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Abstract. The water diffusion coefficient in atmospheric particles is a key parameter characterising particle-phase water
transport and is essential for understanding aerosol phase state, phase transitions, and multiphase chemical processes. In this
study, we develop a characteristic-time-based method for directly measuring the water diffusion coefficient in an individual
droplet. The progress of water diffusion is represented by the relative abundance of H,O and D>O within the droplet, which
is retrieved from Raman spectra and quantified here as the D>O fraction. The characteristic time is derived as the time at
which the measured D,O fraction reaches the value predicted by the aqueous-phase diffusion model. Since the characteristic
time derived from this model depends only on the water diffusion coefficient and droplet radius, the water diffusion
coefficient can be calculated directly from the measured characteristic time and droplet radius. Using this method, water
diffusion coefficients in sucrose droplets at 30-45% RH were determined to be 1x107'® to 1x10-'* m?s™!. The water diffusion
coefficient showed a clear RH dependence, with lower coefficients observed at lower RH. These results are consistent with
previous experimental measurements, supporting the reliability of our method. A key advantage of this method is that it does
not require tracking the complete HoO/D>0 exchange process, as measurements are only needed until the characteristic time,
thereby shortening the experimental observation time and making the method particularly suitable for diffusion
measurements in highly viscous aerosol particles. This method applies to both spherical droplets and non-spherical diffusion
systems, which allows it to be adapted to different experimental platforms. It therefore provides a basis for understanding

mass transport in aerosols and related atmospheric chemical processes.

1 Introduction

Atmospheric aerosol interactions with environmental water vapour are involved in key processes, including aerosol
hygroscopic growth, evaporation, multiphase chemistry, and the formation of cloud droplets and precipitation (Mason, 2010).
Related studies have long assumed that water molecules within aerosol particles diffuse sufficiently rapidly to complete
internal mass transport, allowing the particles to equilibrate quickly with changes in ambient relative humidity (RH)
(Seinfeld and Pandis, 1998; Semeniuk and Dastoor, 2020). However, increasing evidence indicates that atmospheric aerosols
are not always present as homogeneous liquids, but may exist as highly viscous semisolids or even glassy states under

specific environmental conditions (Zobrist et al., 2008; Shiraiwa et al., 2017; Reid et al., 2018). Under these conditions,
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molecular diffusion within the particles can be substantially hindered, so that their response to changes in ambient humidity
is no longer instantaneous but exhibits pronounced kinetic delays and non-equilibrium behaviour. This can in turn modify
particle size distributions (Zaveri et al., 2018), gas—particle partitioning (Shiraiwa and Seinfeld, 2012), multiphase chemical
kinetics (Zhou et al., 2013; Slade and Knopf, 2014; Rasool et al., 2023), and ice nucleation mechanisms (Wilson et al., 2012),
ultimately exerting significant effects on human health, air quality, and global climate (Reid et al., 2018; Gou et al., 2025).
The water diffusion coefficient () in aerosol particles determines the timescale of internal water redistribution and is
therefore a key parameter for assessing the extent of mass-transfer limitations. Water diffusion coefficients have commonly
been estimated indirectly from particle viscosity through the Stokes—Einstein relation (Evoy et al., 2019). Although a series
of methods has been developed to measure aerosol viscosity, including poke-flow, shape relaxation, particle rebound,
fluorescence lifetime imaging (FLIM), and microscopy-based techniques (Renbaum-Wolff et al., 2013; Power et al., 2013;
Virtanen et al., 2010; Hosny et al., 2013, 2016; Kiland et al., 2022; Madawala et al., 2023), previous studies have shown that
the Stokes—Einstein relation can break down in highly viscous systems, making it difficult to accurately predict the water
diffusion coefficient under such conditions (Price et al., 2014; Song et al., 2020).

