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ABSTRACT

Absorbing aerosols play an important role in the Earth’s radiation budget, and current uncertainties associated with their
radiative impacts remain substantial. An element of this uncertainty derives from insufficient understanding of the extent
to which water, as a coating on absorbing particles, enhances the absorption. Here, we describe and characterize the
performance of a cavity-attenuated phase shift single scatter albedo spectrometer (CAPS-PMssa) system that has been
modified to enable concurrent aerosol extinction and scattering measurements, from which aerosol absorption is derived,
at relative humidities up to ~90%. The modified instrument is referred to as the humidified CAPS (HCAPS). Additionally,
we develop and validate an update to a method to calculate the truncation correction factor, used to correct the scattering
measurements, that can account for the effects of particle growth and compositional changes resulting from water uptake.
The method can be applied to experiments that use either size-selected or polydisperse aerosol samples of either known or
unknown composition. Overall, we show that measurements made with the HCAPS, when processed using the updated

truncation correction method, enable accurate measurement of the influence of water uptake on light absorption.

1. Introduction

One way in which atmospheric aerosols impact climate is by altering the Earth’s radiative budget, by
either scattering or absorbing incoming and outgoing solar and thermal radiation. When aerosols scatter
incoming solar radiation back to space, they provide a cooling effect by reducing the amount of light
absorbed at the surface. Aerosols can also absorb incoming ultraviolet and visible radiation, depending on
their composition, which warms the atmosphere. Absorbing aerosol components include black carbon

(BC), some organic components (collectively referred to as brown carbon (BrC)), and dust. These
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absorbing aerosols differ in their properties, including how strongly they absorb and how their absorption

varies with wavelength.

Absorbing aerosols contribute disproportionately to the overall uncertainty in aerosol radiative forcing
(Bond et al., 2013). Moreover, aerosol concentration and composition exhibit large spatial and temporal
variability, which can cause regional forcing to differ substantially from the global average (Li et al.,
2022; Williams et al., 2022). Global average BC direct radiative forcing (RF) is significant, positive, and
uncertain, with median reported values ranging from 0.23 to 0.9 W/m? (Lund et al., 2018; Szopa et al.,
2021; Li et al., 2022 and references therein). Consideration of absorption by BrC leads to a reduction in

the overall cooling effect of organic aerosol (Laskin et al., 2015).

Since aerosol extinction is the sum of absorption and scattering, aerosol absorption can be measured
directly or indirectly by measuring scattering and extinction and taking the difference. Aerosol optical
properties depend on size, morphology, mixing state, and composition (Seinfeld and Pandis, 2016). The
single scattering albedo (SSA) is a ratio describing how scattering or absorbing a sample is. It ranges from
zero (purely absorbing) to one (purely scattering):

Equation (1), SSA = Z—;
It is important to understand how mixing of absorbing components with other acrosol components, either
absorbing or non-absorbing, affects the overall absorption (Bond et al., 2013). A common assumption for
modeling BC absorption is that coated BC adopts a core-shell morphology. In the core-shell assumption
the solid aerosol component (here, BC) is coated by other aerosol components; most often both the core
and overall particle are assumed spherical. Theoretically, coatings enhance the absorption by BC, with the
extent of enhancement dependent on the size of the BC core and the relative thickness of the coating.

Theoretical enhancements can be as large as a factor three or more under the core-shell assumption

(Fuller et al., 1999; Bond et al., 2006; Lack and Cappa, 2010; Jacobson, 2012; Fierce et al., 2016).

However, it is possible that the solid absorbing component is located towards the outer edge of the
particle or is not uniformly coated. In this case, the core-shell theory is not appropriate. The absorption
enhancement in these non-core-shell particles is typically reduced compared to the equivalent core-shell
morphology (Fuller et al., 1999; Scarnato et al., 2013). Moreover, non-solid absorbing components, in
particular BrC, could end up homogeneously mixed throughout an entire particle or preferentially

segregated to a particular phase should phase separation occur (Brunamonti et al., 2015). Theoretically,



when an absorbing component is homogeneously mixed with other aerosol components there is also an

enhancement of the overall absorption compared to an equivalent external mixture (Fuller et al., 1999).

Lab and field studies characterizing the magnitude of the absorption enhancement for BC-containing
particles yield values that vary widely, from near unity (i.e., no enhancement) to greater than 2 (Schnaiter
et al., 2005; Mikhailov et al., 2006; Zhang et al., 2008; Khalizov et al., 2009; Knox et al., 2009; Moffet
and Prather, 2009; Cappa et al., 2012; Lack et al., 2012; Mcmeeking et al., 2014; Cui et al., 2016; Peng et
al., 2016; Saliba et al., 2016; You et al., 2016; Liu et al., 2017; Xie et al., 2019). Differences in the
experimental conditions (e.g., monodisperse vs. polydisperse BC, the amount of coating), measurement
method, or proper accounting of the contributions by BrC can help explain some of the variability that has
been observed. However, a substantial limitation has been that nearly all these studies characterized

absorption under dry conditions.

