
1.  Introduction
Fog is a phenomenon in which the surface layer reaches saturation and cloud droplets activate, reducing 
the surface visibility below 1 km, and is typically classified according to its formation mechanism. Radiation 
fog is caused by near-surface radiative cooling, and usually forms under nocturnal clear-sky conditions. 
Although other processes such as drainage flows may play a role in radiation fog formation, radiative cool-
ing remains the dominant formation mechanism. Radiative fog is a frequent occurrence at many locations 
worldwide (e.g., Haeffelin et al., 2010; Izett et al., 2019; Price et al., 2018), particularly at higher latitudes 
between autumn and spring when the nights are longest are radiative cooling is maximized.

Understanding the formation of radiation fog as well as its microphysical characteristics is important for 
a number of reasons. The radiative effect of aerosols through both direct forcing and their role as conden-
sation nuclei remains one of the greatest sources of uncertainty in global climate models (Mülmenstädt & 
Feingold, 2018). Fog also impacts the surface energy balance terms, and even optically thin haze can have a 
significant impact on the observed surface longwave radiative flux due to the strong sensitivity to even small 
amounts of liquid water within the infrared window at 8–13 μm (Turner & Long, 2004; Turner et al., 2007). 
The presence of fog can alter boundary-layer dynamics and modify the wind profile, with resulting impacts 
on the morning transition and subsequent CBL development, as outlined by Fitzjarrald and Lala (1989). Fog 
can also modulate atmospheric composition and chemistry through secondary aerosol formation, and the 
strong static stability during radiative fog can increase pollutant levels in the surface layer, leading to ad-
verse health impacts (Tanaka et al., 1998). Radiative fog also has significant human impacts, as it is a hazard 
for air and road transport, and Gultepe et al. (2007) report that financial losses resulting from fog can rival 
those due to severe convective storms or winter weather.

The size distribution and concentration of aerosols are critical parameters in the life cycle of radiation 
fog, and also affect the supersaturation within the fog (Bott, 1991). The aerosol number concentration (Na) 
largely determines the cloud droplet number concentration (e.g., Gultepe & Isaac, 1999), which in turn 
impacts the fog evolution and liquid water content (Jia et al., 2019; Maalick et al., 2016; Poku et al., 2019; 
Stolaki et al., 2015). In pristine environments where Na is low, under supersaturated conditions all aerosols 
can activate into cloud droplets, and further increases in saturation will result in the growth of the activated 
droplets (known as the aerosol-limited regime). If Na is higher then the formation of cloud droplets will be 
limited by the supersaturation (known as the updraft-limited regime) and only a fraction of the aerosols 
will become activated (Reutter et al., 2009). Unless in extremely remote regions, radiative fog falls in the 
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updraft-limited regime due to the low vertical velocities in fog. In this regime, the droplets compete for the 
limited available water, which suppresses both droplet growth and environmental supersaturation. This in 
turn impacts fog growth and development via changes to the droplet effective radius (Boutle et al., 2018; 
Poku et al., 2019). If Na is sufficiently high, then hydrated aerosols can reduce visibility below 1 km even 
without particle activation (Kokkola et al., 2003). The decreasing trend in fog days in Europe over the past 
several decades is thought to be largely due to decreases in aerosol loading (Van Oldenborgh et al., 2010), 
the same effect has also reduced tule fog frequency in the Central Valley of California (Gray et al., 2019). 
Conversely, Ghude et al. (2017) suggest that increases in aerosol loading have to lead to an increasing trend 
in the number of fog days in Delhi, India, while Quan et al. (2021) show that increased aerosol loading has 
extended the lifetime of fog episodes across China by delaying dissipation.

At high humidity, aerosol particles grow via the condensation of water vapor. If the humidity is sufficient-
ly high that the atmosphere is supersaturated with respect to water vapor, then aerosols will act as cloud 
condensation nuclei (CCN) and become activated into fog droplets. The condensational growth of aerosols 
is controlled by both the aerosol size and chemical composition, as well as the environmental saturation, 
as described by the well-known Köhler theory (Köhler, 1936). An extension to Köhler theory developed 
by Petters and Kreidenweis (2007) combined the activation characteristics of particles of a given chemical 
composition into a single hygroscopicity parameter, κ. Typical values of κ vary from 0.1 for more hygropho-
bic particles up to 1.3 for the most hygroscopic particles such as sea salt. The resulting theory is known as 
κ-Köhler theory, and it predicts the growth of a dry particle of a given size with known hygroscopicity under 
varying saturation levels (see Section 2.2 for more details). For particles of a known dry size and κ, κ-Köhler 
theory allows calculation of the critical supersaturation (SScrit) above which the particle will become ac-
tivated. Supersaturation fluctuates with temperature, and a particle will only become activated into a fog 
droplet if it remains within supersaturated air for a sufficiently long time (see e.g., Prabhakaran et al., 2020; 
Richter et al., 2021). The effective peak supersaturation (SSpeak) is the highest supersaturation that a particle 
experiences for a sufficiently long time such that any particles with SScrit below SSpeak will activate (Hammer 
et al., 2014). Equivalently, for a given κ and SScrit pair, there exists a critical diameter (or activation diameter) 

𝐴𝐴 Ddry
crit for which all particles with dry diameter 𝐴𝐴 Ddry > Ddry

crit will activate. Through Köhler theory we can also 
define the particle wet activation or critical diameter, 𝐴𝐴 Dwet

crit , which is the particle diameter at SScrit. While the 
particle diameter remains below 𝐴𝐴 Dwet

crit , the particle is in stable equilibrium and remains unactivated.