Recently, single-particle trapping combined with spectroscopic tracing has enabled direct, in situ measurements of water
diffusion in highly viscous droplets. Zobrist et al. used the electrodynamic balance (EDB) with stepwise changes in relative
humidity to establish a mass-transfer model and determine water diffusion coefficients in sucrose droplets (Zobrist et al.,
2011). Price et al. subsequently developed a Raman isotope tracer method based on monitoring H>O/D,O exchange, which
enabled direct retrieval of water diffusion behaviour in highly viscous solutions and quantitative characterisation of the
dependence of the water diffusion coefficient on RH (Price et al., 2014). This isotope tracer method was later applied to both
optical tweezer systems and EDB (Davies and Wilson, 2016; Nadler et al., 2019), extending direct measurements of water
diffusion coefficients to suspended single droplets. These studies provide a novel experimental foundation for elucidating the
mechanisms of internal mass transfer limitations within droplets and for improving parameterisations in atmospheric models.
Compared with mass transfer methods that determine the water diffusion coefficient from step changes in RH, the Raman
isotope tracer method is performed under constant RH conditions and thus avoids the stagewise changes in droplet radius
and composition induced by hygroscopic growth or evaporation, making the diffusion model easier to formulate and solve
(Price et al., 2014; Davies and Wilson, 2016). However, in systems with slow water diffusion, the method still faces practical
limitations due to the need for long observation time, a problem that is particularly evident in measurements based on
solution disks and EDB. The relatively large sample or droplet size in these two experimental systems substantially prolongs
the time required for complete H-O/D-0O exchange. For solution disks, when the water diffusion coefficient is on the order of
10716, the measurement takes approximately 8 days (Price et al., 2014). Similarly, EDB studies have indicated that, for
sucrose droplets at RH below 25%, isotope tracer measurements of become impractical because of prohibitively long
diffusion timescales (Nadler et al., 2019). Consequently, when the water diffusion coefficient is exceptionally low, isotope
exchange experiments often need to run continuously for several days or longer. This imposes stringent requirements on

stable temperature and humidity control, as well as on the long-term operational stability of the measurement systems.

2
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The combination of optical tweezers and Raman isotope tracer offers several advantages for measuring the water diffusion
coefficient, including relatively simple modelling, short equilibration time, and the ability to probe supersaturated states
(Davies and Wilson, 2016). Using an optical tweezer system, this study develops a characteristic-time-based method for
retrieving water diffusion coefficients in droplets and applies it to sucrose droplets at different relative humidities. The
measured results are consistent with previous studies. Compared with the conventional Raman isotope tracer method, this
approach does not require monitoring the full isotope exchange process and therefore reduces the experimental observation
time. The method is also potentially applicable to non-spherical diffusion systems, providing a methodological reference for

future direct measurements of water diffusion coefficients in highly viscous systems across different experimental platforms.

2 Optical tweezer experimental system and measurement of isotopic exchange in droplets
2.1 Optical trapping system and sample preparation

The optical tweezers system used in this work builds on the setup reported by previous studies (Qiu et al., 2024; Fan et al.,
2025), and only the key experimental features are summarized here (Fig. 1) . In this study, the gas-flow configuration was
modified to include three separate flow paths for dry nitrogen (Nz), H2O-humidified N», and D>O-humidified N, allowing
RH control and switching between H2O and DO environments. A 532-nm laser beam with an initial power of 200 mW was
expanded and focused before being directed vertically upward into the sample chamber. A high-gradient optical field was
generated near the focal region, enabling stable trapping of individual droplets.

The experimental solution was prepared by dissolving sucrose (99.5% AR; Shanghai Hong Bo Technology Co., Ltd.) in
ultrapure water (18 MQ-cm; SIMGEN; Hangzhou SIMGEN Biotechnology Co., Ltd.). The prepared solution was then
aerosolised using a medical ultrasonic nebuliser (Yuyue 402AI model) to generate micrometre-sized droplets, which were
then introduced into the sample chamber. An individual droplet could be captured and stably levitated by the optical trap for

subsequent Raman spectroscopic analysis.
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Figure 1: Schematic diagram of the optical tweezer experimental system.

