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Photoacoustic spectroscopy is widely used to measure the light absorption of aerosols. However, the

impact of key factors such as the effect of relative humidity and mass exchange on photoacoustic

measurements are still poorly understood. We assess such measurement biases and their physical origin

by analysing the photoacoustic signal of single tetraethylene glycol (TEG) particles at varying relative

humidities. Our results show a decrease in the photoacoustic signal at elevated relative humidities for

small particles (0.8–1.5 mm), while for larger sizes (2.2–3.2 mm) the trend is reversed. We model the

photoacoustic signal to interpret the observed behaviour in terms of mass and heat flux contribution.

The single particle photoacoustic signal analysis presented in this paper additionally allows for the retrieval

of the mass accommodation coefficient. Fitting our experimental data to the theoretical model reveals

values of aM E 0.02–0.005 for water on TEG in the temperature range 295–309 K.

1 Introduction

Atmospheric aerosols play a major role in the Earth’s radiative
budget, yet questions regarding their exact contributions
remain unanswered. The current estimates hint at an overall
cooling effect of anthropogenic aerosols,1 though there are
significant uncertainties surrounding their direct, indirect
and semi-direct effects.2–4 The absorption and scattering of
shortwave radiation by aerosols directly influences Earth’s
radiative forcing. The ice nucleation properties of aerosols
and their propensity to act as cloud condensation nuclei can
also modify the microphysical properties of clouds. New
advances in experimental methods used for measuring the
physical properties of aerosols are necessary to improve our
current understanding of the role that aerosols play in atmo-
spheric processes.5

Photoacoustic (PA) spectroscopy is a standout technique
widely used for ensemble absorption measurements of atmo-
spheric aerosols, both in laboratories and environmental
campaigns.6–13 The physical basis of photoacoustic spectro-
scopy is the conversion of modulated light energy into thermal
energy. During a photoacoustic measurement, the modulated

excitation laser is partially absorbed by the studied system
leading to periodic heating and cooling of the system. This
results in the formation of acoustic waves, due to the heat
conduction from the studied system to the surrounding air
(heat flux). The corresponding acoustic signal (sound) can be
measured by a microphone or a piezoelectric tuning fork.7,14

In addition to the heat transfer, the absorbed energy can be
dissipated via evaporation of semi-volatile species, such as
water (Fig. 1). This mass flux from the particle also contributes
to the photoacoustic signal, however, its conversion efficiency

Fig. 1 Energy dissipation pathways. Absorbed energy from the incoming
modulated laser can be dissipated via either heat flux Q or mass flux I. The
heat flux represents the formation of acoustic waves due to periodic
heating and cooling of the surrounding air. The mass flux corresponds
to an evaporation of volatile species (e.g. water) from the aerosol droplet.
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to the photoacoustic signal is less when compared to that of the
heat flux. This is due to the energy needed for the evaporation
of the volatile species (latent heat). Theoretical models of mass
flux contribution towards the photoacoustic signal show that
this energy dissipation pathway becomes more pronounced at
high relative humidities.15–19

Relative humidity (RH) plays a key role in defining the
optical properties of atmospheric aerosols. The change induced
in a particle’s water content impacts its light absorption and
scattering and hence its effect on the climate. The RH-dependence
of aerosols’ scattering has been extensively studied,20–24 how-
ever the impact of RH on absorption is still a matter of debate.
Several studies suggest that the absorption of different aerosols
should increase with increasing RH.25–28 For example, it has
been shown that the absorption of light-absorbing carbon
increases when the particles are mixed with non-absorbing
species, such as water at visible wavelengths.29 On the other
hand, Willoughby et al. used laser-induced heating to determine
the RH-dependence of the imaginary parts of the refractive index
(RI) of single particles of NaCl and (NH4)2SO4.30 Their study
suggests that for particles 1–2.2 mm in radius the absorption
decreases with increasing RH, which they attribute to the presence
of impurities.

