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ervation of aerosol hygroscopic
growth and extinction coefficient reversal at three
wavelengths, supported by Köhler theory
simulations

Juhyeon Sim, a Juseon Shin, a Yunki Mun, a Naghmeh Dehkhoda, a

Sohee Joo, a Dukhyeon Kim b and Youngmin Noh *a

As relative humidity (RH) increases, aerosols take up water and grow. This changes their size and refractive

index, affecting light scattering and absorption. Such changes can bias comparisons between remote

sensing and in situ measurements. We simulated hygroscopic growth effects on extinction coefficients

and the Ångström exponent (AE) at 459, 534, and 600 nm using Köhler–Mie theory. Ammonium sulfate

(k = 0.53) was used as the representative aerosol composition. The Kelvin effect suppressed the growth

of sub-0.1 mm particles by a factor of ∼4 at RH > 80%. Fine-mode particles were used as

a representative aerosol composition in the simulations. Fine-mode particles dominated total extinction,

contributed 93.2% at 90% RH. Extinction coefficients reversed their spectral ordering near RH ∼98% in

simulations and ∼92% in observations, producing negative AE. We also retrieved extinction coefficients

and AE from RGB camera images during fog dissipation in Daejeon, South Korea. The observed AE

became negative at high RH and returned to positive values as aerosols dried, consistent with

simulations. These results show that image-based methods can capture hygroscopic growth and

highlight the importance of RH-dependent corrections for reconciling remote sensing and in situ

observations.
Environmental signicance

This study integrates Köhler theory and Mie scattering simulations to investigate aerosol hygroscopic growth and its wavelength-dependent optical effects. We
validate theoretical predictions through RGB image-based observations during natural fog events, demonstrating that image-based methods can capture
hygroscopic growth impacts on extinction coefficients and Ångström exponent variations. The observed wavelength-dependent changes demonstrate the
importance of considering humidity effects in atmospheric optical modeling and remote sensing applications. This approach offers enhanced spatial and
temporal coverage for monitoring aerosol hygroscopic behavior, supporting improved visibility predictions and air quality measurement. The consistency
between theoretical simulations and eld observations validates the utility of cost-effective imaging techniques for atmospheric aerosol studies, supporting
better air quality assessments and climate model predictions under varying humidity conditions.
Introduction

The signicance of atmospheric aerosols in climate change
research and air quality management is well established,
leading to extensive investigations into their physical properties
and chemical compositions.1–6 Aerosol hygroscopic growth has
been recognized as a fundamental atmospheric process since
the early work of Köhler (1936), who established the theoretical
foundation for understanding water vapor condensation on
aerosol particles.7 The hygroscopic behavior of atmospheric
m Science, Pukyong National University,

m@pknu.ac.kr

University, Daejeon, 34158, Republic of

ts, 2026, 28, 1374–1384
aerosols signicantly affects their size distribution, optical
properties, and cloud condensation nucleus (CCN) activity.8,9

Early investigations focused on single-component systems, with
Tang and Munkelwitz (1994); Tang and Munkelwitz (1993)
conducting pioneering laboratory studies on the hygroscopicity
of various inorganic salts common in atmospheric aerosols.10,11

The complexity of atmospheric aerosols, comprising multiple
chemical components with varying hygroscopicity, led to the
development of simplied parameterization schemes. Krei-
denweis et al. (2005) introduced the concept of volume-
weighted hygroscopicity, later rened by Petters and Krei-
denweis (2007) into the single-parameter k(kappa)-framework,
which has since been widely adopted to characterize the
hygroscopic properties of ambient aerosols.8,12–15
This journal is © The Royal Society of Chemistry 2026
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The interaction between aerosol particles and electromagnetic
radiation has been extensively studied since the foundational
work of Mie (1908), who provided exact solutions for light scat-
tering by spherical particles.16 Mie theory remains the corner-
stone for calculating aerosol optical properties, including
scattering and absorption cross-sections, asymmetry parameters,
and phase functions.17,18 The wavelength and size dependence of
aerosol extinction has been parameterized using the AE, rst
introduced by Ångström (1929) for atmospheric turbidity
measurements.19 The Ångström exponent (AE) provides valuable
information about aerosol size distribution, with higher values
indicating smaller particles and lower values suggesting larger
particles.20,21 However, the relationship between AE and aerosol
properties becomes complex in the presence of bimodal or
multimodal size distributions.22,23 Hygroscopic growth signi-
cantly modies aerosol optical properties by altering both the
particle size and refractive index. The effective refractive index of
hydrated particles approaches that of water (n = 1.33) as the
water content increases.24,25 This dual effect—an increase in size
and decrease in refractive index—leads to complex wavelength-
dependent changes in extinction efficiency that cannot be pre-
dicted from simple scaling relationships.26,27 These measure-
ments have revealed the importance of aerosol chemical
composition, mixing state, and morphology in determining
hygroscopic behavior.28,29 Field observations have shown that
hygroscopic growth can increase aerosol light scattering by
factors of 1.5–4 at high relative humidity.24,30,31

