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Abstract The mass accommodation coefficient for uptake of water vapor to liquid water, αM, has been
constrained using photoacoustic measurements of aqueous absorbing aerosol. Measurements performed
over a range of relative humidities and pressures were compared to detailed model calculations treating
coupled heat and mass transfer occurring during photoacoustic laser heating cycles. The strengths and
weaknesses of this technique are very different to those for droplet growth/evaporation experiments that
have typically been applied to thesemeasurements, making this a useful complement to existing studies. Our
measurements provide robust evidence that αM is greater than 0.1 for all humidities tested and greater than
0.3 for data obtained at relative humidities greater than 88% where the aerosol surface was most like pure
water. These values of αM are above the threshold at which kinetic limitations are expected to impact the
activation and growth of aerosol particles in warm cloud formation.

1. Introduction

Clouds play a key role in regulating the Earth’s energy budget through interaction with solar and terrestrial
radiation [Intergovernmental Panel on Climate Change (IPCC), 2013]. Liquid cloud droplets form through the
activation and subsequent growth of aerosol particles [Pruppacher and Klett, 1997]. The properties of the
underlying aerosol population (e.g., particle number, size, composition, and mixing state) are important in
determining the resulting cloud microphysical properties, radiative properties, and lifetime [McFiggans
et al., 2006]. Aerosol impacts on cloud properties are commonly referred to as indirect effects and these
remain amongst the most uncertain anthropogenic drivers of climate change [IPCC, 2013].

Numerous modeling studies have demonstrated sensitivity of cloud droplet formation to the kinetics of
water condensation during particle growth [Chuang, 2006; Chuang et al., 1997; Feingold and Chuang, 2002;
Kulmala et al., 1996; Nenes et al., 2001]. This sensitivity arises from the impact of droplet growth rate on the
maximum supersaturation that develops within a rising air parcel prior to the onset of activation [Chuang
et al., 1997]. For a given aerosol population, as water uptake kinetics slow, aerosol activation is delayed,
leading to higher maximum supersaturations and formation of brighter clouds containing a greater number
of smaller, longer-lived cloud droplets [Kulmala et al., 1996]. Constraining the impact of water uptake kinetics
on cloud formation is one step toward reducing uncertainty associated with aerosol indirect forcing
of climate.

A key parameter determining the kinetics of water uptake is the mass accommodation coefficient, αM, which
describes the probability that a water vapor molecule impacting a particle surface will remain within the
particle [Kolb et al., 2010]. Modeling studies have shown that growth kinetics only impact cloud droplet
formation significantly for αM< 0.1 [Chuang et al., 1997; Raatikainen et al., 2013]. For αM> 0.1, water uptake
is sufficiently fast that particle growth is limited by factors other than surface accommodation, such as diffu-
sion of water vapor to the growing particles, and loss of heat generated during condensation.

The measurement of αM for water vapor on liquid water surfaces has been the focus of numerous experimen-
tal studies conducted over many decades. Reported values have spanned a wide range from 0.001 to 1
[Davidovits et al., 2004; Kolb et al., 2010;Miles et al., 2012;Mozurkewich, 1986]. The most recent estimates have
generally converged to values above the αM= 0.1 threshold for relevance to cloud droplet formation [Miles
et al., 2012]. Experiments have been performed using a range of approaches. For example, droplet train
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experiments have yielded αM from 0.32 to 0.17 in the temperature range 258–280 K [Li et al., 2001], the cloud
expansion chamber experiments of Winkler et al. [2006] yielded αM values close to 1 across the temperature
range 250–290 K, droplet evaporation experiments conducted under vacuum by Smith et al. [2006] measured
αM near 0.6 with little temperature dependence in the range 245–298 K, andmeasurements of evaporation of
trapped single water droplets by Davies et al. [2014] derived similar values of αM ≥ 0.5 across the temperature
range 228–293 K. In addition to experimental studies, recent theoretical work also provides evidence for
there being no barrier to water accommodation (αM=1) [e.g., Varilly and Chandler, 2013].