Photoacoustic spectroscopy has also been used to measure
the RH-dependence of aerosols’ absorption. Arnott et al. used a
flow-through photoacoustic spectrometer in field measure-
ments to determine the absorption of black carbon at different
levels of relative humidity.31 They observed a systematic
decrease in the PA signal when the RH increased beyond
70%. Another laboratory study of smoke particles performed
by Lewis et al. measured a 20% decrease in the PA signal with
increasing relative humidity.32 Langridge et al. measured the
PA signal of various absorbing aerosols as a function of RH and
also observed a systematic decrease with increasing relative
humidity.33 This study further concluded that the PA spectro-
scopy is a valid technique for absorption measurements only
when used in dry conditions. All of these authors proposed that
the experimentally observed decrease in the PA signal is due to
a more pronounced mass flux at elevated RHs. However, the
photoacoustic studies on Saharan dust-dominated air mass
carried out by Lack et al. showed an enhancement of the PA
signal by a factor of 1.5 � 0.3 with increased RH.34 The current
discussion in the literature regarding the impact of RH on the
photoacoustic signal and the precise role of the mass flux
is inconclusive.

In order to acquire a fundamental understanding of the PA
signal generation, the first-ever single-particle photoacoustic
spectrometer (SP-PAS) was reported in 2016 by Cremer et al.35

This newly-developed instrument allows us to perform high-
sensitivity in situ PA measurements on single, unsupported
particles down to the submicron region. By studying single
particles as opposed to ensembles, we avoid averaging effects
and gain insights into the size-dependence of the PA measure-
ments. For example, we investigated the size-dependence of the
photoacoustic signal (PAS) and found that for particles larger
than 1 mm in radius there is significant signal damping due to

limited heat conductivity of the surrounding air.36 Further-
more, performing single-particle PA spectroscopy allows for
new types of measurements on aerosol particles, such as the
determination of particle-size dependent reaction rates due to
optical cavity effects.35 In addition, performing cavity ring-
down spectroscopy on single aerosol particles proved to be a
powerful tool to measure optical properties of aerosols and
their dynamics.37,38

The single-particle nature of our measurements is achieved
by the introduction of an optical trap to the set-up. We use
counter propagating tweezers (CPT) which enables the trapping
of micron and submicron particles with tight particle confine-
ment, allows for long working distance and has a relatively
straightforward alignment procedure.39–42 Many other optical
traps are available,43 however CPT trap is the most suited for
our purposes due to aforementioned advantages. One of the
aims of the work presented in this paper is to study the
photoacoustic response of optically-trapped particles at different
relative humidities. In addition, the analysis of the mass flux
component from such studies provides an experimental window
into the kinetics of water condensation and evaporation from an
aerosol particle.

The mass accommodation coefficient (aM) is a kinetic para-
meter describing the probability of gas-phase molecule accom-
modation onto an aerosol surface upon collision. Knowing the
exact values of mass accommodation coefficients for various
systems is important for accurate climate modelling and predic-
tions. Numerous studies have measured the mass accommodation
coefficient of water vapour on the surface of liquid water, however,
significant uncertainty in the exact value still remains.44–54

Many such studies are summarised in the review by Kolb
et al.55 The determination of aM of various organic compounds,
such as glycols, has also been the subject of several studies.46,56–58

Uptake coefficients of trace gases onto atmospheric aerosols,
which are equal to the mass accommodation coefficients for
Knudsen numbers c1,17 are also discussed in reviews by Kolb
et al.55 and Abatt et al.59

In this work we also assess the performance of single-
particle photoacoustic spectroscopy in retrieving mass accom-
modation coefficients of water vapour on tetraethylene glycol
particles. In principle, the high sensitivity of photoacoustics
allows for low laser powers to be used and hence restricts the
temperature oscillation to just a few Kelvins. In addition, a high
modulation frequency keeps the total mass flux small and
hence SP-PAS allows us to work near equilibrium conditions.
By incorporating a stable CPT trap, we can vary the radius of the
particles from the micron to the submicron regime. A comparison
with ensemble studies47 enables one to gain insights into number-
and size-averaging effects and their impacts on aM retrieval.

To the best of our knowledge, this is the first study that
measures the mass accommodation coefficient of water vapour on
single organic aerosols. Retrieval of mass accommodation coeffi-
cients for such heterogeneous systems is of huge importance for
atmospheric sciences as the kinetics of water condensation on
particles plays a key role in defining activated aerosol concen-
tration in the atmosphere.55,60–63 This work is also the first
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assessment of the RH dependence of single particle photo-
acoustics. In this work we present the photoacoustic spectra
obtained at different RHs together with the results from
theoretical modelling. Through the comparison of the experi-
mental and theoretical data we retrieve the value of the mass
accommodation coefficient for our system.