The Kelvin effect, which describes the inuence of surface
curvature on equilibrium vapor pressure, becomes increasingly
important for particles smaller than approximately 100 nm.32

This effect limits the hygroscopic growth of small particles and
affects their CCN activation behavior.8,33 Recent studies have
incorporated curvature effects into hygroscopic growth models,
showing improved agreement with observations for submicron
particles.34,35 The surface tension of aerosol solutions also varies
with composition and concentration, inuencing both the
Kelvin effect and hygroscopic growth behavior.36,37 Organic
surfactants, in particular, can signicantly reduce surface
tension and alter growth characteristics.38 Understanding these
mechanisms is therefore essential for interpreting aerosol
optical behavior under humid atmospheric conditions. Despite
signicant advances in understanding aerosol hygroscopic
growth and its optical implications, several knowledge gaps
remain. Most existing studies focus on laboratory character-
ization or point measurements, providing limited spatial and
temporal coverage of real-world hygroscopic growth events.
Moreover, the complex wavelength-dependent effects of hygro-
scopic growth on extinction coefficients remain insufficiently
characterized, especially for polydisperse aerosol populations
under varying environmental conditions.

Fog formation is a prominent manifestation of aerosol–water
interactions. As relative humidity (RH) increases, aerosols rst
grow hygroscopically; once supersaturation is reached, some
particles activate into fog droplets.39–42 Consequently, fog
episodes provide a natural laboratory in which humidity-driven
changes in particle size and composition directly affect bulk
optical properties such as the extinction coefficient and the AE.
This journal is © The Royal Society of Chemistry 2026
The extinction coefficient (a), dened as the sum of scattering
and absorption coefficients per unit path length, quanties the
total attenuation of light by aerosols.18,32 The AE describes the
spectral dependence of extinction, with higher values indicating
smaller particles and lower values suggesting a coarser size
distribution.21,43

To address these limitations, this study extended a previ-
ously developed method for deriving extinction coefficients
from RGB camera images to examine wavelength-dependent
changes in extinction coefficient induced by aerosol hygro-
scopic growth across a wider spatial domain, including during
fog episodes. Furthermore, we conducted theoretical simula-
tions to evaluate whether the observed variations in extinction
and the AE can be attributed to hygroscopic particle growth
under elevated RH conditions. The present work thus proposes
a cost-effective, image-based method that retrieves wavelength-
dependent extinction coefficients and AE from RGB camera
observations over space and time, and compares their RH-
driven variations with simulations to test consistency under
real atmospheric conditions. Specically, this research aims to:
(1) simulate the RH dependence of multi wavelength aerosol
extinction coefficients and AE for assumed size distributions
and compositions; (2) develop and validate a cost-effective RGB
image retrieval of extinction coefficients and AE during fog; (3)
compare simulations with observations to quantify the roles of
particle size and hygroscopicity in shaping optical changes; and
(4) demonstrate the practicality of this approach for near-real-
time monitoring under varying humidity.

Methods
Image analysis during hygroscopic growth

The extinction coefficient and AE were retrieved at 2 min
intervals from images acquired at the observation site (latitude
36.42°, longitude 127.39°, and altitude approximately 70 m
above sea level). Meteorological variables, including tempera-
ture and RH, were obtained from the Korea Meteorological
Administration (KMA) 500 m gridded dataset at 5 min resolu-
tion. We used three contiguous 500 m grid cells: the rst con-
tained the camera images acquired at the observation site, and
the next two lay along the camera's eld of view, yielding an
effective path length of 1 km. A commercial digital camera
(NIKON D7500) was used to derive extinction coefficients at
multiple wavelengths (600, 534, 459 nm as RGB, respectively),
with settings of f/35, ISO 100, and 1/4 s exposure time.