Water uptake by an aerosol also has an impact on the particle optical properties. The amount of particle-
phase water depends on particle composition and atmospheric conditions. Water by itself is almost purely
scattering at visible wavelengths. When considered as a coating material, water can enhance absorption like
any other coating material. The changes to optical properties owing to water uptake are characterized by
fIRH),, which is the ratio of wet particle scattering, extinction, or absorption coefficients (b,), to its dry
counterpart:

Equation (2), f(RH), = %ﬁjm ; where z = extinction, absorption, or scattering

The impact water uptake has on absorption by aerosol particles is a key uncertainty in understanding the
radiative forcing by BC and BrC. Experimental (Mikhailov et al., 2006; Khalizov et al., 2009) and modeling
(Jacobson, 2001; Ghan et al., 2012; Jacobson, 2012; Fierce et al., 2016) studies indicate water coatings play
a prominent role in absorption enhancement. However, the actual influence of water uptake on absorption
lacks a firm experimental basis in large part owing to a dearth of experiments (Zhang et al., 2008; Brem et
al., 2011) and field observations, and limited tools to allow characterization of absorption at elevated

relative humidity.

To improve model representation of absorbing aerosols and their coatings, further observational and
experimental studies specifically measuring absorption from BC and BrC under humidified conditions are
needed. Measurements of optical properties can be made in situ or with passive and remote sensing. /n
situ measurements can be either online or offline, with most methods originally measuring absorption by
dry particles. Filter based absorption measurements often have bias issues due to needing multiple

corrections to account for the filter material and can overestimate absorption significantly when loading is



high, and water uptake can exacerbate these issues (Cappa et al., 2008; Lack et al., 2008). Some in situ
and online absorption measurement methods use two separate measurements, one that measures
scattering, and another that typically measures extinction. A challenge with using two separate
instruments to measure absorption, especially at elevated RH, is ensuring sufficient accuracy and
precision between the two independent measurements, which can be affected by factors such as

differences in temperature (which influences RH).

This study characterizes the performance of a humidified cavity-attenuated phase shift particulate matter
spectrometer (HCAPS) system and demonstrates the performance for determination of aerosol optical
properties, including absorption, at elevated humidity. The HCAPS measures scattering and extinction
(and thus, absorption and single scattering albedo) concurrently on the same sample. A custom
humidification box added before the commercial CAPS-PMgsa (Onasch et al., 2015) enables alternating
measurement of extinction and scattering for dry and humidified samples. Our system differs from other
related setups (Zhou et al., 2020; Carrico et al., 2021), in two ways: (i) the use of a separated
humidification box allows the humidified air stream to be directed to multiple instruments or just a single
CAPS-PMgssa, and (ii) precise temperature control of the CAPS-PMssa enables robust determination of
particle deliquescence. This study also introduces a method to determine the truncation correction factor
for scattering, building on Onasch et al. (2015) and Modini et al. (2021) that accounts for aerosol water

uptake as well as unknown aerosol composition.

2. Materials and Methods
2.1 Humidified Cavity Attenuated Phase Shift Spectrometer — PMss4 (CAPS-PMss4)

Aerosol scattering and extinction were measured at 630 nm using a cavity-attenuated phase shift
particulate matter spectrometer (CAPS-PMssa; Aerodyne Research) (Onasch et al., 2015). The CAPS-
PMssa measures extinction based on the phase shift of square-wave modulated light as it passes through a
high-gain optical cavity. Scattering is determined concurrently on the same aerosol sample via the
integration of scattered light measured by a Lambertian integrating sphere nephelometer. The measured
scattering requires a particle size and composition-dependent truncation correction factor to account for
forward and backward scattered light that is not captured by the nephelometer. This truncation correction
factor will be discussed further below. Here, we have modified the standard CAPS-PMssa instrument by
enclosing the entire CAPS-PMssa cell in a temperature-stabilized and insulated box outfitted with two
through-wall thermoelectric coolers controlled by a temperature controller. With this modification the
CAPS-PMssa cell can be maintained at a stable temperature that is a few degrees below ambient; we

typically maintain the cell at 19 °C. This helps to ensure that the lowest temperature, and therefore highest



relative humidity, encountered by the air stream is in the CAPS-PMssa cell. This helps with preventing
condensation and with determination of the deliquescence point for samples that deliquesce. Relative
humidity is characterized inline using an RH probe (Rotronic Hygroclip2) that is located in the same
enclosure as the CAPS-PMssa cell and is thus at the same temperature as the cell. The RH probe was

calibrated using saturated salt solutions.

To enable characterization of the influence of RH and water uptake on the measured scattering and
extinction, an aerosol humidification system (the “RH Box”) was added to the system upstream of the
CAPS-PMssa instrument; the combination of the modified CAPS-PMssa and the RH Box will be referred
to as the “HCAPS.” A schematic of the HCAPS system is shown in Figure 1. The RH Box enables
selective sampling by the CAPS-PMgsa of a dry aerosol stream or of a humidified aerosol stream via a 3-
way valve. The air stream is dried prior to sampling into the RH Box using denuder driers. The air stream
is then split into a bypass (dry air) flow and a humidified flow. Humidification is achieved using a
monotube Permapure Nafion drier (MD-700) in reverse (i.e., a humidifier), and where the amount of
water added to the air stream is controlled by varying the temperature of the water flowing through the
outer jacket of the humidifier. The temperature of the water is controlled to within 0.1°C using a
bidirectional thermoelectric cooling system coupled with a heat exchanger. The water flow is controlled

using a water pump.