2 Experimental
2.1 Optical trapping

Aerosol particles of tetraethylene glycol (TEG, Acros Organics)
were introduced into the optical trap using a customised
nebuliser. TEG was chosen as a model organic substance because
of its low vapour pressure required for optical trapping, its
hygroscopic nature allowing RH-dependent measurements and
its well documented physical properties needed for modelling.
Single droplets of TEG were trapped in the centre of an acoustic
resonator through the use of cross polarised counter-propagating
tweezers (CPT). In this configuration (Fig. 2), a 532 nm trapping
laser (Laser Quantum, Opus) is linearly polarised at 451 using a
half wave plate (Thorlabs, WPH10M-532) and expanded to 7.4 mm
in diameter using a telescope. The beam is then divided in two
gaussian beams with identical intensity (B250 mW) using a
polarisation beamsplitter (Thorlabs, PBS201). The trapping beams
are directed to both sides of the PA cell and tightly focused with
75 mm aspherical lenses (Thorlabs, ASL10142).

Measurements of single particles with variable sizes in a gas
flow environment are prone to positioning instability.64 This is
observed as a displacement of the particle along the direction
of beam propagation as the size of the particle changes. For
single-particle photoacoustic measurements, it is essential that the
particle remains well-confined, otherwise the displacement of the
particle within the excitation beam is apparent in the PA signal.65

To counteract this movement, a feedback system was put in place.
An electro-optic modulator (EOM, ConOptics) was placed before
the polarisation beamsplitter to control the light polarisation and
thus control the relative intensity of both trapping beams.
A quadrant photodiode (Hamamatsu, S5980) placed after the
objective (Fig. 2 left) was used to monitor the position of the
particle. The information from the quadrant photodiode was
then relayed every 0.25 ms to a PID controller that corrects any
movement by adjusting the voltage applied to the EOM. This
position-confinement technique has shown to greatly enhance
the stability of the particle.

All experiments were performed in a nitrogen environment
with a constant total flow of 20 sccm. To avoid disturbing the
particle, an indirect flow was chosen. As seen in the middle of
Fig. 2, the aerosol and flow inlet/outlet are both situated in the
same buffer volume only allowing diffusion into the acoustic
resonator. The relative humidity was adjusted by mixing dry
and water saturated nitrogen flows. The temperature and the
relative humidity of the system were monitored with a sensor
placed in the other buffer volume, B2 cm away from the
particle with 0.3 K and 2% accuracy. To ensure that a proper
equilibrium within the cell was achieved, only measurements
in which the relative humidity stayed constant within �0.4%
were analysed.

2.2 Photoacoustics

Single particle photoacoustic spectroscopy was performed using a
specifically designed resonant photoacoustic cell (Fig. 2 right).8,35,66

This cell was designed to allow optical trapping, photoacoustic
measurements and elastically scattered light collection. The
two buffer volumes inside the cell serve as acoustic noise
reducers. The photoacoustic signal is induced by a focused IR
laser (9.47 mm diode laser from AdTech Optics) and measured by
an electret microphone (Knowles Electronics, EK-23133-C36).

Fig. 2 Experimental set-up used for single-particle photoacoustic spectroscopy. Left: Side view of the optical set-up collecting scattered light from the
particle and projecting it onto a quadrant photodiode, a camera and a photodiode. Centre: Top view of the optical table comprising of a trapping laser
(green), photoacoustic laser (blue), the PA cell and a trapped particle (red). The trapping laser is expanded using a telescope and the relative intensities of
the two trapping beams are controlled by the electro-optic modulator (EOM). Right: The photoacoustic cell used in these experiments showing the
trapping laser (red), the photoacoustic laser (blue), buffer volumes and a microphone. The colour scheme inside the cell represents the acoustic intensity
originating from the particle. Figure adapted from ref. 35 (This work is licensed under a Creative Commons Attribution 4.0 International License;
http://creativecommons.org/licenses/by/4.0/).
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The power of the IR laser at the particle is 7.1 � 0.2 mW and its
diameter is 153 � 6 mm. The microphone is located directly
underneath the trapped particle (see Fig. 2 right). The laser is
modulated at 4 kHz to match the resonant frequency of the
4 cm long acoustic resonator, in which the particle is trapped.
The microphone signal is demodulated using a lock-in amplifier
(Zurich Instruments, 500 kHz MFLI).