2.2 H20/D>0 exchange and experimental environmental control

The experimental principle and procedure of the Raman isotope tracer method have been comprehensively described in
previous studies (Price et al., 2014). In each experiment, a single sucrose droplet was first trapped by the optical tweezers in
an H>O vapour environment at a preset relative humidity. After the droplet had reached hygroscopic equilibrium with the
surrounding atmosphere, the H2O vapour flow was terminated and replaced with a D>O vapour flow at the same RH, thereby
switching the gas phase environment surrounding the droplet from H>O vapour to D>O vapour. During this process, Raman
spectroscopy was used to monitor the progressive replacement of H>O by D>O within the droplet, thereby allowing the water
diffusion coefficient in the droplet to be determined.

The experimental temperature was maintained at 25+1°C using an air conditioning system. The relative humidity within the
experimental setup was controlled by adjusting the flow rate ratio between the dry and humidified nitrogen gas streams. The
gas delivery system consisted of three flow paths: a dry Nz stream, an H>O-humidified Na stream, and a D>O-humidified N
stream. The flow rates of these three streams were independently regulated by their respective mass flow controllers (MFCs,
Dmass, DFC10-1/4-N2-3000SCCM-B01) to establish the desired RH conditions. Two temperature — humidity probes
(Rotronic, HC2A-S) were installed upstream and downstream of the sample chamber to continuously record the conditions
of the inflowing and outflowing gas, allowing for monitoring of the stability of the chamber environment.

In each experiment, one H,O/D>O switching process was performed under each preset RH condition. It should be noted that
the RH value reported by the temperature-humidity probe is generally defined as the ratio of the actual vapour partial
pressure to the saturation vapour pressure of pure H>O at the present temperature. By contrast, in a DO vapour environment,
the actual RH should be defined as the ratio of the actual vapour partial pressure to the saturation vapour pressure of pure

D»0. Therefore, after switching to the D>O vapour, the probe reading must be calibrated as follows:
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— ><(2) (1)

where is the RH value reported by the temperature-humidity probe, and is the actual RH of the D2O
vapour environment. The ratio of the saturation vapour pressure of pure H>O to that of pure DO can be determined using the

empirical relationship reported by Narten (1964). The parameterisation adopted in this study is as follows:

(2)9 — _ 21.0469
[ (2 )] = — 00705984 + — o, (2)

where T is the temperature in kelvin.

2.3 Determination of the D20 fraction in an individual droplet from Raman spectroscopy

The Raman spectra of the trapped droplets were acquired using a Raman spectrometer (Zolix OmniA-300i, 1200 grooves
mm™') coupled to a CCD camera (Andor Solis 256, 1024 x 256 pixels), with spectra recorded at 1 frame per second. The
resulting Raman signals were used to analyse both droplet size and composition. Droplet radius was retrieved from the
whispering gallery modes (WGMs) in the spectra in combination with Mie scattering theory (Reid et al., 2007).

Spontaneous Raman spectra of the droplet were collected simultaneously in the O—D and O—H stretching regions. The
temporal evolution of these two characteristic bands reflects the changing extent of DO substitution within the droplet,
thereby enabling the diffusion of D20 in the droplet to be tracked. Figure 2 shows the Raman spectra of a sucrose droplet at
RH=35% before D>O exchange (a), during the exchange process (b), and after the exchange was completed (c). As the
H>0/D>0 exchange proceeded, the O—D band gradually increased, whereas the O—H band gradually decreased. The fraction
of D>0 within the droplet can be expressed by Eq. (3), which represents the relative abundances of the O—-D and O-H band
within the sampled region (Price et al., 2014):

— 2
_ , 3

2 2 +\/i§ 2
Where , denotes the D20 fraction, , is the integrated area of the O-D band, , is the integrated area of the O-H

band, and 75 1s a correction factor arising from the difference in integrated Raman intensities between the O-D and O-H

stretching bands (Price et al., 2014). In optical tweezers experiments, the Raman signal is more representative of the radially
averaged composition within the probed region than of the volume-averaged composition of the entire droplet, because the

beam cross section is typically smaller than the droplet diameter (Davies and Wilson, 2016). Therefore, is more

2

appropriately interpreted as characterising the extent of D2O exchange in terms of the radial average within the droplet,
rather than the volume averaged fraction of the whole droplet.