Air constantly flows through both the bypass line and humidifier, with the air stream sampled to the
CAPS-PMssa selected using an automated 3-way ball valve and the alternate air stream sampled to an
excess pump using a 3-way solenoid; the two 3-way valves operate out of phase to allow for constant
flow through both channels. The combination of continuous flow, control of the water temperature in the
humidifier, and cooling and temperature stabilization of the CAPS-PMssa cell allows for accurate control
of the humidification over the range of about 55% < RH < 95%. The various temperature, RH, and valve
state values were controlled and measured using a custom Labview program with an NI-6008 DAQ

device. In these studies, the CAPS-PMssa flowrate was 0.9 Ipm.

The system setup allows operation in two modes. In one, the system is toggled between the dry and
humidified channels with fixed or variable dwell times and a constant high RH (referred to as the constant
RH mode). In the other, the system slowly ramps the RH by ramping the water temperature while
continuously sampling from the humidified channel (referred to as RH ramping mode). With the constant
RH mode, we have found that the minimum dwell time is limited by adsorption and desorption of water
from surfaces in the system. There can be substantial lags in the response as the system equilibrates to a

new condition; we have empirically determined that five-minute dwell times are sufficient, although a



best practice is to disregard the data collected for an ca. 2 minute period after the valve change. Particle-
free air flow was used to determine instrument responsivity, with Figure S1 showing the response in RH
when switched between the dry and humidified flow. With the RH ramping mode, if the RH is ramped
too fast the observed deliquescence points for pure salt solutions are underestimated. Ramping times of
about 0.1 °C/min or less allow for good performance. This corresponds to an overall time for ramping
from lower (~55%) to higher (~95%) RH of about an hour. The HCAPS system developed here shares

some similarity to the instrumentation and designs of Carrico et al. (2021) and Zhou et al. (2020).

Size-dependent particle losses through the HCAPS system can lead to biases relative to the actual state of
the particles sampled when sampling polydisperse particles. Size-dependent particle losses were
calculated using the Particle Loss Calculator (Von Der Weiden et al., 2009) for spherical particles with
material density of 1.5 g cm™ (Figure S2). The minimum in the particle loss curve occurred for particles
with diameters of ~120 nm (loss = 0.22%) and increased for smaller particles from enhanced diffusion
and for larger particles from enhanced sedimentation and impaction. Losses were <10% for particles

having diameters <1.7 microns and rose to ~20% at 2.5 microns.

2.2 Experimental Description

We used the HCAPS to characterize how light absorption for single component aerosol of specific
composition responds to changes in RH (Table 1). Experiments using mixed-component aerosols will be
the subject of future work. Polydisperse aerosol particles were generated from aqueous solutions with an
atomizer and then dried to <20% RH by passing them through two silica bead diffusion driers. A
differential mobility analyzer (DMA) was used to size select particles from this dry aerosol stream. The
resulting monodisperse dry aerosol stream was mixed with clean, dry air to ensure sufficient flow to
downstream instrumentation while maintaining a sample flow through the DMA of 0.5 lpm. The air
stream was then split between a condensation particle counter (CPC; TSI Model 3076) and the HCAPS.

Figure 1 outlines the laboratory setup.

Here, we focus on RH ramping experiments. In a typical experiment, dry aerosol of a given size and
composition are initially sampled through the bypass to the CAPS-PMssa. The measured optical cross-
sections for these dry particles yield the reference dry values for the determination of fRH), i.e., the
denominator in Eqn. 2. The RH Box valves are then switched to allow sampling of the humidified aerosol
stream starting from the lowest “high” RH value, typically 60-65%. The RH is then slowly ramped by
increasing the temperature of the humidifier at 0.1 °C/min until the RH reaches ~90%. At this point the

RH Box valve is switched back to allow sampling from the bypass, the temperature of the humidifier is



dropped to its lowest value, the selected particle size is changed, and a new ramping cycle is started. Dry

particle sizes over the range 75 nm to 500 nm were considered, with the exact values varying by system.

Table 1. Aerosol types considered and their general properties

Single Component Aerosol Properties

Ammonium Sulfate Non-Absorbing, soluble

Nigrosine Absorbing, moderately soluble (BrC surrogate)
Fullerene Soot Absorbing, mostly insoluble (BC surrogate)

2.3 Data Analysis and Correction Factors

Accurate determination of light absorption coefficients in the HCAPS requires correction of both the
directly measured extinction and scattering. These corrections include a correction of the extinction
coefficient (bex) for absorption by water vapor, and a correction of the scattering coefficient (bsca) for size
and RH-dependent truncation losses. The absorption coefficients are then determined from the corrected
bext and byca. Here, all data analysis was performed using Igor Pro 8 (Wavemetrics), with the code used for

the various data processing steps below provided in the Supplemental Material.

In the case of experiments using size-selected particles, accurate determination of the truncation
correction factor (Cs) requires that we account for the influence of multiply charged particles on the
measured bex and bs.. In the case of a polydisperse particle distribution, correction of the by, requires
determination of an optically weighted Ci; value. In either case, for humidified particles we must
additionally account for the influence of water uptake and particle growth on the Cis. A schematic of the
analysis methodology is depicted in Figure 2 and a more detailed description of the corrections follows.

The experiments here all use size-selected particles.