The photoacoustic IR laser resonant with an absorption at
1056 cm�1 of TEG was shone on the trapped particle producing
a PA signal and causing the particle to shrink in size. The PA
signal was measured with a time constant of 300 ms for
approximately 10 minutes. Because of low vapour pressure of
TEG, the particles do not shrink noticeably during one PA data
collection (300 ms). The many data points taken over time
(10 min) correspond to PA measurements for a range of different
particle sizes. At the end of the measurement, the particle was
ejected from the trap and the PA background was measured.
During the data analysis, this background was subtracted from
the raw PA signal. Multiple single particle measurements were
collected at a given RH to provide statistically relevant results.

2.3 Modelling

A theoretical model based on thermal conduction (Fourier’s
law) and molecular diffusion (Fick’s law) in the surrounding
gas with transition flow corrections was developed to simulate
the photoacoustic signal of spherical symmetric droplets as a
function of particle size for different relative humidities.19,36

As aforementioned, absorbed energy can be dissipated in
two ways, heat flux (Q) and mass flux (I). The heat flux can be
expressed as a function of the particle temperature (Ta)

Q E 4prKbT(Ta � TN) (1)

where r is the particle radius, K is the heat conductivity of the
surrounding gas, bT is the thermal transition flow correction
factor and TN is the ambient temperature. The mass flux can
be described with the linearised mass diffusion equation
combined with the Claussius–Clayperon equation

I � 4prDbM
pvMv

RT12

LMv

RT1
� 1

� �
Ta � T1ð Þ (2)

where D is the diffusion coefficient of water in air, bM is the
mass transition flow correction factor, pv is the partial pressure
of water vapour, Mv is the molar mass of the evaporating
species (water), R is the universal gas constant and L is the
heat of vaporisation of water. The transition flow correction
factors are calculated through16,50

bi ¼
1þKni

1þ 4

3ai
þ 0:377

� �
Kni þ

4

3ai
Kni2

where i ¼ T;M (3)

where KnT and KnM are the Knudsen numbers and aT and aM are
the thermal and mass accommodation coefficients, respectively.

KnT = lg/r

KnM = lv/r (4)

where lg and lv are the mean free path of the gas molecules and
vapour molecules in air, respectively. The amplitude of the
photoacoustic signal is correlated to the variation in Q and I
through

S / DV ¼ R

p

DQ
Mgcp;g

þ DIT1
Mv

� �
(5)

where Mg is the molecular mass of the surrounding gas and cp,g

is the heat capacity of the gas.
This variation in Q and I are related to the temperature

oscillation of the particle (DTa)

DTa ¼
I0Cabs

4prK 1þ fM � iotj j (6)

t ¼ r2racp;a
3K

(7)

fM ¼
bM
bT

LDpvMv

KRT12

LMv

RT1
� 1

� �
(8)

where t is the time constant for the thermal inertia of the
particle, fM is the ratio of energy fluxes due to heat and mass
transport, I0 is the PA laser amplitude, Cabs is the absorption
cross section of the particle which is radius-dependent, ra is the
particle density, cp,a is the specific heat capacity of the particle
and o is the angular modulation frequency. The absorption
cross section of the particle was determined using Mie theory
and the complex refractive index of the particle.

Despite the particle’s change in temperature at 4 kHz, all
physical constants were considered at the particle average

temperature (Ta). When modelling the photoacoustic signal
of aerosol particles, it is also important to consider their
hygroscopic nature. Since TEG is hygroscopic, the particle
composition depends on the relative humidity. As the relative
humidity is changed, the composition is altered, impacting the
particle’s physical properties such as the complex refractive
index, density, heat capacity, absorption cross section and
ultimately the particle average temperature. In addition, the
average temperature of the particle changes with its size

Ta ¼
I0Cabs

4prK 1þ fMð Þ þ T1 (9)

Changing particle average temperatures can in turn alter the
physical properties of the aerosol. To account for these code-
pendent effects, we followed an iterative modelling approach

recalculating the physical properties from Ta until self-
consistency was reached. Fig. 3 shows the resulting particle
temperature and composition for different sizes and relative
humidities. The temperature seems to have close to a linear
dependence on the particle radius, independently of the rela-
tive humidity. On the other hand, the change in the particle
composition is more pronounced with increasing relative
humidity. For 90% relative humidity, the water concentration
increases by B30 percent by mass from large to small particles.
However, for relative humidities lower than 60% the concen-
tration changes are within a few percent by mass.