We calculated the extinction coefficient by comparing
brightness at different distances using four targets with similar
reectance, as well as the sky. For each target and the sky,
a region of interest was dened, and the average of 1–10 dark-
channel pixels was used (a simple dark-channel inspired
approach) to minimize reectance and illumination effects.44

The AE was then derived by tting the three per-channel
extinction coefficients to ln a = −AE ln (l) + C, where the
slope AE was obtained by log-linear regression across the RGB
wavelengths (459, 534, and 600 nm). For details of extinction
coefficient measurements and AE retrieval using cameras, see
previous studies.45–47 Unlike previous studies, we focused on fog
Environ. Sci.: Processes Impacts, 2026, 28, 1374–1384 | 1375

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5em00826c


Environmental Science: Processes & Impacts Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 5
:4

8:
12

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
conditions with visibility below 1 km and therefore used only
targets within that range. Images were captured from 06:55 to
12:57 Korea Standard Time (KST) on 2 November 2022, covering
the full period from fog presence to dissipation. Images taken
before sunrise were excluded because lighting was not uniform
across all targets. All images were saved in JPEG format without
post-processing. The JPEG les contained automatic correc-
tions (e.g., white balance, gamma and contrast) applied by the
camera.48 However, extinction coefficients were estimated from
brightness differences between distances rather than absolute
intensity. Because all images were taken under identical
settings, internal corrections had little effect on extinction
coefficients and AE analysis.
Aerosol hygroscopic growth

The saturation pressure of water vapor is determined as the
product of water activity (aw) and the Köhler function, which
incorporates the curvature effects (Kelvin effects) in aerosol–
water droplet solutions.8,32,35,49–51

S ¼ aw exp

0
B@4ss=a

Mw

RTrwD

1
CA (1)

In eqn (1), S represents the saturation of atmospheric water,
which is the RH, and aw represents the water activity. Further-
more, ss/a, Mw, R, T, rw, and D represent the surface tension at
the air (a)–solution (s) interface, molar mass of water, gas
constant (8.314 J K−1 mol−1), temperature, water density, and
diameter of the hygroscopic aerosol, respectively. ss/a is deter-
mined by temperature and the chemical composition of the
solute. aw depends on the amount of dissolved solute. For pure
water, aw = 1, and it decreases as solute concentration
increases. It can be expressed as shown in eqn (2);52

aw ¼ nw

nw þPN
i

vinis

(2)

where nw and ns are the number of moles of water (w) and solute
(s) in the hygroscopic aerosol, N is the number of solutes in the
aerosol, and vi is the volume of each solute. When the number
of moles in eqn (2) is expressed in terms of volume, it can also
be represented as shown in eqn (3).8

aw ¼ D3 �Dd
3

D3 �Dd
3ð1� kÞ ¼

V � Vd

V � Vdð1� kÞ; k ¼
X
i

3iki (3)

where D is the wet aerosol diameter, and Dd is the dry aerosol

diameter. The ratio
D
Dd

is dened as the growth factor x, then
V
Vd

can be considered as x3. If we divide both the numerator and

denominator of eqn (3) by Vd, we obtain

Vwet

Vdry
� 1

Vwet

Vdry
� 1þ k

. As
V
Vd

is x3,

eqn (3) can be simplied to
x3 � 1

x3 � 1þ k
.

1376 | Environ. Sci.: Processes Impacts, 2026, 28, 1374–1384
In eqn (3) 3i is the volume fraction of a specic solute relative
to that of the total dissolved solute, and ki is the unitless
hygroscopic parameter of solute i. The parameter k quanties
the solute's water uptake ability by relating the amount of
absorbed water to the particle dry volume, thereby providing
a single-value measure of hygroscopicity in the k-Köhler
framework. Because different constituents exhibit different ki
values, numerous studies have reported ki for various aerosol
types.52

k can be represented as the weighted sum of volume frac-
tions of individual species (i), as described by Petters and
Kreidenweis (2007).8 As the k varies with changes in aerosol
composition, determining the average k for all aerosols in
a specic region through simple measurements alone is not
feasible. In this study, we introduced a method that uses arbi-
trarily assigned initial values to calculate the extinction coeffi-
cient aer hygroscopic growth. The k can also be accurately
determined by comparing the calculated extinction coefficient
with the measured extinction coefficient and iteratively
reducing the error.53,54

Hygroscopic aerosol growth induces changes in the effective
refractive indices of aerosols. The effective refractive index of
the aerosols is expressed as the volume-weighted sum of the
refractive indices of water and solute aerosols.55

neff ¼
Ddry

3na þ
�
Dw �Ddry

�3
nw

Ddry
3 þ �

Dw �Ddry

�3 (4)

As the size of aerosols increases due to water uptake, their
refractive index (na) approaches that of water (nw = 1.33 +
0.001i). The refractive index of hygroscopic aerosols is equal to
or lower than that of dry aerosols because water typically has
a lower refractive index than most aerosols. The change in the
refractive index and size of aerosol should be considered in the

simulation of the growth factor (x ¼ Dw

Ddry
) for calculating the

extinction coefficient.
The second term in the exponential function in eqn (1)

represents the Kelvin effect, which illustrates the curvature
effect of aerosols. It can be expressed as follows.56