Water vapor absorption correction: Although water vapor absorbs weakly in the visible, at 630 nm the
cross-section is sufficiently large that its absorption has a notable impact on the observed extinction
(Mikhailenko S.N. et al., 2005). We determined experimentally the water vapor sensitivity of the
observed extinction equals 0.04 Mm! per 1% change RH. This was done by characterizing the instrument
response to changes in RH without particles present. The experimental RH-sensitivity determined is
consistent with the known absorption cross-section for water vapor (~6.3 x 107° m?*/molecule;
Mikhailenko S.N. et al. (2005)) and saturation vapor pressure at 19 °C (2930 Pa; National Weather
Service (2025)), which yield an expected sensitivity of 0.045 Mm™! per 1% change in RH. (For reference,



the water vapor absorption cross-section at 630 nm is ~20x greater than that at 530 nm and about 100x
greater than that at 405 nm.) The correction for this artifact is referenced to the preceding instrument zero

and the RH during that zero (RH:.f):
. 1
Equation (3), bext,corr = Dext,obs — 0-04’W' (RH - RHref)

Accounting for multiply charged particles: After the corrected extinction is determined, the fARH)cx is
calculated. The monodisperse aerosol from the DMA can include multiply charged particles that have
equal electrical mobility but larger actual diameters than those selected by the DMA (under the
assumption of single charges). This leads to larger extinction coefficients compared to the case with all
particles at the selected size. This has two implications. First, the inversion of hygroscopic growth factors
(GFru) from f{RH).« depends on the particle size. The GFru is defined as the ratio between the actual
particle diameter, including water uptake, and the dry particle diameter; for the same f{RH)ex larger

diameters will yield larger GFru values. Second, the Cis values are implicitly size-dependent.

There are two ways we dealt with multiply charged particles. In the first, we determined the fraction of
singly (ql) and doubly (q2) charged particles that yielded closure between the observed and calculated
extinction cross-section for the dry particles of a given size under an assumption of spherical particles. We
did not consider triply charged particles, as it is not possible to determine unique values for q1, q2, and q3
given the number of experimental inputs, i.e., multiple solutions are possible. In general, the q2 fraction
depends on the combined effects of charging statistics and the shape of the original polydisperse particle
size distribution; for our experiments the ql fraction typically increased with particle size. In the second,
we determined a single value for a single equivalent effective diameter (Dpm.f7) that allowed for closure of
the observed and calculated bex, again assuming spherical particles. Use of either of these two yielded
nearly identical results. The results presented here used the second method, which enabled more
straightforward comparison of the observations with theory. In practice, the importance of g2 particles
could be reduced via modifications to the experimental setup, for example via double size selection after
re-neutralization or mass selection followed by size selection; such modifications were not possible in our
experiments owing to limitations in instrument availability. For instances where polydisperse particles are
sampled directly into the HCAPS, such as ambient sampling, no such correction for multiple charging is

needed.

Determination of hygroscopic growth factors: The RH-corrected f{RH)ex values are then converted into
equivalent hygroscopic growth factors using spherical-particle Mie theory along with the effective diameter

values. Specifically, the dry particle extinction is calculated using the dry particle Dymerr values and



humidified particle extinction is calculated using D;f_’,{n’e fr = GFpy D;f’ :,31' eff and where the selected GFru

values used are those that minimize |75, — f5fi x| In performing the inversion, we use steps of AG Fgy

=0.01.

Water typically has a smaller real refractive index (#) than most aerosol components (7r20 = 1.332 at 630
nm; Segelstein (1981)). Also, water is nearly (although not entirely) non-absorbing in the visible with an
imaginary refractive index (k) close to zero (k2o = 1.5 x 10" at 630 nm; Segelstein (1981)). As such, water
uptake engenders a decrease in # for both absorbing and non-absorbing systems and also in & for absorbing
systems. The effective refractive indices used in the Mie calculations for humidified particles are calculated

assuming volume mixing rules for homogeneous mixtures (Erlick et al., 2011).

Truncation correction for scattering: There are apertures at the entrance and exit of the CAPS cell to
allow light, and the air stream, to enter and exit. The directly observed scattering thus will be biased low,
as some of the light scattered will exit the cell through these apertures; this is called truncation. The
correction for this lost light is the truncation correction factor and is discussed in detail in the next section.
The corrected extinction measurement and wet effective diameter are used to determine the truncation

correction factor.

The truncation correction factor (Ci) is applied to yield the corrected scattering bscacorr by dividing the raw

scattering measurement bscameas Dy the truncation correction factor:
. bS cameas
Equation (4), bsca,corr = ’ Ces

The Cis will be a value greater than zero and less than or equal to one. The lower the Cis value, the larger
the losses from truncation, and thus the larger the corrected scattering value. Values of Ci close to one

will yield corrected scattering values only slightly larger than measured.

3. Truncation Correction Factor and Validation

As noted above, not all the scattered light is measured by the integrating nephelometer due to the
geometry of the cell and given that scattering cannot be measured in near forward and backward
directions, with the specific limitation dependent on instrument design. The truncation correction factor
accounts for unmeasured scattering and is used to correct the observed scattering. Values of Ci for a
given system can be developed via empirical measurements or theoretical modeling. Onasch et al. (2015)
derived a theoretical Cys for the CAPS-PMssa based on Mie theory, which has since been updated to

include an additional probability-based correction for reflection of light off the inner glass tubing (Liu et



al., 2018; Modini et al., 2021). The C; depends on the following parameters: the complex refractive index

of the particles, incident light wavelength, cell geometry, and particle diameter.

We expand on this previous work, specifically the Modini et al. (2021) update to Onasch et al. (2015), to
account for the influence of growth by water uptake along with any changes in the refractive index due to
water uptake on the truncation correction factor. We also introduce an iterative approach that can be used
to determine the truncation correction factor for systems of unknown composition, and therefore unknown
refractive index. The calculations here are performed at 630 nm, consistent with the measurements, but

the method is general and can be applied to any wavelength.