Paper PCCP

Pu
bl

is
he

d 
on

 1
3 

D
ec

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
N

ev
ad

a 
- 

R
en

o 
on

 1
/6

/2
02

0 
1:

30
:5

2 
A

M
. 

View Article Online

https://doi.org/10.1039/c8cp06980h


This journal is© the Owner Societies 2019 Phys. Chem. Chem. Phys., 2019, 21, 4721--4731 | 4725

Table 1 lists important physical constants at room tempera-
ture and ambient pressure used in the model. Table 2 presents
the temperature and composition dependent variables, values
are shown for pure substances at room temperature.

The refractive index of the water–TEG mixture was calculated
using the Lorentz–Lorenz effective medium approximation.70 The
temperature dependence of the composition, refractive index and
density was parametrised according to ref. 68. The imaginary part
of TEG refractive index was evaluated from ATR-IR measurements.
The complex refractive index of TEG at 532 nm as well as the real
part of the refractive index at 9.47 mm was estimated from
values of ethylene glycol71 combined with the ratio of ethylene
glycol to TEG at 589 nm.

2.4 Size fitting

Particle sizes were determined from the elastic scattering of the
trapping laser. The optical objective above the PA cell collects

scattered light over an angle of 49.61 and projects it onto a
quadrant photodiode, a camera and a photodiode (Fig. 2 left).
The time evolution of the total light intensity recorded by the
photodiode (sampling frequency of 100 Hz) is fitted to Mie
theory. A parametrised double exponential function is used to
represent the radius change in time. For each set of parameters
considered, a theoretical phase function is interpolated from
the pre-calculated Mie pattern and compared with the experi-
mental one. The agreement between the fit and the experiment
is measured by the sum of squares (SSQ) to find the optimal
parameters.

For each relative humidity, the composition of the particle
(TEG/H2O ratio) is calculated in order to use the correct optical
parameters for the size fitting. Furthermore, as the particle

shrinks, its elevated temperature (Ta) decreases which results
in the change of its refractive index at 532 nm (Fig. 3). Hence
both the RH-dependence and the time-dependence of the
refractive index must be considered in the size retrieval.

3 Results and discussion
3.1 Effect of relative humidity on photoacoustics

Photoacoustic spectra of single optically trapped aerosol particles
were recorded at different relative humidities. The size evolution of
over 390 particles at 29 different relative humidities was calculated
and the corresponding photoacoustic data was analysed. Fig. 4
(top) shows averages of multiple single-particle PA measurements
against particle radius for 6 different RH. The results are divided
into two radius ranges � 0.8 to 1.5 mm (left) and 1.5 to 3.2 mm
(right) – as we observe two different behaviours for the two size
ranges. These two size regimes will be discussed separately.
Furthermore, the results from the theoretical model (described
in Section 2.3) are also shown in Fig. 4. The simulation is
shown for two different values of aM, which will be discussed
in Section 3.2.

In general, we observe a decrease in the photoacoustic signal
with decreasing radius of a particle. This is due to smaller
absorption cross sections of smaller particles. In addition, we
notice that the PA signal varies with different relative humidities.
This can be explained by a change in the composition of the
particle. Both the absorption cross section of particles and the
relative distribution of the two energy dissipation pathways
(heat flux Q and the mass flux I shown in Fig. 1) are affected by
the composition change of a particle.