Aerosol activation in fog has also been investigated in terms of nucleation scavenging. Nucleation scaveng-
ing is used to describe the removal of aerosols from the ambient particle size distribution as they become 
activated and grow into fog droplets. Aerosols can additionally be removed by collision-coalescence pro-
cesses, or through collection by other fog droplets (impaction scavenging). Both nucleation and impaction 
scavenging may lead to subsequent sedimentation or “wet removal” of aerosols. The hygroscopicity of the 
remaining interstitial aerosols can also potentially be altered via preferential scavenging of more highly hy-
groscopic particles (Collett et al., 2008). In fog, nucleation scavenging dominates over impaction scavenging 
due to the relatively small size of activated fog droplets limiting the swept area.

Characterizing aerosol activation in fog is important for the understanding of cloud microphysical process-
es more generally, as well as for developing physically realistic parameterization schemes for numerical 
weather prediction and large-eddy simulation models. Several typical aerosol activation schemes widely 
used in numerical models are based on the assumption that saturation is reached through adiabatic ascent, 
and include a vertical velocity threshold to account for sub-grid ascent (Poku et al., 2021). These schemes, 
however, have been shown to produce an excessively high number of fog droplets, artificially lowering 
the fog droplet effective radius, thus leading to unphysically strong radiative cooling at the fog top (Boutle 
et  al.,  2018); recent work has suggested that fog simulations may require aerosol activation schemes in 
which saturation can be achieved through non-adiabatic processes (Poku et al., 2021).

In this regard, several field campaigns have investigated aerosol activation and nucleation scavenging dur-
ing fog events, generally with a focus on either the variation of scavenging rates across chemical species or 
the effect of particle size on scavenging rates. It follows from κ-Köhler theory that if κ does not vary with 
particle size, the largest particles will have the lowest SScrit and will activate first as the supersaturation in-
creases. However the activation characteristics of CCN depend not only on their size but also their chemical 
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composition, and previous work has shown that hygroscopicity is usually size dependent (e.g., Hammer 
et al., 2014), with smaller particles generally being less hygroscopic.

Noone et al. (1992) showed that particles with diameters above 700 nm were efficiently scavenged in fog 
in the Po Valley in Italy, while particles with diameters below 300 nm were not affected. Further work in 
the same region by Gilardoni et al. (2014) examined size-dependent nucleation scavenging during 14 fog 
events, finding that the scavenging efficiency for particles larger than 700 nm varied between 40%–86% 
across the events, and there was virtually no scavenging of particles below 100 nm. Gilardoni et al. (2014) 
also examined how the scavenging rate varied across chemical species during these events, finding mass 
scavenging rates varying from as high as 70% for nitrate to 39% for black carbon. Nucleation scavenging in 
fog (in terms of aerosol activation properties) has also been investigated at the SIRTA site near Paris, France 
by Hammer et al. (2014) and Mazoyer et al. (2019). Both studies showed that aerosols at that site were char-
acterized by low hygroscopicity due to anthropogenic effects such as traffic emissions and wood burning, 
with an average κ value of 0.14–0.17. The derived κ values were used to calculate 𝐴𝐴 Ddry

crit , 𝐴𝐴 Dwet
crit and SSpeak during 

fog. Hammer et al. (2014) showed that the average 𝐴𝐴 Dwet
crit was highly variable across 17 fog events, with values 

ranging between 1 and 5 μm and an average value of 2.6 μm. Further analysis of 23 fog events by Mazoyer 
et al. (2019) found the average 𝐴𝐴 Ddry

crit to be 390 nm, 𝐴𝐴 Dwet
crit to be 3.8 μm, and SSpeak to be 0.043%. A similar analysis 

by Shen et al. (2018) at Wuqing, a rural area in the North China Plain, during the HaChi (Haze in China) 
campaign found a size-dependent value of κ of between 0.25 and 0.3, which resulted in supersaturations be-
tween 0.01% and 0.05% for three fog cases. The same technique has also been applied by Zíková et al. (2020) 
to examine aerosol activation in stratus fog at Milešovka observatory, a remote and elevated site in the Czech 
Republic, finding an average 𝐴𝐴 Ddry

crit over 14 stratus fog episodes of 200 nm.

Here, we examine aerosol activation during eight cases of radiative fog at a site in rural north-central Okla-
homa. The size-dependent hygroscopicity parameter (κ) is determined for each fog event. The derived κ 
values are compared to those from previous studies, including from sites with a stronger anthropogenic 
influence. κ-Köhler theory is then applied to calculate 𝐴𝐴 Ddry

crit , 𝐴𝐴 Dwet
crit and SSpeak. Section 2 describes the site and 

instrumentation and explains the method used to calculate the aerosol hygroscopicity, wet and dry acti-
vation diameters, and supersaturation. Section 3 gives an overview of all the cases analyzed and presents 
the derived hygroscopicity, aerosol activation parameters, and supersaturation. Conclusions are given in 
Section 4.

2.  Data and Methods
2.1.  Site and Instrumentation

The Department of Energy Atmospheric Radiation Measurement (ARM) Southern Great Plains (SGP) site is 
located in Lamont, Oklahoma, USA (36.607°N, 97.488°W, 314 m AMSL). The surrounding area is comprised 
of grassland and rangeland. The immediate surroundings are rural and the closest large urban areas are 
Oklahoma City (130 km south, 640,000 residents), and Wichita (100 km north, 390,000 residents). The ARM 
SGP atmospheric observatory hosts a suite of in situ and remote sensing instrumentation designed to study 
cloud, aerosol, and atmospheric processes. An overview of the site can be found in Sisterton et al. (2016).