To obtain and the Raman spectra over the range 2200-3700 cm™! were fitted with six Gaussian peaks and a

2 2 0
constant baseline. This spectral region includes the O-D stretching band of D»O, the O-H stretching band of H>O, and the

C-H stretching band of sucrose. Specifically, one Gaussian peak was used to fit the O-D band, three Gaussian peaks were
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used for the C—H band, and two Gaussian peaks were used for the O—H band. A constant baseline was included to account

for the instrumental background signal. The six Gaussian peaks and the overall fit are shown in Fig. 2.
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Figure 2: The Raman spectra of a sucrose droplet at RH=35% before DO exchange (a), during the exchange process (b), and after
the exchange was completed (c). The grey dashed lines represent the measured Raman spectra. The green, blue, and purple lines
denote the fitted O-D, C—H, and O-H bands, respectively, while the red lines represent the overall fitted spectra obtained by
summing all fitted components.

3 Theoretical calculation of the D,O fraction in an individual droplet

In isotope exchange experiments, the diffusion of D>O within a droplet can be described by Fick’s second law (Seinfeld and

Pandis, 1998). In spherical coordinates, the diffusion equation can be written as

2 2
S E | @
where is the diffusion coefficient of water within the droplet, and  denotes the D>O concentration inside the droplet.

This equation describes the evolution of the DO concentration in an individual droplet as a function of time and radial
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position. Owing to the spherical symmetry of the model, a zero gradient condition must be satisfied at the droplet centre,

namely,

(=) =0 =0 5)

Meanwhile, during the diffusion of D,O, the D,O concentration at the droplet surface is assumed to remain constant:
(.)= . (6)

where is the droplet radius and  is the constant concentration at the droplet surface. Equations 5 and 6 are the boundary

conditions that must be satisfied by the governing equation.

3.1 Initial condition in the diffusion model

In previous studies, the HoO/D,0O exchange process has commonly been treated with the following initial condition: at the
start of the model, the gas-phase D.O concentration at the droplet surface is assumed to have instantaneously reached a
stable value, while no DO is present within the droplet (Davies and Wilson, 2016; Nadler et al., 2019). Although this
treatment facilitates an analytical solution, it does not fully reflect the actual experimental situation. In the experiment, after
the HO-humidified gas stream is switched to the D>O-humidified gas stream, the D>O vapour concentration in the gas phase
surrounding the droplet does not reach its steady value instantaneously, because replacing the original gas in the upstream
tubing and sample cell takes a finite time. During this period, D20 has already begun to diffuse from the droplet surface into
the interior. Therefore, once the stable surface boundary condition has been established, the D>O concentration within the
droplet should no longer be assumed to be zero everywhere. If the idealised assumption of zero initial D,O concentration in
the droplet is retained, the retrieved diffusion coefficient will be affected by instrumental response during the initial stage of
the experiment.

To better represent the experimental conditions, this study revises the initial condition while keeping the surface boundary
condition unchanged and adopts a diffusion model with a non-uniform initial distribution. To describe this model in the
simplest low-order form, the initial concentration profile is prescribed as a quadratic function of radius , and the radially

averaged fraction of DO within the droplet at t=0 is defined as :

(0= 2+, (N
— ( ,0) —
N ®)
Combined with the boundary condition at the droplet surface
(0= ?+ =, ©)
the parameters in the initial concentration profile can be obtained as
— 3(1- 0
= =7 (10)
— B oD
= > (11)

Accordingly, the initial condition adopted in this study can be written as

7
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(.0) = X 2+ 0 (12)

3.2 D;0 concentration distribution in a droplet under non-uniform initial conditions

By combining the governing equation, the boundary conditions, and the initial condition, an analytical expression for the
D0 concentration distribution (, ) in a droplet can be further derived. To homogenise the non-homogeneous boundary
condition at the droplet surface, the following variable transformation is introduced:

(.)=0C)H)— . (13)

After this transformation, the diffusion equation, together with the corresponding initial and boundary conditions, can be

written as

—= +3 (14)
(.0 = (*=?, (1)
(=) =0 =0, (16)
(,)=0. (17)

Using the method of separation of variables, the general solution of the diffusion equation in spherical coordinates is
obtained as

()= =, = (- (18)

By applying the orthogonality of the eigenfunctions in the spherical coordinate system, the expansion coefficients  can be

determined by integrating the initial condition ( ,0):

2 (—
==, (,0)—— 2 . (19)
Finally, the concentration distribution ( , ) can be expressed as:
, o 18(1— g)(-1 22
L) =g B () (). (20)

Detailed derivation of Eq. (20) is provided in the Supplement.

3.3 Radially averaged D,O concentration in a droplet

In Sect. 3.2, the concentration distribution of D20 in a droplet was obtained. On this basis, the average D>O concentration in
a droplet can be further evaluated. As noted above, in an optical tweezers system, the concentration signal derived from
Raman spectroscopy is more appropriately represented by the radially averaged concentration within the droplet. On this
basis, the theoretical concentration distribution is radially averaged in the present study to describe the temporal evolution of

the D20 concentration in a droplet and to establish correspondence with the Raman signal measured in the experiment:

, ()= =22 () . @)
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where () is the radially averaged concentration of D>O in the droplet, and , () represents the temporal evolution of
the radially averaged D2O fraction within the droplet. By substituting the expression for ( , ) into the integral and carrying

out the integration, the expression for , (') is obtained:

L) =14+ = B oeh oy (20 22)

where () denotes the value of the sine integral function evaluated at . Detailed derivation of Eq. (22) is provided in

the Supplement. For simplicity, the series term is denoted by Sn,and  , () can then be written as
22

2 () = 1 + 00:1 (_ 2 )5 (23)
—_ 18(1- o)(=1) ( )

33

(24

This relationship is then used to determine the water diffusion coefficient from the Raman spectroscopic data.

4 New method for determining the water diffusion coefficient in an individual droplet based on the diffusion
characteristic time

In this study, we propose a method for retrieving the water diffusion coefficient in a droplet from the characteristic time
of D20 diffusion. In contrast to conventional fitting-based approaches, which obtain by fitting the measured time series
of the DO fraction to the theoretical expression, this method determines directly from the quantitative relationship

between the characteristic time and the diffusion coefficient.

4.1 Characteristic time of DO diffusion in the droplet

The temporal evolution of the D>O fraction in a droplet is described by Eq. (22), in which the time-dependent term contains a

22
series of exponential decay factors (———=—). The characteristic time is defined from the first term in the exponential

(Seinfeld and Pandis, 1998) and is

2

==z (25)

The characteristic time reflects the timescale of D>O redistribution within the droplet. For a given droplet radius, a shorter
characteristic time corresponds to faster diffusion and a larger water diffusion coefficient, whereas a longer characteristic
time indicates slower diffusion. The water diffusion coefficient can therefore be calculated from the characteristic time as

follows:

= = (26)

4.2 D0 fraction corresponding to the characteristic time

At the initial time, the initial D>O fraction within the droplet is:
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When = | that is, when diffusion has proceeded to the time corresponding to the characteristic time, the D>O fraction

within the droplet can be expressed as

,()=1+ 2, (=2 (28)
Table 1 lists the numerical contributions of the first few terms in the series of , (). It can be seen that the contribution of
each term decreases rapidly with increasing n; when n=3, the contribution of the series termto  , () is already negligible.
Therefore, under the condition = , , (') can be approximated by the first two terms as

, () = 06064 + 03936 ,. 29)
Therefore, the value of , () is uniquely determined by the initial fraction . This means that, once the initial DO
fraction is known, the D>O fraction corresponding to the characteristic time can be calculated from Eq. (29). The
characteristic time can then be identified from the experimental curve as the time required for the DO fraction to increase
from g to the theoretically predicted value , (). Finally, based on the relationship between the characteristic time and

the diffusion coefficient given by Eq. (26), the water diffusion coefficient in a droplet can be further determined.