Small radii. For particles in the size range of 0.8–1.5 mm
(Fig. 4 left) we observe a decrease in the PA signal with
increasing RH. As the water content of the particles increases
with the increasing RH, the absorption cross section of the
droplets decreases. Smaller absorption of the photoacoustic IR
laser at elevated RH results in less photoacoustic signal.
Furthermore, higher water content of the TEG droplets leads
to an elevated mass flux to the detriment of the heat flux. Under
our experimental conditions, we are much more sensitive to the
heat flux than to the mass flux due to a high latent heat of
water. Hence any redistribution of energy from the heat flux

Fig. 3 Modelling of the size dependent temperature and water concen-
tration of TEG aerosols. Simulations at different relative humidities are
shown – solid line (10%), dotted line (60%) and a dashed line (90%).

Table 1 Physical constants used in the modelling

Constant Value Ref.

TN 293.7 K
Mg 28.00 g mol�1

Mv 18.02 g mol �1

R 8.314 J mol�1 K�1

K 0.02597 W m�1 K�1 67
D 2.49 � 10�5 m2 s�1 19
L 2450 kJ kg�1 19
p 1.014 � 105 Pa
cp,g 1004 J kg�1 K�1 67

Table 2 Temperature and composition dependent physical constants
used in the modelling

Constant ValueW ValueTEG Ref.

r 0.998 g cm�3 1.124 g cm�3 68
n + ik532nm 1.3337 + 1.4992 � 10�9i 1.4623 + 2.48 � 10�8i 68
n + ik9.47mm 1.2442 + 0.044035i 1.412 + 0.5411i
pv 2.3393 kPa 67
cp,g 4181 J kg�1 K�1 2140 J kg�1 K�1 67 and 69
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into the mass flux results in smaller photoacoustic signal
measured. To quantify the observed decrease, a 1 mm particle
experiences a difference in the photoacoustic signal of
approximately 59% between dry (11% RH) and wet (93% RH)
environments while the modelled absorption cross section
decreases by 33%. This significant discrepancy between the
photoacoustic signal and the absorption change needs to
be taken into account when measuring absorption of atmo-
spheric aerosols.

For all values of aM, the theoretical results show similar
qualitative trends as the experiment; predicting a significant
decrease in the photoacoustic signal with increasing RH. To
further understand this behaviour, the modelled photoacoustic
signal was separated into its two components – the heat flux (Q)
and the mass flux (I). These are plotted against the particle
radius in Fig. 5. For small particles, we see a large decrease in
the photoacoustic signal originating from the heat flux (solid
lines) with increasing RH. When considering the photoacoustic

Fig. 4 Experimental (top) and calculated (middle & bottom) size dependent photoacoustic signals for different relative humidities. The measured and
simulated photoacoustic signals at 11, 33, 47, 64, 85 and 93% RH are shown. The simulation was run for two different values of mass accommodation
coefficients (aM = 0.001 and aM = 1.0). Average error bars are shown at the bottom right corner for both radii range. The dashed vertical lines represent
radii which were selected for further analysis shown in Fig. 6.
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signal from the mass flux (dash lines), we only observe a small
increase at high RH. When considering both of the components
combined, we see that with increasing relative humidity the
overall photoacoustic signal decreases as the increase in the
mass flux component does not compensate for the decrease
in the heat flux contribution.

Large radii. For particles in the size range of 1.5–3.25 mm
(Fig. 4 right), we observe a different behaviour compared to that
of small particles. The photoacoustic signal dependence upon
the RH changes throughout this size regime, with a crossing of
the signals in the range of 2.1–2.6 mm. Before this crossing,
we observe decreasing photoacoustic signal with increasing
RH. However, for the particles larger than B2.6 mm we notice
a reversal in the PA–RH trends with an increase in the photo-
acoustic signal at elevated RH. The theoretical results from the
simulation show the same behaviour of increasing photo-
acoustic signal with increasing RH for large particles. The
aM-dependent crossings between the individual curves is also
clearly visible in the simulation.

To understand the observed reversal in the PA–RH trend for
large particle radii, we can again consider the relative contribu-
tions of the heat flux and the mass flux (Fig. 5). Looking at the
heat flux contribution to the photoacoustic signal (solid lines),
we see that this component plateaus at large radii for all relative
humidities. This dampening effect happens because of the
hindered heat dissipation from the particle, which starts to
be significant for particles larger than 1 mm in radius. This
phenomenon occurs due to a limited heat conductivity of the
surrounding air and is discussed in detail in ref. 36. Further-
more, we see that the decrease in the heat flux contribution
with increasing RH gets smaller for larger radii. On the con-
trary, the photoacoustic signal from the mass flux component
increases significantly with increasing RH for large particles.
When both of these contributions are considered, we can
understand why for large particles the photoacoustic signal
increases with increasing relative humidity. This is despite the

decreasing absorption cross section of the particle. As an
example, for a particle radius of 2.7 mm, the photoacoustic
signal increases by 7% between dry and wet environments,
while the Cabs decreases by 2%.