3.1 Truncation Correction Factor for Known Species

Upon humidification, aerosols may take up water and grow, impacting both the size and refractive index
relative to the dry particle. This affects the scattering phase function and thus the truncation correction
factor. Larger particles tend to preferentially scatter more in the forward direction, which corresponds to a
larger truncation. Consequently, water uptake decreases the value of Cis further from 1 relative to the dry
particle. Water uptake also leads to a change in the refractive index, typically a decrease in both the real
and imaginary components. The impact of both effects must be accounted for to determine an appropriate

truncation correction factor for humidified particles.

The influence of particle growth induced by water uptake is accounted for here by determining the RH-
and composition-dependent GFry values from the f{RH)ex values, as discussed above. This provides both
the effective wet particle diameter and the associated humidified particle refractive index for use in

calculations of the truncation correction factor.

For non-absorbing systems, the SSA calculated using the measured uncorrected scattering (bscameas) and
the corrected extinction (bextcorr) corresponds to the Cis. We refer to this initially uncorrected SSA as the
raw SSA (SS4raw). The reason for the equivalency of SS4rw and Cis for a non-absorbing system is implicit
in the definition of the SSA and the truncation correction factor; the actual SSA for a non-absorbing
system is one, and thus any deviation from one for SS4.w must result from scattered light lost from
truncation. Consequently, size-dependent measurements of SSA4r.w for a non-absorbing system provide a

test for theoretical formulations for the truncation correction factors.

Here, we assessed the theoretical truncation correction factor (Onasch et al., 2015; Modini et al., 2021) by
comparing with the observed SS4.w values (equivalent to Cis) for both dry and wet ammonium sulfate

particles (Figure 3). The dry and humidified measurements have been grouped into a single dataset and



are shown versus the appropriate dry or wet particle diameter. For reference, the dry selected diameters
ranged from 75-500nm (with corresponding Dpm s values from 121-684nm). Truncation curves are
shown for constant GF values ranging from 1.1 to 2.5 to illustrate the impact of water uptake on the
truncation correction factor. The truncation curves exhibit little dependence on the assumed GF below
wet diameters of 700 nm or so, indicating a lack of sensitivity to variation in the refractive index for these
non-absorbing particles. Above this size the observations are most consistent with the theoretical curves

for larger GF values.

As noted above, the presence of multiply charged particles leads to larger observed extinction cross-
sections than expected based on the selected particle size. This in turn has implications for calculation of
the truncation correction factor. If the selected diameter were used, rather than the effective diameter, the
calculated Cis is overestimated (closer to unity) and the truncation correction therefore underestimated.
Additionally, if the diameters used did not account for particle growth due to water uptake the truncation
would again be underestimated. For reference, Figure S3 shows the calculated dry truncation correction
factor without accounting for scattering off the inner quartz tube, and without accounting for multiply
charged particles. Similar to Figure S3, other studies comparing theoretical truncations with scattering

measurements observe Cg that are higher than the measured SSA (Carrico et al., 2021).

There is generally good agreement between the observed raw SSA and calculated truncation correction
factors below effective diameters around 700 nm for the non-absorbing particles. At larger wet diameters
the spread of observed SSA4nw values at a given wet diameter increases. This aligns approximately with
the point at which the different calculated truncation curves begin to diverge for different GF values.
Recall that the humidified measurements here were made at a range of RH values above the
deliquescence point and thus the measurements at a given wet diameter correspond to various
combinations of dry diameter and GF values. Although there is greater spread at these larger diameters
the observed SSAraw still fall within the variance of the calculated truncation curves for particles up to
1200nm. The largest dry particle size sampled here had D, .+ = 684 nm. Below this size the observations
represent a mixture of dry and wet particles. Above Dy rr = 684 nm all measurements are for wet particles,
with corresponding GF values ranging from ~1.3 to 1.8 depending on the RH (Hémeri et al., 2002). As
such, above D, ir = 684 nm the observations exhibit generally closer correspondence with the calculated

truncation curves that assume GF > 1.

The model-measurement comparison in Figure 3 for non-absorbing particles demonstrates that the
Onasch-Modini truncation model, updated to account for water uptake and the influence of multiply
charged particles, provides an accurate accounting of the influence of truncation on the scattering

measurements, at least up to the maximum particle size considered here. However, the curve shown is



specific to humidified ammonium sulfate particles. Distinct, system-specific truncation correction factor
curves are needed for particles with different real refractive indices or that are absorbing (i.e., non-zero
imaginary components of the refractive index). We explore this theoretically by calculating and
comparing truncation curves for four aerosol types corresponding to ammonium sulfate (m = 1.521 + 0i),
nigrosine (m = 1.67 + 0.26i), fullerene soot (m = 1.8 + 0.6i), and a highly absorbing aerosol (m = 1.8 +
1.13i). The fullerene soot value comes from (Moteki et al., 2023), who present their results as a range of
possible values rather than a single value. We have selected here a value in the central range of their
SPHPACK model. The calculations are performed both for dry particles and assuming varying GF values

under volume mixing assumptions.