Table 1: Numerical values of the terms in () for different values of n.
n (-9 Sn Sh (=9
1 0.3679 -10751(1— ,)  —0.3955(1— )
2 0.0183 0.10291(1— o) 0.0019(1 — o)
3 0.0001 —0.0360(1 — o) =0

4.3 Determination of the experimental initial time

Because the method proposed in this study requires the initial D>O fraction to be determined first, identifying the
experimental initial time is critical. In the diffusion model described above, the DO vapour concentration at the droplet
surface is approximated as a stable boundary value. The starting point in the experiment is therefore defined as the moment
when this surface boundary condition is established, that is, when the external D>O vapour concentration becomes stable. In
the present experiment, this moment was identified from the stabilisation of the relative humidity signal. The initial D,O
fraction in the droplet was then defined as the value measured at this starting point.

Given the response characteristics of the RH probe, once the RH approaches steady state, the measured RH data, shown as
blue points in Fig. 3, typically exhibit small variations around a stable value. To determine the time at which RH reaches a
stable state more accurately, an exponential function was used to fit the temporal evolution of RH, where 0, 3, and ® are

fitting parameters:

t
RH = ae™s + P. (30)

10
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Considering that an exponential process is sufficiently close to its steady-state value after approximately five characteristic
times, the RH stabilisation time, ts,p)e, Was defined here as five times the characteristic time of the fitted function:

tstaple = OW. 3D
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Figure 3: Temporal variation of RH and the corresponding exponential fit in a representative experiment. The blue points denote
the measured RH data, the dashed line denotes the exponential fitting curve, and the red point marks the time at which RH
reaches a stable value.
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Figure 4: Temporal evolution of the D;O fraction in a representative experiment. The two dashed lines represent the time at which
RH reaches a stable value and the time at which the DO fraction reaches the theoretically predicted value at the characteristic
time. The interval between these two time points is the characteristic time.

In Fig. 3, the dashed line denotes the fitting curve, and the red marker indicates the RH stabilisation time for an example
experiment in which the stabilised RH was approximately 35.5%. It should be noted that the time origin (t=0) in Fig. 3
corresponds to the minimum point of this RH variation curve, rather than the actual onset of D>O flow switching, in order to

improve the accuracy of the exponential fit. The time interval between initiation of the D>O flow switching and RH

11



280

285

290

295

300

305

https://doi.org/10.5194/egusphere-2026-3646
Preprint. Discussion started: 13 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

stabilisation in this experiment was approximately 4956 s. Figure 4 shows the temporal evolution of the DO fraction derived
from the Raman spectral changes in the same experiment. The two dashed lines in Fig. 4 mark the time at which RH reaches
a stable value and the time at which the DO fraction reaches the theoretically predicted value at the characteristic time. The
interval between these two time points corresponds to the characteristic time, from which the water diffusion coefficient was

determined to be 1.55x10 " m?s™L.

5 Results and Discussion
5.1 Measured water diffusion coefficients in sucrose droplets at different RH

In this study, a characteristic-time-based method was implemented in an optical tweezers system to determine the diffusion
coefficient of water in individual sucrose droplets under different relative humidity conditions. The results show that, over
the RH range of 30-45%, the diffusion coefficient of water in sucrose droplets is on the order of 1x1071%~1x10-'* m?s"! (Fig.
5). As RH decreases, exhibits an overall decline. This trend indicates that water loss under drier conditions increases the
sucrose concentration in the droplet and reduces the bulk-phase diffusivity, while internal mass transport slows. The
uncertainty in was evaluated by considering the combined effects of uncertainties associated with Raman spectral fitting,
droplet radius determination, possible differences in the diffusion behaviour of H-O and DO, and variations in ambient
temperature and relative humidity during the experiments (Reid et al., 2007; Mills, 1973; Davies and Wilson, 2016; Nadler
et al., 2019). On this basis, the resulting relative uncertainty in was estimated to be 50%. The absolute RH uncertainty
was approximately +2% RH, mainly reflecting the precision of the humidity probe and variations in environmental
conditions.