Discussion. This is an unexpected finding which to the best
of our knowledge has never been directly stated in the litera-
ture. The dependence of the PA–RH trend upon particle sizes is
a newly discovered phenomena which has to be taken into
account to accurately interpret the absorption measurements of
atmospheric aerosols measured by photoacoustic spectroscopy.
In principle, these results could explain the discrepancies in
the literature over the exact effect of relative humidity on the
photoacoustic signal. The photoacoustic studies of hygroscopic
aerosols at varying RH done by Langridge et al.33 and Lewis
et al.32 were performed on particle ensembles smaller than
1 mm. These laboratory studies showed a decrease in PAS with
increasing RH, which is consistent with our size dependent
findings. On the other hand, photoacoustic field studies per-
formed with a 10 mm cut point showed both an increase34 and a
decrease31 of the PA signal at elevated RH. As these two studies
were sampling a broad size-range of aerosols, it is possible that
both effects – the PA signal enhancement and reduction at
elevated RH – were taking place. The reason behind the
different findings of these two studies might be different size
distributions of the studied systems. However, it is also
important to keep in mind that the reversal of the PA–RH
trend might appear at different sizes for different systems.
The position of the crossing depends both on the physical
properties of the studied aerosols (such as hygroscopicity
and complex refractive index) and on the design of the
photoacoustic spectrometer (mainly power and modulation
frequency of the excitation laser). These properties alter
the light absorption of particles which in turn impact the
temperature oscillation (DTa) and the average temperature

(Ta) of the particle (see eqn (6) and (9) respectively.) These
quantities influence the RH-dependence of photoacoustics
through the heat and mass flux contributions.

The work presented in this paper reveals the size dependent
trends in the PA–RH behaviour and shines new light onto the
current discussion about the exact impacts of RH on the PA
signal. However, to explain the findings reported by other
authors mentioned above on a fundamental level, one would
have to investigate the specific systems (the aerosol type and
the type of the spectrometer used) on a single-particle level.

3.2 Accommodation coefficient

The mass accommodation coefficient influences the kinetics
of water evaporation/condensation (mass flux) on the particle’s
surface. The photoacoustic signal is sensitive to the mass
accommodation coefficient through its mass flux contribu-
tion, as can be seen in the eqn (2) and (3). Fig. 4 (middle and
bottom) shows the simulated PA signal as a function of
particle radius for aM values of 0.001 and 1.0. The simulations
shown were performed for six different relative humidities.
The theoretical results reveal that the value of the mass
accommodation coefficient influences the shape of the

Fig. 5 Calculated size dependent photoacoustic component signals for
different relative humidities. The dashed line corresponds to mass flux (I)
contribution and the solid line corresponds to the heat flux (Q) contribu-
tion to the photoacoustic signal. This data was calculated for aM = 1.0.
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individual curves and the particle size range within which the
crossing of the PA signals appears.

Fig. 6 shows both the experimental (dots) and theoretical
photoacoustic signal (solid lines) as a function of relative
humidity for selected particle radii. The model is presented at
four different aM values. The experimental values are averages
of multiple measurements at a given size plotted for up to
29 different relative humidities. All the photoacoustic data is
represented normalised to the dry particles where the effect of
the mass flux is insignificant. As previously observed, we can

see the size dependent PAS–RH trend. For 0.9 mm radius
particles (Fig. 6 top), we see a decreasing photoacoustic signal
with increasing relative humidity both in the experimental data
and the theoretical simulations for all aM values. However, for
particles 2.7 mm in radius (Fig. 6 bottom), we see a reversal in
this trend. Furthermore, the photoacoustic signals at aM = 0.1
and aM = 1.0 seem to overlap through all relative humidities for
small particle sizes (0.9 and 2.1 mm in Fig. 6), while for larger
particles (2.7 mm in Fig. 6) these signals start to differ at higher
relative humidities. This is likely due to a more pronounced
mass flux at larger particle sizes, as can be seen in Fig. 5.