The instrumentation at the SGP site includes a dedicated atmospheric observing system (AOS), which 
measures a variety of aerosol characteristics, including the size distribution at ambient humidity for particle 
aerodynamic diameters between 487 nm and 19.8 μm, and the size distribution at dry humidity for parti-
cles between 106 and 514 nm. A history of the AOS and details of each of the instruments contained in the 
system as well as the data they provide can be found in Uin et al. (2019), and a brief description is included 
here for completeness. Aerosols sampled by the AOS are drawn through an inlet at a height of 10 m. The air 
is sampled through a 20-cm diameter pipe at a flow rate of 1,000 L min−1. A flow distributor samples 150 L 
min−1 of the flow and splits it into five separate lines of 30 L min−1 before it is passed to the instrumentation. 
Schematics of the instrument setup used in the AOS can be found in Figure 4 of Uin et al. (2019). Details of 
the instrumentation used for this study can be found in Table 1.

The AOS includes an aerodynamic particle sizer (APS), which measures the particle size distribution across 
53 size bins for particles with an aerodynamic diameter between 487 nm and 19.8 μm. The flow is not dried 
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prior to entering the APS, although there may be changes in the flow temperature and humidity (compared 
to environmental conditions outside the AOS) due to passage through the inlet and into the APS. In the re-
mainder of the paper, we describe the APS PSD as representative of ‘ambient’ humidity to delineate it from 
the dry PSD measured by other instruments, but it should be noted that the APS PSD may differ slightly 
from that measured at true ambient humidity. The flow is also sampled by a cloud condensation nuclei 
counter (CCNc). The CCNc is operated in a two-column configuration (Uin, 2016), with one column meas-
uring the activated particles at a constant supersaturation of 0.4% and the second column measuring acti-
vated particles while cycling through supersaturation values of 0%, 0.1%, 0.2%, 0.4%, 0.8%, and 1.0%. Each 
full cycle takes approximately one hour. Another sample line dries the flow to a low relative humidity using 
a Nafion dryer before the sample is passed onto a scanning mobility particle sizer (SMPS), which provides 
the dried particle size distribution for diameters between 106–514 nm. The AOS also includes a humidified 
tandem differential mobility analyzer (HT-DMA). The HT-DMA first dries the sample before aerosols of a 
given size (50, 100, 150, 200, and 250 nm) are selected. The dry monodisperse aerosols are then humidified 
(to a known humidity) and the resulting particle size distribution is measured. The AOS also includes a 
condensation particle counter (CPC), in which the sampled aerosol is dried with a Nafion dryer before be-
ing mixed with supersaturated butanol vapor and cooled. Particles that grow via condensation are counted 
to provide the aerosol concentration. The fine mode CPC used here has a lower detection limit of 10 nm.

The sample flow is not dried prior to entering the APS, and so the APS data represents the hydrated particle 
(and droplet) size distribution at approximately ambient relative humidity, although as noted previously 
this may differ slightly from the true ambient particle size distribution due to changes in temperature or 
humidity along the flow path inside the AOS. Fog droplets are clearly visible in the APS data (see Figure 1b). 
While previous investigations have shown that the AOS inlet system has transmission efficiency of 1 for 
droplets between 10 nm and 4 μm (Bullard et al., 2017), there was uncertainty of over 50% in the trans-
mission efficiency for droplets larger than 4 μm due to the low particle counts at this size during the inlet 
characterization experiment. For this reason, we do not quantify the fog droplet concentration. There is no 
impactor upstream of the APS, so all fog droplets that are transmitted through the AOS will be included in 
the APS data unless they are larger than the maximum droplet size recorded by the APS (≈20 μm).

The data recorded by the SMPS is subsampled from the same intake flow as the APS, but the flow is dried 
with a Nafion dryer prior to entering the SMPS (Uin et al., 2019). Here we refer to the particle size distri-
bution (PSD) recorded by the SMPS as the dry PSD, and the PSD from the APS as the ambient PSD (i.e., 
the APS flow is not dried). The largest bin size in the SMPS is 470 nm and so dry particles with diameters 

𝐴𝐴 𝐴 470 nm are not included in the data. As there is no impactor on the droplets at ambient size, in theory, the 
dry PSD could contain fog droplet residuals as well as interstitial particles. Unlike in some previous studies 
on aerosol activation in fog, there is no counterflow gradient virtual impactor included in the instrumen-
tation, and so droplets and interstitial particles are not directly separated. However, the strong reduction 
in dried particles of larger sizes in the SMPS data during the fog event (e.g., Figure 1c), and the monotonic 

Instrument Abbreviation Manufacturer and model Measured parameters Time resolution

Humidified tandem differential 
mobility analyzer

HT-DMA Brechtel Manufacturing 3002 Size-resolved growth factor 6.3 min per dry size, 
31.6 min per full cycle

Aerosol particle sizer APS TSI 3321 Particle size distribution (ambient; 
diameter 487 nm–19.8 μm)

1 s

Scanning mobility particle sizer SMPS TSI 3936 Particle size distribution (dried; 
diameter 106–514 nm)

5 min

Condensation particle counter CPC TSI 3772 Number concentration >10 nm 1 s

Cloud condensation nuclei 
counter

CCN counter Droplet Measurement Technologies 
CCN-200

Droplet concentration (SS = 0–1.0%) 10 min per SS, 1 hr for 
full cycle

Present weather detector PWD Vaisala PWD22 Visibility 1 min

Ceilometer - Vaisala CL31 cloud base height, vertical visibility 16 s

Table 1 
Instrumentation at the Southern Great Plains Site Used in This Study
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relationship between the fraction of particles removed and the particle diameter (as seen in Figure  1d) 
indicates that we see the removal of particles in the dry PSD due to nucleation scavenging in the fog. This 
suggests that either some fog droplets are lost in the AOS inlet or tubing, in which case they would not be 
present in either the ambient PSD or dry PSD; or there may be attrition of supermicron fog droplets dur-
ing the drying process. The AOS at the SGP site conforms to the standard NOAA/ESRL federated aerosol 
network inlet configuration, and theoretical particle passing efficiency calculations for this configuration 
indicate a 99% passing efficiency for 1–2  μm diameter particles, falling to 50% for particles of diameter 
7–11 μm (Andrews et al., 2019). As mentioned previously, low droplet counts at diameters 𝐴𝐴 𝐴 4 μm during the 
aerosol inlet characterization experiment led to 𝐴𝐴 𝐴 50% uncertainty in the experimentally determined passing 
efficiency for particles above that size (Bullard et al., 2017). We assume here that any fog droplet residuals 
included in the dry PSD would be drawn from across the range of diameters of particles that activate during 
the fog event, causing the activation diameter to be unbiased.