To further characterise the composition dependence of the water diffusion coefficient, the experimental results were fit to a
Vignes-type parameterisation. This empirical formulation is commonly used for binary liquid mixtures, in which the
logarithm of the diffusion coefficient is assumed to vary approximately linearly with composition in a weighted manner,

rather than the diffusion coefficient itself following a simple linear dependence (Vignes, 1966):

In( ) = axyIn( © ) + (L —oaxy)In( °), (32)
where ©  denotes the diffusion coefficient of water in pure water (2x10° m?™"), © is the diffusion coefficient of water
in the pure solute, X, is the mole fraction of water, is the diffusion coefficient of water in the solution at the given

composition, and o is an empirical parameter introduced to account for non-ideal effects in the system. The calculations of a
and X,, were based on the empirical expressions reported by previous research (Norrish, 1966; Davies and Wilson, 2016).

Figure 5 presents the measured water diffusion coefficients together with the fitted Vignes-type parameterisation. The
measured values decrease with decreasing RH and are well described by the Vignes-type parameterisation, suggesting
that the composition dependence of water diffusion in sucrose droplets is reasonably represented. These results were further

compared with previously reported values (Zobrist et al., 2011; Price et al., 2014; Davies and Wilson, 2016). The

12
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comparison shows that the diffusion coefficients obtained in this study are broadly consistent with previous experimental
results in both overall trend and order of magnitude. This consistency is particularly clear for Raman isotope-tracing studies.
Although those studies used different experimental platforms, including electrodynamic balance (EDB) and solution-disk
diffusion systems, the reported  values are comparable to those obtained here. The minor differences among these Raman
isotope-tracing studies may be related to differences in experimental platforms, instrumental performance, and
environmental control. This agreement indicates that the experimental measurements and retrieval procedure used in this
study can reasonably characterise the diffusion behaviour of water in sucrose droplets. At RH below approximately 30%,
however, the results reported by Zobrist et al. differ from those obtained in the present study and from those reported in other
Raman isotope-tracing studies, with their estimated diffusion coefficients being approximately one to two orders of
magnitude higher than the values reported here (Zobrist et al., 2011). Previous studies have suggested that this discrepancy
mainly arises from differences in how the two types of methods treat droplet mass transport and boundary conditions (Nadler
et al., 2019). Zobrist et al. derived diffusion coefficients using a mass transfer model based on droplet evaporation and
hygroscopic growth, whereas the Raman isotope tracer method is based on a diffusion model that assumes a constant droplet
radius and a stable external gas-phase concentration(Zobrist et al., 2011; Davies and Wilson, 2016; Nadler et al., 2019).

These different assumptions can lead to pronounced discrepancies under low-RH conditions.

—-- Zobristet al.

—=- Price et al.
10_‘IE 3 Davis et al. 5
=== This work (parameterisation) = e =
18 11 This work (experiment data) e e = g
10 .

Water diffusion coefficient (m?s—1)
=

10
107"
107k
10 20 30 a0 50 60 70
RH (%)

Figure 5: Measured water diffusion coefficients in sucrose droplets at different RH in this study and comparison with
parameterisations reported by Zobrist et al., Price et al., and Davies et al (Zobrist et al., 2011; Price et al., 2014; Davies and Wilson,
2016).