In this study we present further experimental evidence showing αM> 0.1 for uptake of water vapor to liquid
water surfaces. This conclusion is drawn from laboratory measurements of absorption by aqueous aerosol
particles conducted using photoacoustic spectroscopy. This experimental approach is distinct from all of
those applied previously to this problem and is subject to different strengths and limitations. As such, our
measurements provide valuable independent constraint of this important physical parameter.

2. Experimental

Photoacoustic spectroscopy (PAS) is increasingly being applied for the measurement of absorption by atmo-
spheric aerosol [Arnott et al., 2006; Lack et al., 2012; Lewis et al., 2009]. This technique measures the acoustic
signal generated by absorbing aerosol exposed to intensity modulated radiation. Typically, the acoustic
signal varies linearly with sample absorption strength; however, various studies have shown that this relation-
ship breaks down in the presence of semivolatile aerosol components such as water [Arnott et al., 2003;
Murphy, 2009; Raspet et al., 2003]. Here latent heat consumed and released during aerosol heating cycles
reduces the efficiency of acoustic signal generation by reducing conductive heat transfer between the
aerosol and gas phases. This leads to a low bias in photoacoustic measurements with respect to the true
absorption magnitude, which from hereon shall be referred to as the PAS bias. The strength of the PAS bias
depends on the extent to which evaporation and condensation occur, and it is thus sensitive to both
humidity and the magnitude of αM.

Murphy [2009] developed a theoretical framework for estimating the magnitude of the PAS bias based on
solving the requisite coupled heat andmass transfer equations in the transition flow regime. These equations
are akin to those routinely applied to model aerosol growth in cloud formation. His work highlighted the
potential for using biased photoacoustic measurements to constrain the magnitude of αM, which forms
the basis for this study. There are a number of potential advantages of this approach. For example, the photo-
acoustic technique involves small temperature perturbations and as such near equilibrium conditions are
maintained. It also employs a flow setup in which particle surfaces are continually refreshed, thus reducing
susceptibility to contamination. Perhaps the most significant advantage however is that the sensitivity of
the acoustic signal to αM arises from competition between heat and mass transfer as opposed to droplet
growth experiments where these factors act together to limit growth rates. This results in a high sensitivity
to accommodation coefficients greater than 0.1, as opposed to droplet growth measurements which are
most sensitive to accommodation coefficients less than 0.1.

The laboratory setup used for experiments, its validation, and data analysis methodologies have been
described in detail previously [Langridge et al., 2013]. Briefly, particles were generated by atomization, dried,
and size selected using a differential mobility analyzer. The particle-laden flow then passed through a home-
built pressure controlled inlet, which provided active control of the downstream system pressure in the range
109–800mb. The flow was subsequently humidified using a temperature-controlled Nafion-humidifier
assembly which provided stable relative humidity (RH) control up to 90% RH. For the measurement of dry
aerosol properties the humidifier assembly was bypassed. Finally, the conditioned flow passed through three
measurement systems positioned in series: a photoacoustic cell (measuring particle absorption at 532 nm), a
cavity ringdown cell (measuring particle extinction at 532 nm), and a condensation particle counter (measur-
ing particle number concentration). All absorption measurements were corrected for particle number to
account for (generally small) changes in particle generation efficiency during experiment runs. Particle losses
between the photoacoustic cell, cavity ringdown cell, and particle counter were not accounted for based on
model calculations, which predicted losses to be below 1% in the relevant particle size range (200–330 nm)
[von der Weiden et al., 2009]. All absorptionmeasurements were performed at a fixed temperature of 25±0.6°C,
achieved through active temperature control of the photoacoustic cell.
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Experiments were performed using 200 nm dry diameter internally mixed nigrosin dye-ammonium sulphate
particles (3.3:8.9 gL�1). This chemical system was chosen to meet two key criteria: absorption at the 532 nm
wavelength of the photoacoustic instrument and strong equilibrium water uptake as a function of RH. In
order to determine particle diameters at elevated RH, which were required to model particle absorption
and the photoacoustic bias [Langridge et al., 2013], the particle hygroscopicity was characterized using cavity
ringdown spectroscopy. Measurements of particle extinction as a function of RH were fit to a model based on
the κ-Kohler treatment of hygroscopic growth [Petters and Kreidenweis, 2007]. This approach derived a best fit
κ value of 0.4 for the mixed nigrosin-ammonium sulphate particles [Langridge et al., 2013], corresponding to
particle water volume fractions of 0.21, 0.48, and 0.77 at RHs of 40%, 70%, and 90%, respectively. Good agree-
ment was seen between measured data and model calculations [see Langridge et al., 2013, Figure 5a] indicat-
ing the validity of the κ-Kohler-based approach. This figure also provides evidence that the particles
remained in the liquid phase at all RHs accessed in experiments as no discontinuities in measured f(RH)ext
associated with phase changes were observed. The importance of considering the morphology of the mixed
nigrosin-ammonium sulphate-water particles for the interpretation of data is discussed further below.

