RH) parameter and ±2% RH sensor 

accuracy. 

 

Figure 10.  Hygroscopic growth curves f(RH)ep and f(RH)sp for pure levoglucosan aerosol 

generated in the laboratory. σap is negligible for this species.  Means and standard deviations over 

+/- 2% RH bins are shown at RH = 80, 85, and 90%, Dry condition is RH <40%, and best-fit κep 

curve is shown. 

9 TABLES & FIGURES 
 

Table 1.  Summary of studies relevant to absorbing aerosols, aerosol single scattering albedo, 

and relative humidity (RH) dependence. 

 

Study Technique Measured 

Parameters 

Wavelength(s) (nm) Measured RH 

Dependence? 

Garland et al. (2007) 

Baynard et al. (2007) 

Langridge et al. (2011) 

Cavity  

Ring Down  

Spectrometer (CRDS) 

σep 

σep 

σep 

532 

355, 532, 683, 1064 

405, 532, 662 

Yes 

Zhao et al (2017) Broadband Cavity 

Enhanced Aerosol 

Extinction Spectrometry 

σep 461  Yes 

Massoli et al. (2009) CRDS + Photoacoustic 

Spectrometer 

σep 355, 532, 1064 Yes 

Carrico et al. (2003) Particle Soot Absorption 

Photometer + Nephelometer 

σap,  

σsp,  

SSA 

565 

450, 550, 700 

550 

No 

Yes 

In part 

Zhou et al., (2020) Cavity Enhanced 

Albedometer 

σep, σsp, 

SSA 

532  Yes 

Brem et al. (2012) Short-Path Extinction Cell 

Nephelometer 

σep, σsp 467, 530, 660  Yes 



Accepted to AS&T 

20 

 

Michel Flores et al. 

(2012) 

CRDS σep 355, 532 Yes 

This study Cavity Attenuated Phase 

Shift (CAPS) 

σep, σsp, 

SSA 

450  Yes 

 

Table 2.  Typical profile of RH and temperature through H-CAPS-PMSSA system (arithmetic 

means and standard deviations of 5-s data averaged over 42 RH scans, n = 22,735). 

  
T1 (°C) T2 (°C) T3 (°C) T4 (°C) ΔT3-4 (°C) ΔRH3-4 (%) 

 
Inlet Humidifier CAPS Inlet CAPS Outlet Across Cell Across Cell 

Low RH Pathway 

Mean 22.81 25.54 24.58 24.64 0.06 0.85 

StDev 0.26 0.14 0.22 0.19 0.10 0.96 

High RH Pathway 

Mean 22.77 25.60 24.53 24.67 0.14 -1.11 

StDev 0.23 0.14 0.21 0.18 0.11 0.58 

 

Table 3.  Comparison of light extinction, scattering and absorption coefficients (σep, σsp, and σap, 

respectively) at λ = 450 nm of filtered air at low and high RH (n =297, 5-sec data). 

  
RH < 20% 

(1/Mm) σep σsp σap 

Mean -0.06 0.52 -0.58 

StDev 0.91 0.83 1.16  
RH = 80% 

Mean 1.01 0.50 0.50 

StDev 1.84 0.81 1.90 

 

Table 4.  Best fit values for optical κep and κsp (averaged for RH > 70%) for pure ammonium 

sulfate as a function of dry (RH<40%) size (absorption is negligible). 

 

Dp (nm)   κep  κsp 

100  

        

Mean 1.34 1.33 

StDev 0.05 0.05 

200  

        

Mean 0.87 0.86 

StDev 0.02 0.02 

300  

        

Mean 0.50 0.51 

StDev 0.02 0.02 
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Table 5.  Comparison of values of f(RH)ep for ammonium sulfate.  Absorption is negligible and 

thus f(RH)sp is equivalent to f(RH)ep. 

 

Ammonium 

Sulfate Study 

Technique Dry 

(RH<40%) 

Size 

f(RH=80)ep  

Zhou et al. 

(2020) 

Broadband Cavity Enhanced 

Aerosol Extinction 

Spectrometry 532 nm 

200 nm 

300 nm 

3.17 ± 0.05 

2.83 ± 0.10 

 

Brem et al. 

(2012) 

CRDS  

Nephelometer 467 nm 

Dp < 500 nm 

polydisperse 

~3.7 

Garland et al. 

(2007) 

CRDS (σep only) 532 nm 200 

300 

4.1 ± 0.5 

3.0 ± 0.4 

Michel Flores et 

al. (2012) 

CRDS (σep only) 532 nm 200 

300 

3.6 ± 0.43 

3.13 ± 0.44 

This study Cavity Attenuated Phase 

Shift 450 nm 

100 

200 

300  

6.43 ± 0.52 

4.40 ± 0.21 

3.08 ± 0.20 

 

Table 6.  Best fit values κ (RH > 80%) for optical parameters for pure nigrosin as a function of 

dry size.  Since κep is a composite rather than a sum of κsp and κap, it is intermediate such 

that κsp > κep > κap. 

 

Dp (nm)   κep κsp κap 

100  

        

Mean 0.029 0.074 0.006 

StDev 0.008 0.015 0.006 

110  

        

Mean 0.039 0.069 0.011 

StDev 0.001 0.000 0.001 

200  

        

Mean 0.039 0.061 0.011 

StDev 0.003 0.004 0.002 

255  

        

Mean 0.048 0.065 0.023 

StDev 0.001 0.001 0.000 

300  

        

Mean 0.041 0.056 0.020 

StDev 0.003 0.004 0.004 

340  

        

Mean 0.060 0.075 0.035 

StDev 0.002 0.003 0.000 

400  Mean 0.066 0.083 0.042 
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        StDev 0.005 0.005 0.004 

 

 

Table 7.  Comparison of values of f(RH) for light absorption for nigrosin.  Dry conditions are 

defined similarly in the studies as RH < 40%.  Uncertainties shown are estimated as 

described in the text and shown in Figure 9. 