For dry particles, the calculated truncation curves for absorbing aerosol all decrease monotonically up to
the largest dry diameter considered here and exhibit much less structure compared to the non-absorbing
acrosol (Figure 4). The absolute values of the truncation correction factors differ between the absorbing
and non-absorbing systems above about 350 nm diameter, with smaller Cys (and therefore larger
truncation) for the absorbing systems. The calculated curves exhibit relatively small differences between

absorbing systems despite their very different imaginary refractive indices.

Calculated truncation curves are shown as a function of wet diameter for the humidified particles with
assumed GF values >1 (Figure 5), with the same curves versus the original dry diameter shown for
reference in Figure S4. Comparison between the truncation curves shown versus dry diameter and versus
wet diameter illustrates the importance of capturing both the effects of particle growth and of changes to
the refractive index from water uptake. In general, for the absorbing systems, the calculated Cis values at a
given wet diameter increase towards unity as the GF increases. However, for these systems the influence
of water uptake decreases as the imaginary refractive index increases, i.¢e., as the systems become more
absorbing, for a given diameter. The effect of water uptake for the absorbing systems contrasts starkly
with the non-absorbing system, for which water uptake leads to a smaller C for a given wet diameter.
Note that consideration of the Cis values at a given wet diameter illustrates the influence of changes to the
refractive index on the truncation, separate from the influence of growth. For the largest GF values
considered the truncation curves for the non-absorbing and less absorbing systems start to converge,
likely because at the largest GF the particles are more than 90% water by volume. This is most evident in
the “bump’ in the truncation curve at about 2,000 nm. However, for the strongly absorbing system (Figure
5D), representative of black carbon, the effect of water uptake is limited. For GF = 2.5, the imaginary RI
values for the absorbing systems are 0.017 (nigrosine), 0.038 (fullerene soot), and 0.072 (strongly

absorbing). Comparing these suggests that water uptake must reduce the imaginary RI to less than about



0.07 to have a notable impact on the truncation correction factor, but even then, the influence is most

notable above about 1,000 nm diameter.

It is important to note that these calculations assume volume mixing rules apply for water and the
absorbing species, which may not be appropriate for highly absorbing species such as black carbon.
Moreover, such highly absorbing components tend to have limited intrinsic solubility and thus would not
exhibit large growth factors even at high RH when externally mixed from other components. Internal
mixing of soluble components, such as ammonium sulfate, with non-soluble absorbing components like
black carbon can enable water uptake by the mixed-component particle with the overall GF dependent on

the relative abundance of the soluble and non-soluble components (Baynard et al., 2006).

3.2 Truncation Correction Factor for Unknown Species

As illustrated above, the truncation correction factor can be calculated for any particle of known refractive
index. However, for unknown systems, which includes ambient particles, the refractive indices are not a
priori known. Consequently, determination of the truncation correction factor becomes more difficult. We
propose that an iterative approach can allow for reasonable determination of the system-appropriate
truncation correction factor. As shown above, the effect of using an inappropriate refractive index is
particularly important for particle diameters larger than about 1,000 nm, as below 1,000 nm the truncation
curves are reasonably similar, although they do depend on the absorptivity of the system. Figure 6 shows
examples of the dependence of Cis on the imaginary part of the refractive index for four particle diameters
ranging from 440 nm to 1343 nm. In these examples, we assume that the real part of the refractive index
linearly increases with the imaginary portion, following the (n,k) pairs discussed below. The Cis values are
reasonably independent of k& below about 0.07, but at £ > 0.07 the calculated Ci first decrease and then

increase.

The refractive index for an unknown mono- or polydisperse system can be inverted from the
measurement of any two of extinction, scattering, absorption cross-sections under a spherical particle and
homogeneous mixture assumption (Zarzana et al., 2014; Cotterell et al., 2022). In the CAPS-PMssa the
extinction measurement is independent of knowledge of the refractive index. However, this is not the case
for scattering (and therefore also for absorption) as the measured scattering must be corrected for
truncation losses, which depends on knowledge of the refractive index. As such, in the case of particles
with unknown refractive index a recursive method is required to determine the appropriate truncation

correction factor. We develop the following general approach to this problem.

We start by constraining the space of (n,k) pairs that reasonably characterize aerosol complex refractive

indices for dry particles. Specifically, we assume a functional form for the relationship between n and &



that spans from non-absorbing to highly absorbing. Here, we have chosen a functional form that
approximately connects ammonium sulfate to nigrosine to fullerene soot to strongly absorbing aerosol
(i-e., BC). In the computational implementation we use 110 linearly spaced (#,k) pairs; see supplemental
section S3, and Figure S5 for more information. This reasonably captures the range of refractive indices

seen in common aerosols (Zarzana et al., 2014).

The (n,k) pairs are used to generate 2D matrices of extinction and scattering cross-sections and of SSA as
functions of particle diameter and refractive index for dry particles. The associated truncation correction
factor for each (n,k)-diameter combination is calculated for dry particles and also for the corresponding
wet particles as a function of growth factor, with the RI adjusted to account for water uptake assuming
volume mixing. In the computational implementation we use steps of AGFru = 0.01 from 1.00 to 2.5. The
range and set of particle diameters used is arbitrary but should be selected to conform with experimental
needs; in our case, we used 110 diameters corresponding to the median diameters scanned by a Brechtel
SEMS as used by our group in recent field studies. Although the experiments in this study use
monodisperse particles, we generalize the method for application to either monodisperse or polydisperse

systems.