Experiment runs consisted of measuring absorption as a function of RH to enable construction of humidi-
grams showing the change in the ratio of wet to dry particle absorption (f(RH)abs) with humidity.
Humidigrams were measured as a function of pressure in the range 109–800mb. The rationale for this
approach was to probe the strong pressure dependence of the PAS measurement bias, which arises from
the reduced efficiency of thermal transfer from particles at low pressure. In turn, this provided a broad data
set with which to evaluate αM.

3. Modeling

Model calculations of f(RH)abs including the effects of PAS bias were performed following Langridge et al.
[2013] andMurphy [2009]. The original publications should be referenced for full details, including a detailed
list of assumptions. The current application differs only by the choice of thermophysical parameters used and
inclusion of associated uncertainties. The key result is that the ratio of the photoacoustic signal recorded
under wet and dry conditions (Sratio) is given by

Sratio ¼ βT � iωτj j
βT 1þ fMð Þ � iωτj j 1þ f M

T∞cp;g
L

� �
with fM ¼ βM

βT

LDpvMv

KRT2
∞

LMv

RT∞
� 1

� �
and τ ¼ r20ραcα

3K
; (1)

where βT and βM are the thermal and mass transition flow correction factors which are dependent upon
Knudsen number and the thermal/mass accommodation coefficient [Winkler et al., 2006],ω is the laser modula-
tion frequency (Hz), T∞ ambient temperature (298K), cp,g specific heat of the bath gas at constant pressure
(Table 1), L latent heat of evaporation (Table 1), D diffusion coefficient of water in humid air (Table 1), pv partial
pressure of water vapor, Mv molecular weight of water (0.018 kgmol�1), R universal gas constant
(8.3144 J K�1mol�1), K thermal conductivity of humid air (Table 1), r0 particle radius, ρa particle density, and
ca particle specific heat (4148 J kg

�1 K�1). Calculations were performed using a number of αM values spanning
the range 0.05 to 1.

The uncertainty in model calculations arising from uncertainty in input thermophysical quantities L, D, and K
was evaluated by explicitly propagating uncertainty in these parameters through equation (1) to provide the

Table 1. Thermophysical Parameters Used for Calculation of Photoacoustic Signal Bias and Associated Uncertainties

Property Value Reference Uncertainty

cp,g (J kg
�1 K�1) 1860pv + 1006(1� pv) Shiraiwa et al. [2012] -

L (J kg�1) 3.14566 × 106� 2361.64T∞ Winkler et al. [2006] ±1.7% (Miles et al. [2012])
D (m2 s�1)

DH2O�air
pT�pv
pT þ Dself

pv
pT
, DH2O�air ¼ 2:178�10�5 p0

pT

� �
T∞
T0

� �1:81
,

where Dself = 1.7 × 10�5m2 s�1,

pT = total pressure, p0 = 1 atm, and T0 = 273.15 K.

Miles et al. [2012] DH2O-air ±7% and Dself �14%/+12%
(Miles et al. [2012])

K (Wm�1 K�1) Kv

1þ0:5561�pv
pv

þ Kg

1þ1:189 pv
1�pv

, Kv =� 6.7194 × 10� 3 + 7.4857 × 10� 5T∞,

Kg = 3.4405 × 10� 3 + 7.5177 × 10� 5T∞.