To retrieve the mass accommodation coefficient, a fit of the
experimental data to the theoretical model was performed by
minimising the weighted sum of the square deviations (w2)
as a function of aM for each value of the particle radius. The
individual weights of the averaged data points are based on the
experimental variations. Fig. 7 shows the resulting accommo-
dation coefficient along with the upper and lower confidence
intervals found through the fitting. The calculated confidence
intervals correspond to a variation of w2 by 10�4. The size range
1.7–2.3 mm was excluded from the fit, because the experimental
noise precludes the determination of the weak RH dependence
in this size range (see Fig. 4 top right). Fig. 7 shows a general
decrease of the a value with increasing size. For small particles,
we find an accommodation coefficient value around B0.02,
while for larger particles the values decrease to less than 0.005.
This could be related to the particle temperature or composi-
tion that changes as a function of the particle size. Fig. 7 also
shows the average temperature of the particle for the specific
sizes (upper x-axis). The data shows an inverse correlation
between the accommodation coefficient and the particle
temperature. This same trend has been observed in the
literature for the mass accommodation coefficient of water
and other components.44,51,72 We can infer from our data that
the mass accommodation coefficient of water on aqueous TEG

Fig. 6 Experimental (dots) and calculated (solid lines) relative humidity
dependent photoacoustic signals for different sizes. The modelling was
performed at four different mass accommodation coefficient values
(0.001, 0.01, 0.1 and 1.0) Note that aM = 0.1 and aM = 1.0 curves overlap.

Fig. 7 Mass accommodation coefficient found from the fit at each radius.
The upper x-axis shows the particle temperature for the different sizes.
The black line represents the mass accommodation coefficient value
and the orange band represents the confidence interval. Values between
1.7–2.3 mm were omitted due to large uncertainties.
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particles lies between B0.02 and 0.005 at temperatures
between 295–309 K.

The mass accommodation of water on aerosol particles has
not received much attention in the literature as of now due to
the complexity of its determination. However, these values are
of great importance for analysing the activation of atmospheric
aerosols. Rudolf et al. has shown that for mass accommodation
coefficients of water less than 0.1, the exact value of aM can have
a big impact on the number concentration of cloud droplets.60

The technique described in our work could be a way towards
assessing the aerosol activation effects by accurately determining
aM of water on different systems.

4 Conclusions

We have collected the photoacoustic signal of single TEG
particles at varying RH (11–93%) for varying sizes (0.8–3.2 mm).
Our results show that the influence of the relative humidity on
the photoacoustic signal is particle size dependent. The change
in the contribution of the heat flux and the mass flux induces a
reversal in the PAS–RH correlation. For particles smaller than
B2.1 mm in radius, the photoacoustic signal decreases
with increasing relative humidity, while for particles larger
than B2.6 mm, the trend is reversed. These results could
possibly be applied to field measurements to correct for the
effect of relative humidity on the photoacoustics signal. How-
ever, as the PAS–RH dependence is system specific, new single
particle measurements should be carried out for different
systems.

From fitting of our measurements to modelled data, we were
able to extract the value of the mass accommodation coefficient
of water on TEG particles. The value was found to be dependent
on the particle’s temperature and varied between 0.005–0.02 in
the temperature range 295–309 K. This is, to the best of our
knowledge, the first determination of mass accommodation
coefficient through photoacoustic measurements on single
aerosol particles. Photoacoustic experiments on single aerosol
particles at varying RH could become a great tool in assessing
the mass accommodation coefficient of water on mixed
systems. This would allow for better insight into the aerosol
activation events in the atmosphere.

We intend to further this technique by using a tuning fork as
a photoacoustic sensor instead of a microphone.35 As a result of
the tuning fork’s superior sensitivity, this would allow us to
make measurement with lower irradiation intensity leading to
smaller temperature deviation, and hence smaller variation in
the physical properties of the particle. Furthermore, using a
higher modulation frequency would minimise both the heat
and mass flux and hence allows us to study the system closer to
equilibrium.
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