 

Nigrosin 

Study 

Technique Dry Size f(RH=80) 

extinction 

f(RH=80) 

scattering 

f(RH=80) 

absorption 

Zhou et al. 

(2020) 

Cavity Enhanced 

Aerosol Extinction 

Spectrometry 532 

nm 

200 nm 

300 nm 

1.22 ± 0.00 

1.26 ± 0.01 

1.34 ± 0.00 

1.34 ± 0.02 

1.12 ± 0.01 

1.18 ± 0.01 

Brem et al. 

(2012) 

CRDS & 

Nephelometer 467 

nm 

Dp < 500 nm 

polydisperse 

~1.26 ~1.33 ~1.2 

Michel Flores 

et al. (2012) 

CRDS (σep only)  

532 nm 

200 

300 

1.18 ± 0.06 

1.19 ± 0.04 

NA NA 

This study Cavity Attenuated 

Phase Shift 450 

nm 

110 

255 

340  

1.15 ± 0.02 

1.18 ± 0.03 

1.23 ± 0.03 

1.27 ± 0.04 

1.25 ± 0.05 

1.28 ± 0.04 

1.05 ± 0 

1.09 ± 0.01 

1.14 ± 0.02 
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Figure 1.  Experimental flow diagram showing relative humidity (RH) controlled cavity 

attenuated phase shift instrument (H-CAPS-PMSSA).  Lower detail shows the interior of 

the humidifier consisting of a liquid water jacket surrounding the interior aerosol sample 

flow.  Water jacket and aerosol flow are separated by a semi-rigid water-vapor permeable 

membrane.    
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Figure 2.  Relative Humidity (RH) during an RH scan upward as measured immediately 

upstream and downstream of the CAPS optical cell.  An average of the two sensors is 

used to best represent the effective cell RH. 
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Figure 3.  (a) PSL truncation-corrected measured particle loss as a function of diameter (n = 8 

from 50 nm < Dp < 1000 nm).  Agreement is expressed as ratios of wet to dry extinction 

and scattering coefficients (with PSL ratio expected as 1.0 due to negligible water 

uptake).  (b) PSL truncation corrected single scattering albedo (SSA) as a function of 

PSL Dp.  Means and standard deviations of ratios of data averaged over ~5 minutes (n >= 

30) and then ratioed during stable aerosol generation periods.  The magnitude of the 

extinction coefficient for each size is shown as blue bars along the bottom axis where 

small signals at the extremes of Dp contributed to high variability.   
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Figure 4.  Truncation error effects for CAPS light scattering illustrated by the decrease in 

uncorrected measured single scattering albedo (SSA) with electrical mobility Dp for a 

purely scattering ammonium sulfate aerosol.  The measured, uncorrected SSA shows the 

loss in light scattering due to angular truncation for which the truncation correction must 

compensate. In comparison are the modeled response using the two truncation models, 

PyMieScatt and Mie Amigo.  The error bars represent the propagated uncertainty in SSA 

due to the uncertainty in light extinction and scattering. 
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Figure 5.  Repeated measurements of light extinction and scattering with deliquesced ammonium 

sulfate during eight increasing RH scans (~20% < RH < 85%) in comparison with 

simulated Mie calculations.  The min and max represent calculations with the 

uncertainties in input parameters (size, concentration, refractive index, diameter growth 

factors, and RH).   

.   
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Figure 6.  Comparison of f(RH) for light scattering and extinction for pure ammonium sulfate 

(dry conditions RH <40%). The absorption signal is negligible for this species and is not 

shown.  Best fit κep lines are shown (κep negligibly different).  Representative f(RH) and 

RH uncertainty bars are shown.  

 

 

  



Accepted to AS&T 

29 

 

 
 

 

 

 

Figure 7. For dry nigrosin (RH<40%), the ratio of measured and empirically corrected light 

absorption for two instruments (CAPS-PMSSA/PASS-3 that uses the ammonium sulfate 

SSA=1 calibration via Figure 4).  The PASS-3 σap at 450 nm was calculated from 405 nm 

PASS-3 σap and AAE values. The open circles and closed circles show observations made 

over six months apart after a few updates by different operators to demonstrate stability.  
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Figure 8.  Nigrosin (a) σep, (b) σsp, (c) σap including data from a multi-λ PASS for comparison 

and (d) single scattering albedo (SSA) and RH (right y-axis) time series measured with 

the H-CAPS-PMSSA for twelve RH scans, compared with Mie simulations.  
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Figure 9.  Comparison of f(RH) (‘dry’ RH < 40%) for pure nigrosin measured with H-CAPS-

PMSSA and corrected for truncation, for (a) σep, (b) σsp, (c) σap, (d) SSA(RH), and (e) 

f(RH)ap vs f(RH)sp.  Representative best fit optical κ-lines are shown for dry Dp = 255 nm. 

Representative error bars show the standard deviation of the given f(RH) parameter and 

±2% RH sensor accuracy.  
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Figure 10.  Hygroscopic growth curves f(RH)ep and f(RH)sp for pure levoglucosan aerosol 

generated in the laboratory. σap is negligible for this species.  Means and standard 

deviations over +/- 2% RH bins are shown at RH = 80, 85, and 90%, Dry condition is RH 

<40%, and best-fit κep curve is shown. 
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