For monodisperse particles we calculate the SSA4:.w for particles and use the selected particle diameter to
determine an initial (n,k) pair to use by selecting that which minimizes ASSA = |SSA,qw — SSAcaicl-
With this initial (n,k) pair the observed and calculated extinction cross sections are compared, as
discussed above, to select an effective diameter to use. Then, the Cis is calculated using this initial (7,k)
pair and the Dy m v, allowing for an initial correction of the scattering coefficient and determination of a
corrected SSA. The process is then repeated to extract an updated (n,k) pair using the corrected SSA,
which is used to determine an updated Dy m.fr and then Cy, and finally a newly corrected scattering
coefficient and SSA. Iterations continue until the obtained SSA differs by <0.005 from the previous

iteration. In practice, we find this is achieved with only three iterations.

For polydisperse distributions, the size-dependent extinction and scattering cross-section values are
weighted by an observed number concentration size distribution of a particular sample (dN/dlogDp,m).
Integration across all sizes allows for determination of appropriately size-weighted properties (i.e., the
bext, bsca, and SSA) as a function of refractive index. The observed SSA4r.w is compared with the matrix of
calculated SSA values, and the refractive index that minimizes ASSA is selected. A size-weighted
truncation correction factor is determined using this initial (#,k) pair, which is in turn used to correct the
scattering coefficient. As with monodisperse particles, the process is repeated to yield a fully corrected

scattering coefficient and SSA. Figure 7 visualizes this methodology.



Figure 8 shows examples of the calculated SSA as a function of & for six dry diameters; in this case, the
general (n,k) relationship is used and so the » values are changing with the & values. With increasing £, the
SSA drops monotonically up to about £ = 0.1 for all sizes considered. As k further increases (along with
n) the SSA approximately levels off or even increases in the case of the larger particle sizes.
Consequently, for some sizes consideration of the ASSA values does not yield a unique (n,k) pair. In such
instances, the pair with the smallest & is chosen in the iterative approach. Note that if the » were held

constant the SSA would decrease monotonically with £.

The effectiveness of this iterative method was tested experimentally using monodisperse nigrosine and
fullerene soot particles. The iterative method retrieved a complex refractive index for 150 nm selected
diameter nigrosine particles of n = 1.57 + 0.137 and a corrected SSA value of 0.47. This compares
favorably with the corrected SSA obtained using the literature RI for nigrosine (1.62 + 0.125i at 660 nm),
with SS4cor = 0.52 (Radney and Zangmeister, 2018). For 200 nm size selected fullerene soot, the
retrieved RI was n = 1.67 + 0.52i, with a corrected SSA value of 0.29. This too compares favorably to the
corrected SSA obtained using the literature RI of fullerene soot (1.80 + 0.6) (Moteki et al., 2023), with

SSAcor = 0.27. Convergence was achieved within three iterations.

4. Laboratory Measurements

4.1 Non-absorbing Aerosol — Ammonium Sulfate

The influence of water uptake on ammonium sulfate extinction, scattering, and the SSA for monodisperse
particles was characterized by ramping RH from 65% to 88% RH and comparing with dry particles
(Figure 9). The results shown are averaged across all dry sizes (ranging from 100-300nm). Clear
deliquescence behavior is observed at 78% RH, with both the f(RH)ex and f(RH)sca increasing from unity
at that threshold; the observed deliquescence RH is consistent with, but somewhat lower than, the
literature value of 79.9 + 0.5% (Seinfeld and Pandis, 2016). This difference likely reflects a limitation of
the initial RH probe calibration; subsequent re-calibration and measurement yields a deliquescence RH
within 0.5% of the literature value. Although the deliquescence is quite sharp some minor growth is
observed starting at 77% RH, which could result from slight temperature gradients in the CAPS-PMSSA
enclosure. We note that our design improves on that of Brem et al. (2011) in that by cooling the optical
cell the deliquescence points obtained are consistent with literature, rather than being underestimated. As
ammonium sulfate is non-absorbing, the SSA should be constant at 1 throughout the RH range. We
measure an average SSA of 0.99 +/- 0.03 in the pre-deliquescence range and 0.98 +/- 0.02 in the post-
deliquescence range, yielding a ASSA of 0.01. This illustrates the effectiveness of the GF-dependent



truncation correction factor method introduced above. For a non-absorbing system, the absorption is zero

and the f{RH)avs therefore is ill-defined and thus not presented.

4.2 Absorbing Aerosol — Nigrosine and Fullerene Soot

The optical properties of size selected 150 nm nigrosine and 200 nm fullerene soot were measured from
below 40% RH (dry) to above 85% RH (Figure 10). Nigrosine is partially soluble in water. The f{RH)cx
and f{RH)sc. values exhibit continuous, albeit relatively small increases with increasing RH, ultimately
reaching 1.4 and 1.7, respectively, at 87% RH. The f{RH)as also increases continuously with RH,
reaching 1.1 at 87% RH. Since the fARH)sca > fIRH)ex the SSA increases with RH, from 0.45 for dry
particles to 0.52 for particles at 87% RH. The f{RH)as is limited by the only moderate hygroscopicity of
nigrosine. That is, the water-induced absorption enhancement depends on the extent to which the particles

grow from water uptake. With nigrosine, the GFry is only ~1.1 at 87% RH, and thus the fARH)aps is small.