Aside from the aerosol measurements, the surface meteorology data at the SGP site also provides stand-
ard meteorological variables such as temperature, relative humidity, and precipitation rate, and a present 

Figure 1.  Example case during fog on 2019/08/04. (a) time series of visibility at 2 m height, with the black dashed line indicating the fog threshold at 1 km, (b) 
particle size distribution (PSD) at ambient humidity, (c) dry PSD. The black dashed lines in (b) and (c) show the pre-fog time period used to characterize the dry 
PSD. (d) the size-dependent scavenging of particles (black dots) at 10 UTC (white line in c) and the corresponding hill fit. The black dashed line shows the 50% 
scavenging diameter (𝐴𝐴 Ddry

act  ). (e) Time-varying 𝐴𝐴 Ddry
act  , (f) κ at 𝐴𝐴 Ddry

act  (black dots), κSS = 0.1% (solid line), and κupper and κlower (dashed lines). (g) 𝐴𝐴 Dwet
act  calculated from 𝐴𝐴 Ddry

act  
using κ (black dots), κSS = 0.1% (black dots), and κupper and κlower (error bars). (h) Supersaturation required to produce 𝐴𝐴 Dwet

act  in (g).
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weather detector (PWD) records horizontal visibility at 1 and 10 min averaging times. A ceilometer meas-
ures cloud base height and vertical visibility.

2.2.  Deriving the Particle Hygroscopicity

Two methods are used to calculate the particle hygroscopicity, κ. Both methods involve the application of 
κ-Köhler theory (Petters & Kreidenweis, 2007), which links particle condensational growth under varying 
saturation levels to κ via the following equation:

�(�) =
�3 −�3

�

�3 −�3
�(1 − �)

exp
(

4����

�����

)

,� (1)

where Dd is the dry particle diameter, D is the particle diameter at saturation ratio S, κ is the hygroscopicity, 
σs is the surface tension of the solution droplet (here taken as the surface tension of a pure water droplet), 
Mw is the molar mass of water, R is the universal gas constant, T is the air temperature, and ρw is the density 
of water. Equation 1 can also be used to evaluate the supersaturation SS, which is equivalent to 100(S-1).

The first method for deriving κ is based on the HT-DMA measurements, which are available for five of the 
case studies. The HT-DMA system uses two differential mobility analyzers. The aerosol sample is dried 
using a Nafion dryer, and then the first DMA is used to select monodisperse aerosols with dry diameters of 
50, 100, 150, 200, and 250 nm in turn. The monodisperse aerosols are exposed to 85% relative humidity in a 
humidification system, and the second DMA is used in combination with a CPC to measure the size distri-
bution of the humidified particles. Example data are shown in the upper left panel of Figure 2. The size-re-
solved particle growth factor (gf) can be derived by comparing the dry particle size to the humidified particle 
size distribution, as shown in the upper center panel of Figure 2, where the mean growth factor for each 
particle size is marked by the dashed vertical lines. The mean growth factor can then be used derive κ for 
each dry particle size using the equation in the upper row of Figure 2 and setting S as 0.85 and Dp as the dry 
particle diameter (this equation is a rearranged form of Equation 1). As the largest size dry particle selected 
in the HT-DMA is 250 nm, assumptions are required to estimate κ at particle diameters larger than 250 nm. 

Figure 2.  Schematic demonstrating how κ is derived, showing sample data from 2019/08/04. The top row shows how κ is derived from humidified tandem 
differential mobility analyzer measurements of monodisperse particle growth. The upper right panel shows κ extrapolated to an example 𝐴𝐴 Ddry

act  of 375 nm (black 
diamond). The bottom row shows how κ is derived from the cloud condensation nuclei counter and scanning mobility particle sizer measurements. The lower 
right panel shows κ at a range of supersaturation values (black crosses), and the solid black line shows κ calculated at SS = 0.1%, and the dashed lines show 
κ ± δκ, where δκ = 0.04. More details on both methods can be found in the text.
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We extend κ beyond a dry particle diameter of 250 nm by extrapolating based on the derived values of κ at 
200 and 250 nm, following Mahish et al. (2018). The black diamond in the upper right panel of Figure 2 
illustrates this extrapolation for a sample dry particle diameter of 375 nm (in this case, κ at 375 nm is 0.22).