4ss=aMw

RTrwD
¼ ln

�
P

P0

�
(5)

where P0 is the saturation vapor pressure over a at surface (no
curvature) and P is the equilibrium saturation vapor pressure
over a curved aerosol (Kelvin effect). As D decreases, curvature
increases and the saturation vapor pressure over the aerosol
becomes higher. Thus, a higher supersaturation is required for
condensation on the aerosol surface. RH is dened with respect
to the at-surface saturation vapor pressure and is therefore
independent of aerosol size. Consequently, at a given ambient
RH, smaller aerosols tend to be in net evaporation, whereas
larger or more hygroscopic aerosols can grow; their growth
occurs only when the ambient RH exceeds the equilibrium RH
of the aerosol. This size- and composition-dependent growth
threshold explains why ultrane-mode aerosols, which are
This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Flowchart for aerosol size and extinction coefficient calculation
during hygroscopic growth. Parameters highlighted in red were iter-
atively adjusted until residual converged.

Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 5
:4

8:
12

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
smaller than typical ne-mode particles, are less likely to
grow.

The Kelvin effect is related to the aerosol curvature, so it is
signicant for ne-mode aerosols and varies depending on the
aerosol type.35 For example, the Kelvin diameter (Dk) for

ammonium sulfate, calculated as Dk ¼
4ss=aMw

RTrw
, is approxi-

mately 2.2 nm.8,57 The surface tension (ss/a) of aqueous aerosols
in the atmosphere varies depending on the temperature and
solubility state of the dissolved aerosol.1

ss/a = s0 + sT(T0 − T) + ssms (6)

In eqn (6), s is the surface tension, and T is the temperature.
The subscript “0” in surface tension (s0) is the reference state,
while ss/a is the air–liquid interface of the aerosol solution. ss is
a function of molar concentration and T0 is set to 273 K, which
is the reference temperature. Finally, ms is the molar concen-
tration of the solute.

In this paper, a solute refers to a dry aerosol and can be
described as a function of size. s varies depending on T and ms.
while T is determined by the ambient environment, ms is
inuenced by the quantity and chemical properties of aerosols.
In this study, we focused only on ammonium sulfate. Ammo-
nium sulfate is primarily formed through reactions between
ammonia and sulfuric acid, making it a major component of
ne particulate matter (PM) in urban and industrial areas
because of its high proportion in aerosol mass.58,59 In particular,
an observational study conducted in South Korean urban areas
has reported that ammonium sulfate accounts for approxi-
mately 30% of PM2.5 mass concentration, making it one of the
largest single contributors to aerosol mass.60 Furthermore,
ammonium sulfate is one of the most extensively characterized
hygroscopic aerosol species, with well-established optical
properties and growth factors, making it a suitable represen-
tative species for hygroscopic aerosol modelling. The molar
concentration of the aerosol solute (ms) is determined by the wet
aerosol diameter aer hygroscopic growth, which can be
expressed as the ratio of the nal (wet) size to the initial dry size
under subsaturated conditions. With increasing water uptake,
the volume fraction of water increases while the molar
concentration of the solute decreases. ms can be obtained from
the proportion of aerosols dissolved in the solution.

ms ¼
xs

Msð1� xsÞ; xs ¼
rdryVdry

rw
�
Vw � Vdry

�þ rdryVdry

¼ rdry

rw
�
x3 � 1

�þ rdry
(7)

Eqn (7) describes the solute mass fraction (xs), which is
required to determine ms. The xs is calculated as the ratio of the
solute (aerosol) mass to the total mass aer hygroscopic growth,
which comprises the original aerosol mass and the absorbed
water mass.

In calculating ms for surface tension, when the size of the
hygroscopic aerosol is below the critical value (deliquescence
point), the amount of water is lower than that of the solute. This
This journal is © The Royal Society of Chemistry 2026
is because when moisture adheres to the aerosol, its effect is
minimal if the amount of water is insufficient relative to the
aerosol. In calculating ms for surface tension, where xwas 1.26 or
lower, the xs was xed at 0.65. This value corresponds to the
solute mass fraction calculated from eqn (7) at x = 1.26 —the
threshold before aerosol volume doubles—using the density of
ammonium sulfate (1.77 g cm−3) and water (1 g cm−3). In this
low-growth regime, the amount of absorbed water is insufficient
to represent the particle as a well-developed aqueous solution
for the purpose of the surface-tension calculation. This treat-
ment is consistent with the concentrated ammonium sulfate
regime reported by a previous study.11

In addition, when the amount of water was insufficient
relative to the aerosol, aerosol growth did not occur, implying
that the ratio of the hygroscopic aerosol diameter to the dry
aerosol diameter remained the same. Consequently, both the x

and the xs were 1, causing the denominator of ms to become
zero, making the calculation impossible. Therefore, cases below
the critical threshold were excluded.