Winkler et al. [2006] Kv ± 2%, Kg ± 2%, and K
(additional) ±1% (Miles et al. [2012])
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maximum range in Sratio possible. Table 1 gives the uncertainty values used. An additional uncertainty in
model calculations was introduced from the assumption of pure water droplets, which for the aqueous
nigrosin-ammonium sulphate particles used in experiments was not valid, particularly at low RH. To probe
sensitivity to this limitation, two sets of model calculations were performed which provided bounds on the
expected PAS bias. The first set (“no mixing” case) assumed that particles took up water without any mixing
into the particle bulk. Beyond RH≈ 12% (corresponding to approximately five monolayers of water on the
particle surface), these calculations were identical to those for a pure water surface. The second set of
calculations (“homogeneous mixing” case) applied the PAS evaporation bias only to the particle volume
fraction corresponding to water. Here the water volume fraction was used as a proxy for the particle surface
water coverage and this approach was essentially equivalent to assuming instantaneous homogenous
mixing of water following uptake. We have not considered a case whereby nigrosin was surface active and
thus acted to limit the particle surface water coverage below that predicted by the homogenous mixing case.
While we do not have evidence to rule out this possibility, we note that it would not change the overriding
interpretation of measurement data, as described further in section 4.

4. Results

Figure 1 shows the ratio of the humidified to dry photoacoustic absorption signal measured at pressures of
109, 200, 300, 400, and 800mb (solid circles). Figure 1 (left column) compares measurements to model calcu-
lations performed for the no mixing case. Figure 1 (right column) compares the same data to model calcula-
tions performed assuming instantaneous homogeneous mixing of water.

At all humidities and pressures the measured PAS absorption is strongly low biased. The largest bias
(calculated as the ratio of the measured absorption to that calculated for the case of no evaporation) is
approximately 0.2. Themagnitude of the PAS bias increases with humidity, as expected from the dependence
of the mass flux on the partial pressure of water vapor [Murphy, 2009]. In addition, the bias increases with
decreasing pressure, as expected from the lower thermal conductivity of air which reduces the efficiency
of heat transfer from heated particles, making the mass transfer pathway more competitive.

In all cases a single set of model results does not reproduce the experimental data well. For calculations
performed assuming no mixing (pure water surfaces), all experimental data are bound by calculations with
αM in the range 0.1–1. The functional forms of the model calculations do not represent the measured data
well, as evidenced by the experimental data cutting across model curves calculated for different values of
αM. This behavior suggests that the magnitude of the measured PAS bias was limited by the particle surface
water availability and that the assumption of a pure water surface was not valid, particularly at low RH.
Despite this limitation, comparing model and experimental data for this case does provide bounds on the
possible value of αM. For αM< 0.1, calculations cannot reproduce the observed PAS bias, thus providing an
absolute lower limit on the value αM. For the highest RH measurements (RH> 88%), where the particle water
volume fraction was approximately 77% and the assumption of a pure water surface most valid, measure-
ments are consistent with αM> 0.3.

For calculations performed assuming homogeneous mixing, the quantitative agreement with measurements is
poorer. The modeled bias underestimates measured values, even for simulations performed at the kinetic limit
with αM=1. However, the qualitative shape of the modeled curves better matches observations than those for
the no mixing (pure water) case. This suggests that although mixing of water into the particle bulk may not be
as extensive as predicted by instantaneous homogeneous mixing, the impact of limited particle water availabil-
ity was impacting the magnitude of the measured PAS bias, particularly at low RH. Agreement between
measured and modeled data for this case is markedly worse at low pressure, which is discussed further below.

To explore the relationship between particle surface water coverage and the observed PAS bias, we inverted
measurement data to derive the effective water surface coverage needed to yield consistency between
model and measured data for two assumed values of αM: 0.1 and 1. The inversion was performed by assum-
ing that the PAS signal bias applied only to the fraction of the particle surface covered by water.