The second method for deriving κ relies on a combination of the dry particle size distribution and CCN 
counter measurements, and is illustrated in the bottom row of Figure 2 using sample data from 2019/08/04. 
The CCN counter measures the number of activated droplets at six supersaturation values between 0% and 
1.0%. Sample values for supersaturations of 0.1% and 0.2% are shown in the lower left panel of Figure 2. For 
each CCN measurement, the dry particle size distribution from the SMPS (black line in the bottom row of 
Figure 2) is cumulatively summed, starting from the largest particle size and working downwards, until the 
number of activated droplets matches that measured by the CCN counter. This is illustrated for the 0.1% 
and 0.2% supersaturation CCN counts in the lower center panel of Figure 2, where the vertical lines mark 
the diameter where summing the SMPS distribution to the right of the black and orange lines provides 
the corresponding NCCN values shown in the leftmost panel. The diameter at which the concentrations are 
matched is designated Dcrit(SS), such that

�CCN(��) = ∫

∞

�crit(��)

�(��) ���.� (2)

The supersaturation in the CCN counter is recalculated using a parameterization based on the inner wall 
temperature following Lance et al. (2006). Since the supersaturation at which each activated droplet con-
centration occurred is known, κ can then be calculated via

� = 4
ln2������3

�

(

4����

3����

)3

� (3)

(Petters & Kreidenweis,  2007). This method assumes a sharp cut-off diameter delineating activated and 
unactivated particles, that is, that the particle activated fraction is 0 for Dp < Dcrit(SS) and 1 for Dp ≥ Dcrit(SS). 
The aerosol hygroscopicity as a function of supersaturation at the SGP site, calculated using the method out-
lined above, has recently been released as an ARM program value added product named CCNSMPSKAPPA 
(Kulkarni et al.,  2021). The CCN counter operates at nominal supersaturation values of 0%, 0.1%, 0.2%, 
0.4%, 0.8%, and 1.0%, but κ is not calculated at a supersaturation of 0% due to Scrit being in the denominator 
of Equation 3. We apply the value of κ found at the lowest supersaturation of 0.1%, although the supersat-
uration in fog is typically less than 0.1% (Hammer et al., 2014; Hudson, 1980; Mazoyer et al., 2019; Shen 
et al., 2018). We did test the procedure outlined in Mazoyer et al. (2019), which fits a linear model to κ and 
SS, and then evaluates this at SS = 0.05%. However, we found at most a 0.04 increase in κ using this method, 
which is comparable to the uncertainty associated with the supersaturation of the CCNc. As such, we cal-
culated the supersaturation using the κ value calculated at SS = 0.1% (κSS = 0.1%), and examined the effect of 
uncertainty in κ by using κ = κSS = 0.1% ± δκ, with δκ = 0.04 (for simplicity we label κ = κSS = 0.1% + δκ as κupper 
and κ = κSS = 0.1% − δκ as κlower), as shown in Figure 2b.

Both methods for deriving κ are illustrated in Figure 2 for a fog case that occurred on August 4, 2019. Both 
methods characterize κ based on data averaged over one hour prior to the fog onset, indicated by the vertical 
black lines in Figures 1b and 1c. The upper row of Figure 2 demonstrates the method for deriving κ from 
the HT-DMA measurements. The black crosses on the right panel show the derived κ values for the five dry 
particle sizes used in the HT-DMA, and the black diamond shows the extrapolated κ value for a dry particle 
diameter of 375 nm.

Meanwhile the method for deriving κ based on the CCN counter and SMPS measurements is shown in the 
lower row of Figure 2. Here the black crosses in the lower right panel of Figure 2 show the variation of κ with 
supersaturation as derived from the SMPS and CCN counter data, provided by the ARM value-added prod-
uct CCNSMPSKAPPA. Although the CCN counter operates at target supersaturations of SS = 0.1%, 0.2%, 
0.4%, 0.8%, and 1.0%, the supersaturation is recalibrated based on the CCN counter inner wall temperature 
following Lance et al. (2006), which is why the supersaturation values are shown in Figure 2 differ from 
the target values. We evaluate κ at the lowest supersaturation value of SS = 0.1%. The effect of uncertainty 
in κ on droplet activation is examined by testing κSS  =  0.1%  ±  δκ with δκ  =  0.04 as described above. For  
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the case shown in Figure 2, this gives κSS = 0.1% = 0.14, κlower = 0.10, and 
κupper = 0.18. Further details on how both methods are applied to the data 
are given in Section 2.3.

2.3.  Data Processing

We are ultimately interested in the activation and nucleation scavenging 
of aerosols in radiative fog. Cases of fog during 2017–2019 were identi-
fied by a preliminary screening based on horizontal visibility data, us-
ing a 1 km threshold. Cases of precipitation fog or stratus lowering fog 
were removed by inspecting backscatter profiles from a ceilometer that is 
collocated at the SGP site. Cases were also restricted to those where the 
SMPS data and at least one of either the HT-DMA or CCN counter were 
available so that κ could be quantified. This screening resulted in eight 
radiative fog cases. Details of each case are listed in Table 2.

While the start and end time of the fog episode can be assessed based on 
the horizontal visibility reported by the PWD (this is how the fog start 

time and duration reported in Table 2 is determined), this represents the visibility at a height of 2 m. The 
inlet used in the AOS draws samples at a height of 10 m, and so there are times during shallow fog when 
the visibility is below 1 km at 2 m but the fog does not reach the height of the AOS inlet. For this reason, we 
identify the start and end time of the fog at 10 m based on an increase in the supermicron droplet concen-
tration in the APS data (see Figure 1b).

The aerosol dry size distribution and hygroscopicity are characterized using data averaged across a 1-hr 
period prior to the fog onset, as in Mazoyer et al. (2019). The dried particle size distribution recorded by 
the SMPS during the fog event is then compared to that from before the fog started to examine the size-de-
pendent activation/nucleation scavenging of particles during the fog, following the method of Hammer 
et al. (2014). This is illustrated for an example case from 2019/08/04 in Figure 1. The black dashed lines in 
Figures 1b and 1c indicate the start and end of the time period used to characterize the aerosol PSD and 
hygroscopicity prior to the fog onset (we refer to this averaged aerosol PSD as the pre-fog PSD). The white 
dashed line at 10 UTC in Figure 1c is during the fog event. By comparing the average particle size distribu-
tion between the two black lines (pre-fog PSD) to that at the white dashed line (during fog), we can see what 
fraction of particles of different sizes have been removed via nucleation scavenging, as shown in Figure 1d. 
We apply a sigmoid fit to the fraction of particles removed and define the diameter where 50% of the parti-
cles are removed (i.e., the median activation diameter) as 𝐴𝐴 Ddry

act  . For the particle size distribution at 10 UTC 
shown in Figure 1d, 𝐴𝐴 Ddry

act  occurs at 290 nm.