The ARH) values determined here are qualitatively consistent with those derived from the data presented
in Brem et al. (2012) for nigrosine particles in that the f{fRH)sc, are greater than the f{RH).x; and the
f(RH)aps are observable but small. However, both the fARH)cx and f{RH)sca values here are larger than from
Brem et al.(2012). This difference likely reflects their use of polydisperse particles while we used mono-
disperse particles. Our f{RH)sca and fARH)cx values are also somewhat larger than those reported in
Carrico et al. (2021) and Zhou et al. (2020) for size-selected particles. We speculate that their dry
reference measurements were not made at sufficiently low RH, leading to measured f{RH) values that are
too low, but the difference could also result from operation at different wavelengths (450 nm in Carrico et
al. and 532nm in Zhou et al. vs. 630 nm here) or from differences in the truncation correction that was
applied (or in the case of Zhou et al., not applied), at least for scattering. Notably, the Carrico et al. (2021)
instrument does not observe deliquescence behavior for ammonium sulfate, likely owing to differences in
design; such behavior could indicate additional factors also contribute to the differences observed here,
although we note that nigrosine does not deliquesce. Despite the differences in f{RH)sca and ARH)ex:, the
SIRH)aps results here are reasonably consistent with those of Carrico et al. (2021) and Zhou et al. (2020).

Fullerene soot is effectively non-soluble and hydrophobic. Consistent with this, the f{RH) values for
extinction, scattering, and absorption all remain at unity as RH is increased, up to 85% (the highest RH
considered). Correspondingly, the SSA remains constant with an average value of 0.28. The constant
A(RH) values and SSA indicate that the pure fullerene soot particles do not uptake water at any
subsaturated RH. We are not aware of other studies that have characterized the influence of water uptake
on fullerene soot optical properties, but we note that Ohata et al. (2016) find negligible water uptake by

fullerene soot over a similar RH range. The clearly observable difference in behavior of fullerene soot and



nigrosine in terms of the f{RH).ys response to increasing RH demonstrates that the HCAPS developed here

is capable of measuring even small absorption enhancements that can result from water uptake.
5. Conclusions

In this work we have characterized a new instrument, the HCAPS, that allows for measurement of light
absorption, along with scattering and extinction, at elevated relative humidities up to ~90%. The HCAPS
combines a CAPS-SSApm, modified to allow temperature control and stabilization of the optical cell, with
an aerosol humidification system. The instrument characterization was facilitated by the development of a
general theoretical method to determine the scattering truncation correction factor (Cis) that extends the
work of Onasch et al. (2015) and Modini et al. (2021). Specifically, our method accounts for the influence
of particle growth due to water uptake on the Cis and can be applied to systems with either known or
unknown dry particle optical properties (i.e., the complex refractive index) and for either size-selected
particles or particle distributions. This is achieved through an iterative methodology that uses measured
extinction and scattering cross-sections, and the associated single scatter albedo, for both dry and wet
particles to account for the potential influence of multiply charged particles (for size-selected

experiments) and changes in the refractive index from water uptake.

We validated the method using RH-dependent measurements of light extinction and scattering for size-
selected, non-absorbing ammonium sulfate particles. The sensitivity of the calculated truncation
correction to the dry particle refractive index was explored by theoretically comparing a non-absorbing
system to various absorbing systems (specifically corresponding to nigrosine, fullerene soot, and a highly
absorbing aerosol). We show that proper consideration of the dry particle refractive index, and especially
changes imposed by water uptake, is necessary to allow for determination of the influence of water uptake

on absorption.

Measurements for two absorbing systems, size-selected nigrosine and fullerene soot particles,
demonstrated the potential for measuring the influence of water uptake on light absorption specifically.
We found that the absorption for nigrosine, which is somewhat soluble, increases modestly upon
humidification, with an f{RH)as ~1.1 at 85% RH. In contrast, the absorption for fullerene soot is
unchanged upon humidification up to 85%, reflecting the non-hygroscopic nature of these particles.
Comparison between nigrosine and fullerene soot illustrates that water-uptake-induced absorption

enhancements can be determined at the level of at least ARH)aps = 1.1.

The results presented here demonstrate that it is possible to measure relatively small absorption
enhancements for absorbing aerosol systems. Future efforts should aim to establish how mixing of non-

absorbing and absorbing, hygroscopic and non-hygroscopic, and solid and non-solid components affects



the water-driven absorption enhancement. Moreover, laboratory investigation must be complemented by
field observations of the influence of water uptake on absorption to guide updates to models that predict

and quantify global aerosol absorption and the impacts on climate.
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Figure 1. Schematic representation of the experimental setup, including the HCAPS system. The
RH Box is shown bounded by a black box and the modified Aerodyne CAPS-PMssa is shown

bounded by a pink box. The aerosol flows are depicted in gray and the water flows depicted in

dark blue.
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Figure 9. The f{RH) for extinction and scattering (bottom) and SSA (top) for size-selected
ammonium sulfate, ramping from dry RH to 88% RH averaged over all diameters ranging from
100 nm-300 nm. A step change in f{RH) extinction and scattering is observed around 78% RH,

near the expected deliquescence point of ammonium sulfate.
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Figure 10. (top) The RH-dependence of the f{RH) for extinction, scattering, and absorption and
the SSA for nigrosine particles size selected at 150 nm. Extinction increases slowly with RH,
with scattering contributing to most of the increase. (bottom) The RH-dependent f{RH) for
extinction, scattering, and absorption and the SSA for fullerene soot particles size-selected at 200

nm. The f{RH) values and the SSA are all constant with RH indicating a lack of water uptake.
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