Figure 2 shows results of this inversion and includes the theoretical surface coverages calculated for both the
no mixing and homogeneous mixing cases. Inversions performed using αM= 1 show surface coverages that
are well bound by theoretical predictions for the two idealized mixing cases, with good consistency between
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Figure 1. Ratio of wet to dry photoacoustic absorption measured for 200 nm dry diameter aqueous nigrosin-ammonium
sulphate particles (solid circles). Left column: Comparison to model calculations (αM in range 0–1) assuming no mixing of
water into the particle bulk. Right column: Comparison to calculations assuming instantaneous homogenous mixing of water
within the particles. Experimental data points are 90 s means with the y axis error bars denoting the 1σ precision, which
dominated the total measurement uncertainty. The x axis error bars show the absolute error in the RH measurements (±3%).
Each of the model curves is a shaded region indicating the uncertainty range determined as described in the main text.
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predictions from measurements at 800,
400, and 300mb. These measurements
suggest that there was significant mix-
ing of water into the particle bulk, with
the absolute water surface coverage
enhanced with respect to the instanta-
neous homogeneous mixing case by
approximately 0.17 (see Figure 2). The
predicted surface coverage from mea-
surements at the lowest pressures of
109 and 200mb are not consistent with
this interpretation and show better
agreement with the no mixing case. If
particle mixing state is independent of
ambient pressure then this result is hard
to reconcile and may indicate limita-
tions in our calculation of Sratio at
low pressure. In particular, calculations
assume that water vapor is a trace spe-
cies. At the lowest pressure of 109mb,
water vapor represents 26% of all gas
phase molecules at 90% RH and thus
the validity of this assumption is no

longer clear [Miles et al., 2012]. Similar inversions performed using αM= 0.1 show that measurements can only
be reconciled with model calculations using water surface coverages greater than 1, which is not physically
possible. This demonstrates that despite complications associated with particle morphology and composi-
tion, our measurements provide robust evidence for αM> 0.1.

We note that the potential case whereby nigrosin was surface active, and thereby limited particle surface
water coverage below that predicted for the homogeneous mixing case has not been considered. While
we cannot rule this behavior out, by limiting surface water coverage it would serve to reduce the magnitude
of themodeled PAS bias with respect to the homogeneousmixing case and thus further increase discrepancy
between modeled and observed behavior. Thus, should nigrosin have been acting as a surfactant, it would
serve only to further support the conclusion that αM> 0.1.

5. Conclusion

Photoacoustic measurements of aqueous nigrosin-ammonium sulphate aerosol have been used to constrain
the mass accommodation coefficient for uptake of water vapor to liquid water, αM. Measurements performed
over a range of relative humidities and pressures were compared to detailed model calculations treating
coupled heat and mass transfer occurring during photoacoustic laser heating cycles. Our measurements
provide strong evidence that αM is greater than 0.1; a conclusion that was shown to be robust despite uncer-
tainties in the morphology of the mixed-component particles studied. This result adds to a growing body of
evidence suggesting that αM> 0.1 and therefore above the threshold at which kinetic limitations are
expected to impact the activation and growth of aerosol particles in warm cloud formation. This work has
brought to bear a unique experimental approach with different strengths and limitations to those applied
previously to measure αM and as such provides a useful independent result. While the focus of our study
has been αM for uptake of water vapor to pure water surfaces, various studies have suggested potential for
depressed droplet growth rates for real-world aerosol due to additional factors such as the presence of
film-forming compounds [Feingold and Chuang, 2002], slow solute dissolution [Asa-Awuku and Nenes,
2007], and viscous glass-like aerosol phases [Bones et al., 2012]. Evidence from field measurements has
recently emerged showing that despite these mechanisms, αM> 0.1 is also routinely observed for ambient
particles across a range of environments [Raatikainen et al., 2013]. Further measurements corroborating this
result are needed to fully resolve this long standing question in cloud physics research.

Figure 2. Particle surface water coverage calculated from biased photo-
acoustic measurements assuming αM = 1 (circles) and αM = 0.1 (squares).
Also included are the surface water coverages calculated under idealized
assumptions of no mixing and instantaneous homogeneous mixing of
water into the particle bulk following uptake.
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