We can then apply Equation 1 using the values of κ determined as described in Section 2.2. By setting 𝐴𝐴 Ddry
act  

as Dd and varying D across a range of ambient diameters, SScrit and 𝐴𝐴 Dwet
act  can be found as the value where 

SS is maximized and the diameter where this occurs. As the dry particle size distribution varies over the 
course of the fog event, we recalculate 𝐴𝐴 Ddry

act  following the method illustrated in Figure  1d every 5  min 
based upon the SMPS data time resolution. This is demonstrated in Figure 1e, which shows the variation 
of 𝐴𝐴 Ddry

act  over time during the fog on 2019/08/04. As the size-resolved κ generated using the HT-DMA data 
is extrapolated to 𝐴𝐴 Ddry

act  , this also varies in time (black dots in Figure 1f), while the κ values generated from 
the CCN counter and SMPS data (κSS = 0.1%, solid black line; κlower and κupper, dashed black lines in Figure 1f) 
are treated as constant across the fog event. Based on the κ values shown in Figure 1f, 𝐴𝐴 Dwet

act  and SSpeak are 
then calculated (Figures 1g and 1h). 𝐴𝐴 Dwet

act  can be considered the delineation diameter between hydrated 
and activated particles.

3.  Results and Discussion
Some general characteristics of the fog events are listed in Table 2 and illustrated in Figure 3. The cases 
encompass a wide range of temperatures, from −2°C to 21°C. Each of the fog events started during the 
night when radiative cooling rates are maximized and the fog duration varied between 2 and 9 hr. The fog 
ended before sunrise in half of the cases, and in three cases the fog persisted for almost two hours beyond 

Date

Start 
time 
[LT]

Duration 
[hours]

Median 
(minimum) 10-min 

visibility [m]
T 

[°C]

Wind 
speed 

[m s−1]

2017/04/18 03:14 2.5 387 (238) 12.0 2.7

2017/12/18 05:17 5.0 276 (168) 0.5 2.9

2018/11/30 22:38 9.2 345 (45) 4.6 2.3

2018/12/01 02:38 2.0 305 (174) 7.7 3.4

2019/08/04 04:27 3.8 258 (161) 21.7 1.2

2019/09/14 06:17 2.6 471 (278) 19.9 2.2

2019/12/22 00:40 4.5 498 (142) 1.7 3.6

2019/12/23 04:08 4.3 287 (159) −2.6 2.2

Table 2 
Fog Cases From the Southern Great Plains Site
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sunrise. The mean wind speed was below 4 m s−1 for all cases (Table 2), as is typical for radiation fog. The 
fog start time and duration reported in Table 2 are based on the horizontal visibility at 2 m height. However, 
as mentioned above the AOS inlet is at a height of 10 m, and so fog may be present at 2 m but not reach a 
height of 10 m. This is illustrated in Figures 4 and 5, which show the particle size distribution from the APS 
and the SMPS, respectively. The vertical black lines in Figures 4 and 5 indicate the start and end time of the 
fog based on a 1 km horizontal visibility threshold at 2 m height. There is clearly a large variability between 
the cases; in some cases such as 2017/12/18 and 2019/08/04, the decrease in visibility at 2 m coincides with 
the increase in the concentration of supermicron fog droplets, while in other cases such as 2018/12/01 
and 2019/12/23 the visibility decreases below 1 km at 2 m height several hours before an increase in the 
presence of supermicron droplets at 10 m. This indicates that in some cases the fog may remain shallow 
for several hours while sometimes it may grow vertically (and thus be more likely to transition to optically 
thick) quite rapidly. Even using horizontal visibility measurements from 2 m height may miss cases of very 
shallow fog, as discussed by Izett et al. (2019).

The derived hygroscopicity parameters for each of the fog cases are presented in Table 3. κ derived from 
the HT-DMA measurements is presented at a constant dry activation diameter of 400 nm to allow for easy 
comparison between the cases, although for the analysis it is extrapolated to 𝐴𝐴 Ddry

act  as indicated in Figures 1e 
and 1f. In general, the κ values across all the fog cases are similar to κ reported in previous studies for con-
tinental aerosols (e.g., Gilardoni et al., 2014; Phillips et al., 2018). Some areas with strong anthropogenic 
influences on the aerosol composition, such as from traffic emissions, have been shown to have lower κ, for 

Figure 3.  Histograms of several variables during the fog cases (a) the 2-m air temperature; (b) wind speed; (c) time of day (local time); (d) wind direction.
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example, the average κ at the SIRTA site close to Paris is in the range 0.14–0.17 (Hammer et al., 2014; Ma-
zoyer et al., 2019). The two instances of radiation fog that occur during the summer and early autumn show 
lower κ values (κSS = 0.1% = 0.14, 0.17). These lower κ values are closer in line with those found by Hammer 
et al. (2014) and Mazoyer et al. (2019), although the decrease in κ at the SGP site in summer is more likely 
due to the increased presence of secondary organic aerosol of biogenic origin, which is less hygroscopic 
(Jefferson et al., 2017; Parworth et al., 2015).