Once the aerosol exceeds the critical threshold and begins to
absorb water, the interaction between the water and aerosol
leads to a rapid change in the surface tension.37 Thus, when the
size of the hygroscopic aerosol exceeds the critical threshold,
the increasing amount of absorbed water allows ms to be
calculated based on the ratio of solute to solvent. The rapid
aerosol size increase in hygroscopic growth above this threshold
explains why fog aerosols suddenly increase over time. This
phenomenon is discussed in the real-time monitoring of aero-
sol optical properties during hygroscopic growth.

As summarized in Fig. 1, the owchart shows the process of
predicting the size of the hygroscopic aerosols and calculating
the extinction coefficient by considering the Kelvin effect. The
initial inputs included the size and density of dry aerosols, k,
the RH in the hygroscopic growth state, and the refractive
indices of aerosols and water. The xs was determined using an
arbitrarily chosen growth factor (x = 1.14).

To determine the size of the hygroscopic aerosols, the
calculation began by obtaining the xs based on the wet-to-dry
size ratio. The solute mass fraction is a function of the x.
Environ. Sci.: Processes Impacts, 2026, 28, 1374–1384 | 1377
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Fig. 2 Volume extinction efficiency and aerosol volume distribution
by particle size.
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Therefore, an initial arbitrary value (x = 1.14) was used to
calculate the ms, which was then used to determine the surface
tension. The calculated surface tension was incorporated into
the curvature effect term to derive the Dk fromwhich the RHwas
computed.

Next, the squared difference between the calculated RH and
the input RH was determined to compute the residual sum of
squares (RSS), which was then minimized to obtain the optimal
aerosol x. This optimized x was then applied instead of the
initial value, and the calculation process was repeated itera-
tively to update x. When the difference between the previously
computed x and the newly calculated x was <0.001, the opti-
mization was considered complete, and the obtained x was
applied to the hygroscopic aerosol size distribution.

Using the aerosol growth ratio, the refractive index was
calculated as a weighted average based on the volume fraction
of each component (eqn (4)). Finally, the extinction coefficient
was derived using the volume distribution aer hygroscopic
growth and the refractive index.
Characteristics of the extinction coefficient as a function of
wavelength

The aerosol extinction coefficient (a) as a function of wave-
length (l) and refractive index (m) was calculated using Mie
scattering theory, as follows:

a(l, m) =
Ð
Q(r, l, m)pr2N(r)dr =

Ð
Qv(r, l, m)V(r)dr (8)

In eqn (8), Q(r, l,m) is the extinction efficiency, and Qv(r, l,m) is

the volume extinction efficiency (
3
4r

Q), i.e., the extinction cross-

section per unit particle volume. At a given RH, the wet aerosol
diameter is obtained as Dw = xDdry, where x is the growth factor.
Them is computed as a volume-weighted mixture of dry aerosol
and water.55 These parameters are then used to evaluate a(l, m)
from eqn (8). Here, N(r) and V(r) represent the number and
volume size distribution of aerosols, respectively, as functions
of particle radius r.

For the size distributions, we considered the ne- and
coarse-mode peaks of aerosols. Although some studies also
include nucleation or Aitken mode particles,61 these contribute
little to total extinction because of their very small volume
extinction efficiency. Similarly, extremely large particles are
negligible. Therefore, only the two dominant modes were
considered.

Fig. 2 shows Qv at the observed wavelengths along with the
assumed aerosol volume size distribution. The distribution was
based on a previous study's clean continental aerosol type
characteristics.62 This aerosol type was selected to reect the
regional characteristics of the study area, which is primarily
residential with minimal industrial sources. Modal diameters
of 0.21 mm and 2.63 mm were selected to represent ne and
coarse particles, respectively, with geometric standard devia-
tions of 1.61 and 1.90 for ne and coarse modes.62 The relative
volume concentrations between ne and coarse modes were
adjusted to ensure realistic representation of local atmospheric
conditions. This approach provides a representative size
1378 | Environ. Sci.: Processes Impacts, 2026, 28, 1374–1384
distribution for clean continental aerosol environments while
maintaining consistency with regional observational
characteristics.

Because site specic chemical composition data for Daejeon
were not available, and nomajor local point sources are present,
the aerosol ensemble was approximated as ammonium sulfate
with a density of 1.77 g cm−3.63,64 Effective wavelengths of 600,
534, and 459 nm were used to calculate the volume extinction
efficiency. As the wavelength increased, the efficiency peak
shied toward larger particle sizes, increasing sensitivity to
coarse particles.