5.2 Advantages of the characteristic-time-based method for measuring water diffusion coefficients

Compared with conventional approaches that determine by fitting the complete time series of the D>O fraction, the
characteristic-time-based method developed in this study reduces the required observation time, simplifies data processing,

and enhances the feasibility of measurements in slow diffusion systems.
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In this method, the temporal evolution of the D,O fraction within the droplet is obtained from Raman spectra. The
characteristic time is then determined as the time at which the measured D>O fraction reaches the value predicted by the
diffusion model, and the water diffusion coefficient is subsequently determined from the relationship between characteristic
time and diffusion coefficient. Therefore, the method developed in this study does not require the complete H.O/D,O
exchange process to be tracked. The determination of the water diffusion coefficient only requires the D,O fraction data from
the initial time to the characteristic time. This feature substantially reduces the required observation time, making the method
more suitable for measurements in slow diffusion systems. As discussed in Sect. 1, when internal mass transport is strongly
hindered, measurements at a given RH can require a long experimental duration. The present method therefore provides a
useful technical approach for investigating water diffusion under more challenging conditions, such as low temperature and
low relative humidity.

The method developed in this study can also be extended to diffusion systems with different initial concentration
distributions, definitions of the averaged internal DO fraction, and system geometries. In this work, a spherically symmetric
diffusion model with a non-uniform initial condition was established based on Fick’s second law. It should be noted that, for
spherical droplets with the governing equation and boundary conditions fixed, different initial distributions yield distinct
expressions for the concentration distribution inside the droplet. In addition, the averaging method used to calculate the
internal D>O fraction from these concentration distributions, such as volume averaging or radial averaging, will also affect
the specific form of the resulting internal D>O fraction, denoted here as  , (). However, these differences are mainly
reflected in the expansion coefficients of  , ('), whereas the fundamental structure of the temporal decay terms is

generally preserved, namely:

22

, () =1+ 7, (=== (33)

where  is the expansion coefficients. Taking the case commonly considered in previous studies as an example (Nadler et

al., 2019), when the initial D,O fraction within the droplet is zero, and the internal DO fraction is defined based on volume

averaging, the expression of , () can be written as:

22

,()=1-5 25 (——5). (34)

This shows that the characteristic-time-based method for determining diffusion coefficients is not limited to the non-uniform

initial condition adopted in this study. For spherical droplets, once the theoretical expression for , (') is re-derived under
the given conditions, the characteristic time can be determined following the same procedure, from which the diffusion
coefficient can then be derived. Furthermore, for diffusion systems with other geometries, such as solution disks, although
the geometry is no longer spherical and the corresponding expression for the time evolution of the concentration
distributions changes accordingly, the solution to such problems can still generally be written as a series expansion in terms
of eigenfunctions, with the time-dependent terms retaining an exponential decay structure (Price et al., 2014). This indicates
that such systems also have a characteristic time that can be used to characterise the diffusion process and to determine
diffusion coefficients. Overall, the characteristic-time-based method is not restricted to the condition employed in this study.
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Rather, it can be adapted to the specific geometry and initial state of a given diffusion system, thereby providing an effective

approach for diffusion studies across different experimental platforms.

6 Conclusions

In this study, a new characteristic-time-based method was developed for the direct determination of the water diffusion
coefficient in an individual highly viscous droplet by tracing H,O/D>O exchange using Raman spectroscopy. Using this
method, we measured the diffusion coefficients of water in sucrose droplets at relative humidities of 30-45%. The results are
generally consistent with previous studies in both trend and order of magnitude, and also agree with the composition
dependence described by the Vignes-type parameterisation, confirming the validity of the method.

This method provides a new analytical approach for directly measuring the water diffusion coefficient. Compared with
conventional methods that rely on fitting the entire time series of HoO/D20O exchange, this method requires only data
describing droplet evolution from the initial state to the state corresponding to the characteristic time, thereby reducing the
experimental observation time. Moreover, this method is not limited to the spherical model and non-uniform initial condition
adopted in this study, but can be adapted to diffusion systems with different geometries and initial states. In such systems, a
characteristic time that characterises the diffusion process can generally be identified, allowing the same principle to be used
to determine water diffusion coefficients. The method can therefore be applied to measurements of water diffusion
coefficients in highly viscous systems on different experimental platforms and under more complex conditions, such as low
temperature and low relative humidity. This broader applicability will support further studies of aerosol phase state, mass

transfer, and related atmospheric chemical processes in highly viscous aerosol particles.
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