Figure 4.  Particle size distributions using the aerodynamic particle sizer data from the fog cases. The vertical black lines indicate the start and end of the fog 
diagnosed based on the visibility at 2 m.
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Previous work at the SGP site calculated the hygroscopic growth of particles based on 7 years of aerosol 
scattering data, finding that hygroscopic growth rates at this site are slightly higher in winter and spring 
(when most of the fog cases occur) due to higher nitrate mass fractions during these seasons (Jefferson 
et al., 2017). This is also reflected in the cases shown in Table 3, where the lowest κ values are seen during 
the cases in summer and early autumn (2019/08/04 and 2019/09/14). The diurnal and annual pattern in 
aerosol hygroscopicity at the SGP site across a range of particle sizes was also investigated by Mahish and 

Figure 5.  As for Figure 4, but showing the corresponding dry particle size distribution measured by the scanning mobility particle sizer.
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Collins (2017). It was found that κ generally increased with increasing particle size, as seen at other sites 
(e.g., Hammer et al., 2014; Phillips et al., 2018), except at the smallest particle sizes where κ was affected 
by new particle formation events. A diurnal trend in κ was also seen across all particle sizes, with higher κ 
values during the daytime than at night and a peak around 15 LT. Similar to Jefferson et al. (2017), Mahish 
and Collins (2017) also note increases in κ during winter at larger particle sizes, which they attribute to 
increased nitrate formation at low temperatures.

Na ranges from ≈1,500 cm−3 to ≈4,050 cm−3 across the fog cases, with a median value of 2,860 cm−3 and 
25th and 75th percentiles of 2,520 and 3,590 cm−3. These aerosol concentrations are fairly low compared to 
previous investigations in more populated or polluted areas. For example, Quan et al. (2011) found average 
Na of 24,000 cm−3 in the North China Plain, and Mazoyer et al. (2019) found that Na varied between 2000 
and 20,000 cm−3 prior to fog events at the SIRTA site near Paris, with the variation mainly depending on 
the prevailing wind direction. Aerosol loading and variation in the aerosol size distribution at the SGP site 
were investigated by Marinescu et al. (2019), who found a diurnal cycle in accumulation mode aerosols, 
with the highest concentrations occurring at night and being driven by nocturnal increases in nitrate and 
organic aerosol mass concentrations. The SGP site is rural and the surrounding area is primarily grassland 
and rangeland, so the lower Na may reflect the reduced anthropogenic influence at this site compared to 
the sites used in previous studies; this is also supported by the relatively high κ values shown in Table 3 (as 
compared to values previously reported from suburban and urban areas).

Table 3 lists the minimum median dry activation diameter for each case. Values vary from 278–448 nm. 
However, the minimum 𝐴𝐴 Ddry

act  may occur for only a short period, as in the fog on 2019/08/04 shown in Fig-
ure 1. The change of 𝐴𝐴 Ddry

act  over time shown in Figure 1e illustrates that although the minimum 𝐴𝐴 Ddry
act  reaches 

278 nm shortly before 10 UTC (corresponding to the time shown in Figure 1d), during the second half of the 
fog episode it is approximately 400 nm. Nucleation scavenging of larger particles during each event is also 
visible in Figures 5 and 6 shows an example sigmoid fit to the size-dependent fraction of particles scavenged 
for each fog event. During several of the cases, the strongest scavenging/lowest 𝐴𝐴 Ddry

act  occurs shortly after 
droplet activation begins at 10 m, and 𝐴𝐴 Ddry

act  then increases while the concentration of fog droplets decreases 
(see Figure 5). This cycle may be repeated multiple times (as on 2017/04/18, 2019/12/22) as the fog either 
dissipates and reforms or as the height of the fog increases and decreases below the AOS inlet height.

The range of 𝐴𝐴 Ddry
act  during each fog event can also be seen in Figure 7. At times, the 𝐴𝐴 Ddry

act  value is higher than 
470 nm, which is the largest particle diameter recorded by the SMPS. This reflects times when the scaveng-
ing of even the largest particles is less than 50%. An example sigmoid fit when the scavenging of the largest 
particles is just above 50% can be seen in Figure 6 for 2018-12-01, when the corresponding 𝐴𝐴 Ddry

act  was 460 nm. 
In general, there is very little activation of particles with diameter 𝐴𝐴 𝐴 300 nm (Figure 5). This echoes results 
from previous investigations (Gilardoni et al., 2014; Hammer et al., 2014; Mazoyer et al., 2019) at sites with 
higher average aerosol loading and lower hygroscopicity. There are relatively few measurements available 
in the literature of the dry PSD evolution during a fog event at sites with lower aerosol concentrations for 

Date κ400nm κSS = 0.1% κlower, κupper Na [cm−3] Minimum 𝐴𝐴 Ddry
act  [nm]

Maximum SSpeak[%]

κ400nm κSS = 0.1% 𝐴𝐴 𝐴𝐴lower , 𝜅𝜅upper

2017/04/18 - 0.25 0.21, 0.29 2,880 347 - 0.039 0.042, 0.036

2017/12/18 - 0.28 0.24, 0.32 2,210 378 - 0.032 0.034, 0.030

2018/11/30 - 0.47 0.43, 0.51 4,050 374 - 0.025 0.026, 0.024

2018/12/01 - 0.23 0.19, 0.27 3,750 448 - 0.027 0.030, 0.025

2019/08/04 0.24 0.14 0.10, 0.18 2,830 278 0.063 0.070 0.083, 0.062

2019/09/14 0.36 0.17 0.13, 0.21 3,430 387 0.028 0.039 0.044, 0.035

2019/12/22 0.54 - - 1,510 305 0.035 - -

2019/12/23 0.46 0.34 0.30, 0.38 2,820 346 0.030 0.033 0.035, 0.031

Table 3 
Activation Properties During Each Fog Case
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Figure 6.  As for Figures 5 and 4, but showing the size-dependent particle scavenging from the scanning mobility particle sizer data and the corresponding 
sigmoid fit for a time period during each fog case. The black dashed line shows the 50% scavenging diameter (𝐴𝐴 Ddry

act  ) from each fit.
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comparison, as most previous studies that have measured the aerosol PSD evolution during fog have done 
so at ambient humidity (e.g., Sasakawa et al., 2003).