For very small particles (r # 0.02 mm), both particle volume
and extinction efficient are low, while for very large particles (r
$ 20 mm), volume is signicant but extinction efficiency is low.
Consequently, contributions from these extremes are negli-
gible. Even if coarse-mode aerosols increase further, their effect
on extinction coefficient variability remains limited (Fig. 2).

AE is a qualitative indicator of aerosol size derived from the
ratio of extinction coefficients at multiple wavelengths.65 A
higher fraction of larger particles typically leads to a lower AE,
whereas a higher fraction of smaller particles increases the AE.21

In this study, simulations were performed at the effective
wavelengths of the red, green, and blue (RGB) camera chan-
nels—600, 534, and 459 nm—to capture the hygroscopic growth
state of atmospheric aerosols from camera images. Using these
same wavelengths ensured consistency with the image-based
extinction analysis.

ali

alB

¼
�
li

lB

��AE

i ¼ R; G; B (9)

In eqn (9), aR, aG, and aB represent the extinction coefficient for
each wavelength (R, G, and B), and l is the effective wavelength
(in nm).
Results
Hygroscopic growth and curvature effect of dry aerosols

Fig. 3 shows aerosol growth factors as a function of initial dry
size and RH. In Fig. 3a, only water activity is considered,
This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Comparison of terms without and with curvature effect – the
influence of the curvature effect term on the hygroscopic growth
factor.
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whereas Fig. 3b includes both water activity and the curvature
(Kelvin) effect. The rst and second terms in eqn (1) describe
these two inuences: water activity depends on the k and
volume, while the exponential term accounts for curvature
through surface tension.

Simulations were performed for initial aerosol diameters
from 0.002 to 60 mm, assuming k = 0.53 (ammonium sulfate;
Petters & Kreidenweis (2007) and T = 300 K).8 The size distri-
bution followed typical atmospheric aerosol characteristics.32,66

Without the curvature effect (Fig. 3a), all sizes showed similar
monotonic growth with RH. When curvature was included
(Fig. 3b), particles with diameter <2 mm grew less than 10%
across the full RH range. This suppression occurs because the
Kelvin term in eqn (1) does not approach zero for small sizes,
limiting condensation.

Reduced growth in smaller particles is thus linked to
curvature: as curvature increases, the RH required for conden-
sation rises. Smaller particles with higher curvature, therefore
have higher equilibrium vapor pressures, resulting in enhanced
evaporation and reduced growth potential.

To quantitatively assess the suppression of hygroscopic
growth by the curvature effect, Fig. 4 presents the ratio of the
growth factor with the curvature effect to that without it, as
a function of initial particle diameter and RH. When RH is
below 40% or the aerosol diameters exceeds 10 mm, the two
values show negligible difference and the ratio converges to
unity. In contrast, when RH exceeds 80% and the particle
diameter is smaller than 0.1 mm, the curvature effect leads to
a difference of up to approximately four-fold. These results
indicate that the curvature effect must be accounted for,
particularly in the small particle regime, to accurately simulate
hygroscopic growth of atmospheric aerosols. Using this frame-
work, we simulated changes in aerosol volume distribution and
extinction efficiency at 534 nm under varying RH. The distri-
bution was based on a previously described section (bimodal:
ne-mode 0.21 mm, coarse-mode 2.63 mm, geometric standard
deviations width 1.61 and 1.90 for ne and coarse modes,
respectively, and density 1.77 g cm−3 25,62).

Fig. 5 shows the volume size distribution and extinction
efficiency before and aer hygroscopic growth. Dry aerosols
were assigned a refractive index of 1.5 + 0.0001i.67 Aer growth
Fig. 3 Growth factor of aerosols as a function of initial aerosol size
(log scale) and RH; (a) without curvature effect; (b) with curvature
effect included.

This journal is © The Royal Society of Chemistry 2026
at RH = 95% (k = 0.53), the effective refractive index was
recalculated as a volume-weighted average of solute and water
(eqn (4). Hygroscopic water uptake lowered the refractive index,
making particles optically “smaller” than their geometric size.
As a result, the extinction efficiency peak shied to larger radii
while its magnitude decreased. The volume distribution
broadened and shied to larger sizes in both ne- and coarse-
modes. Extinction coefficients increased from 169.18 × 10−6

m−1 (dry) to 1161.93 × 10−6 m−1 (95% RH).
Fig. 6 presents extinction coefficients at 459, 534, and

600 nm and the corresponding AE. At low RH, extinction was
mainly wavelength-dependent. Above ∼98% RH, the extinction
at 459 nm diverged from the other wavelengths, producing
negative AE values. This indicates that at short wavelengths,
extinction efficiency peaked earlier and then declined as
particle growth continued.
Fig. 5 Aerosol volume size distribution and volume extinction effi-
ciency at 534 nm: (a) before hygroscopic growth; (b) at 95% RH.
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Fig. 6 Extinction coefficients and AE as a function of RH at 600, 534,
and 459 nm.
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For dry aerosol distribution, extinction coefficients at the
three wavelengths reversed order at RH∼ 0.98, causing AE <0. As
shown in Fig. 2, extinction efficiency peaks at different radii for
each wavelength. As particle growth shied the size distribu-
tion, the extinction coefficient at 600 nm began to exceed that at
459 nm. This wavelength-dependent reversal resulted in nega-
tive AE values, which is characteristic of larger, hygroscopically
grown particles.

Real-time monitoring of aerosol optical properties during
hygroscopic growth

Fig. 7a shows extinction coefficients and AE at the R (600 nm), G
(534 nm), and B (459 nm) wavelengths. While Fig. 7c presents
a magnied view for RH = 93–97%. The arrows in each panel
mark the temporal sequence of observations. The key ndings
were that near saturation (RH ∼ 100%), most aerosols—
including coarse fog droplets—exhibited hygroscopic growth.
As RH decreased over time, aerosol size decreased as well,
reversing the growth process.

Grown aerosols displayed a lower extinction coefficient at
shorter wavelengths compared with longer wavelengths. As
Fig. 7 Observations from November 2, 2022: (a) extinction coeffi-
cients at different wavelengths and AE as a function of RH over the full
range. (b) Temporal variations in RH and temperature over the entire
period. (c) Extinction coefficients and AE in the RH range at 07:00–
13:00. (d) Temporal variations in RH and temperature at 07:00–13:00.

1380 | Environ. Sci.: Processes Impacts, 2026, 28, 1374–1384
aerosols shrank, the original ordering was restored, with
extinction at shorter wavelengths increasing again. Similarly,
AE, which reects aerosol size, approached zero or became
negative under hygroscopic growth, but returned to positive
values once aerosols dried. Fig. 7b shows the temporal varia-
tions of RH and temperature. During the short period of fog
droplet drying (07 : 00–09 : 00 KST), RH remained relatively
constant despite a steady increase in temperature (Fig. 7d). This
phenomenon occurs because water evaporates from aerosols
aer hygroscopic growth as temperature increases, offsetting
RH changes.

Around 09 : 00 KST, evaporation slowed, and RH began to
decline. As aerosols lost water, AE became positive again.
Notably, RH did not decrease linearly: it rst increased slightly
before dropping. This reects the balance between evaporation
and warming. During this stage, the atmospheric energy budget
limited the temperature rise to ∼1 °C per hour, slower than the
subsequent ∼2.7 °C per hour increase later in the day.

Fig. 7c further shows that extinction coefficients decreased
steadily over time. In contrast, RH followed a nonlinear
increase–decrease pattern. These patterns illustrate the coupled
effects of aerosol water loss and atmospheric heating. To assess
whether changes in aerosol composition or size distribution
contributed to the observed optical variation, PM2.5 and PM10

concentrations were examined from a nearby monitoring
station located 820 m from the observation site. The station is
situated in a residential area with no signicant emission
sources, minimizing the likelihood of rapid compositional
changes during the observation period. PM10 and PM2.5

concentrations remained relatively stable throughout the fog
episode, with mean ± standard deviation values of 61.5 ± 8.9 8
mg m−3, and 38.7 ± 7.8 mg m−3, respectively. These relatively
small standard deviations suggest that bulk aerosol loading did
not change signicantly, supporting the interpretation that the
observed optical variations were primarily driven by hygro-
scopic growth rather than changes in aerosol composition or
number concentration.

Fig. 8 compares AE from image observations (blue squares)
with simulations (black triangles). Observed AE values were
averaged within 1% RH bins to reduce scatter, with error bars
representing the range (maximum and values) of AE measure-
ments within each RH bin. Both show the same trend: AE
Fig. 8 Comparison of simulated and observed AE as a function of RH.

This journal is © The Royal Society of Chemistry 2026
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decreases under high RH, consistent with hygroscopic aerosol
growth. This agreement supports the interpretation that AE
variations are primarily driven by humidity effects. Because the
image data (2 min interval) and KMA RH/temperature data
(5 min interval) were not perfectly aligned, each image was
paired with the nearest RH/temperature record (maximum
offset ∼2.5 min). This small mismatch may explain minor
differences in AE.

In this study, the maximum measured RH was 95.9%, which
likely corresponded to saturation despite not reaching 100%
numerically. RH values above ∼95% are generally considered
saturated, and the observed fog during this period supports this
interpretation.68,69 The absence of RH values above 96% is not
evidence of drying but reects the behavior of fog: once fog
forms, RH stabilizes near saturation.70

Conclusions

This study analyzed the hygroscopic growth characteristics of
dry aerosols to better understand discrepancies between remote
sensing and in situ measurements. Hygroscopic growth alters
fundamental aerosol properties such as density, morphology,
and the refractive index. Consequently, the states of dry and
humidied aerosols differ depending on how humidity is
controlled during measurement. To establish a common stan-
dard for quantitative evaluation, it is necessary to convert dry
aerosols to a humidied state and compare them on the same
basis. In this process, multiple factors were considered,
including water activity, Kelvin effect, aerosol size, chemical
composition (hygroscopicity), temperature, and solute molarity.
An iterative approach was applied to incorporate curvature
effects and analyze changes in aerosol size and surface tension.

A key characteristic of ne-mode aerosols is that the effect of
the curvature cannot be neglected. For particles smaller than 1
mm, growth factors were 1.04 to 3.85 times different at RH > 90%
depending on whether curvature effects were included, making
curvature the dominant contributor to the hygroscopic growth
of ne-mode particles. Thus, aerosol growth is determined
jointly by water activity and curvature. Fine-mode growth
substantially affected aerosol size and extinction efficiency,
strongly inuencing the overall extinction coefficient. In
contrast, coarse-mode aerosols had minimal impact because
their relative volume extinction efficiency decreases despite
volume growth. These results conrm that ne- and coarse-
mode aerosols exhibit different hygroscopic behaviors, with
ne-mode aerosols exerting the strongest inuence on light
extinction.

In remote sensing, the extinction coefficient depends on the
aerosol size and refractive index. As aerosols grow, water
increases their volume but simultaneously lowers their refrac-
tive index toward that of water (n = 1.33). This counteracts
exponential increases in extinction that might otherwise result
from volume growth. According to Mie theory, extinction effi-
ciency varies with both size and wavelength. As aerosols grow,
AE generally decreases—a trend conrmed by observations. In
our camera observations, AE even became negative at RH
∼92%. Discrepancies between simulations and measurements
This journal is © The Royal Society of Chemistry 2026
were attributed to uncertainties in the dry aerosol size distri-
bution and k. Smaller dry sizes or lower hygroscopicity shi the
extinction reversal to higher RH, showing that the RH threshold
for negative AE is governed primarily by ne-mode modal size
and k. Thus, the dry size distribution can be used to predict the
RH at which wavelength-dependent extinction reversal occurs.

Field observations conrmed the effects of hygroscopic
growth on aerosol extinction. At high RH, aerosols—including
fog droplets—grew substantially, reducing AE and shiing
extinction behavior. As RH decreased, water evaporated and
aerosols shrank. Consequently, extinction at shorter wave-
lengths increased, and AE returned to positive values. The
results also demonstrated nonlinear RH-temperature dynamics:
as temperature rose, RH initially remained steady because
evaporation absorbed thermal energy, slowing temperature rise.
Once evaporation ceased, RH declined and extinction proper-
ties shied accordingly. The observed evolution of extinction
coefficients and AE retrieved from RGB camera images (Fig. 7.)
was broadly consistent with the Mie-theory simulations pre-
sented in Fig. 6. In both cases, extinction at shorter wavelengths
decreased relative to longer wavelengths as RH increased, and
AE approached zero or become negative under high-humidity
conditions before recovering as aerosols dried. These agree-
ments suggest that the wavelength-dependent optical changes
observed during the fog episode can be primarily attributed to
hygroscopic particle growth, rather than changes in aerosol
composition or emission sources. This demonstrates that
image-based methods can effectively capture real-time aerosol
hygroscopic behavior. The approach provides a cost-effective
tool for validating growth models and monitoring aerosol–
humidity interactions under ambient atmospheric conditions.

Future research should test this method under diverse
atmospheric conditions and regions to derive representative k.
If instruments such as Optical Particle Counter or a Scanning
Mobility Particle Sizer are used to measure dry aerosol size
distributions, unknown regional k and refractive indices could
be estimated inversely. Because RH and k are known, our
approach can run in “inverse mode”: retrieving the dry size
distribution from image-derived extinction. Fitting a bimodal
distribution to match observed extinction at measured RH
would allow particle size distribution retrievals from images
alone. This capability would enable locally tailored predictions
of visibility and AE. Continued efforts should focus on charac-
terizing regional variations and improving predictive model
accuracy based on these ndings.
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