Table 3 also shows the maximum value of SSpeak determined during each fog event. SSpeak varies depending 
on which value of κ is used in Equation 1, with higher κ giving lower SSpeak values for the same 𝐴𝐴 Ddry

act  (see Fig-
ure 1h). When κSS = 0.1% is used to calculate the peak supersaturation, SSpeak values range from 0.025%–0.04%, 
except for the fog event on 2019/08/04, when the low minimum activation diameter reached near the start 
of the fog (see Figure 1e) corresponds to the maximum SSpeak of 0.07%. While the SSpeak values shown in 
Table 3 represent the highest values seen during the fog, SSpeak varies over the course of the fog event as 
seen in Figure 1h. The range of derived SSpeak values for each case is illustrated in Figure 8. In general SSpeak 
is between 0.01%–0.04%, with the exception of the higher values seen on 2019/08/04. These SSpeak values 
are in line with critical supersaturation values found in previous observational campaigns (e.g., Hammer 
et al., 2014; Mazoyer et al., 2019; Shen et al., 2018) and numerical studies (e.g., Boutle et al., 2018).

Figure 7.  (a) The variation of SSpeak (calculated based on κSS = 0.1%) with 𝐴𝐴 Ddry
act  for each fog event. The κ values in the legend are as in Figure 8; (b) The relation 

between 𝐴𝐴 Dwet
act  and 𝐴𝐴 Ddry

act  .

Figure 8.  Boxplot of SSpeak (calculated based on κSS = 0.1%) for each of the fog events. κSS = 0.1% for each case is listed. Since 
κSS = 0.1% is not available on 2019/12/22, there SSpeak is calculated based on the size-dependent κ extrapolated to 𝐴𝐴 Ddry

act  .
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The variation of SSpeak with 𝐴𝐴 Ddry
act  during each fog event is shown in Figure 7a. The relationship between 

𝐴𝐴 Ddry
act  and SSpeak is determined by κ, and it is clear that the SSpeak–𝐴𝐴 Ddry

act  relation is clustered for fog events 
with similar values of κSS = 0.1%, such as 2017/04/18, 2017/12/18, and 2018/12/01. Figure 7a demonstrates 
that although 𝐴𝐴 Ddry

act  during a fog event varies monotonically with SSpeak, differences in κ between the cases 
can result in different 𝐴𝐴 Ddry

act  for the same SSpeak (and vice versa). For example, during the fog on 2019/12/22 
when κ400nm  =  0.54, for an SSpeak of 0.03%, 𝐴𝐴 Ddry

act  is 330  nm. Conversely, on 2019/08/04, when κ is much 
lower (κSS = 0.1% = 0.14) for the same SSpeak of 0.03%, 𝐴𝐴 Ddry

act  is 496 nm. This lower κ value on 2019/08/04 is 
likely influenced by the increase in biogenic secondary organic aerosol at the SGP site during the summer 
(Parworth et al., 2015), although it is also similar to the typical κ seen in regions with high anthropogenic 
influences on the aerosols. Both cases reach similar minimum values of 𝐴𝐴 Ddry

act  , but the difference in κ be-
tween the cases means that the supersaturation required to activate dry particles of a given size is much 
higher on 2019/08/04. It can be seen from Figure 7a that during the fog on 2019/08/04, a 𝐴𝐴 Ddry

act  of ≈300 nm 
corresponds to SSpeak ≈ 0.063%, while on 2019/12/22 when κSS = 0.1% is much higher, 𝐴𝐴 Ddry

act ≈ 300 nm equates 
to SSpeak ≈ 0.035%. As follows from κ-Köhler theory, for the same dry PSD, the higher the hygroscopicity of 
the accumulation and coarse mode aerosols is, the lower the supersaturation required to activate these par-
ticles and produce fog. So for the same thermodynamic setup and PSD, the particle hygroscopicity can be a 
decisive factor in the number of droplets that activate.

The method of determining the aerosol hygroscopicity using the SMPS and CCN counter data assumes that 
the aerosols are internally mixed (Mazoyer et al., 2019). If the larger dry particles are significantly externally 
mixed, then the relationship between κ and fog formation becomes more complex (Richter et al., 2021). For 
κ derived using the HT-DMA measurements, each monodisperse dry particle size produces a distribution 
of growth factors. The mean of the hydrated particle size distribution is taken as representative for that dry 
particle size and then used in Equation 1. Mahish and Collins (2017) examined the size-dependent growth 
factor distributions at the SGP site using HT-DMA data, where a threshold was applied to classify parti-
cles of a given size as internally or externally mixed based on the standard deviation of the growth factor 
distribution. Both a diel and seasonal cycle in a mixing state were observed, with internal mixtures more 
common during the summer and during the daytime. As fog is most common overnight and during late au-
tumn to early spring, external mixing of particles may impact how hygroscopicity relates to size-dependent 
particle activation during fog events.

Figure 7b shows the wet activation diameters corresponding to the 𝐴𝐴 Ddry
act  values in Figure 7a. Similar to SSpeak, 

the ambient droplet size at activation (𝐴𝐴 Dwet
act  ) for a given 𝐴𝐴 Ddry

act  will vary depending on κ, as seen in Figure 7b. 
For less hygroscopic particles with lower κ, the wet activation diameter is decreased compared to days with 
higher κ. On 2019/08/04 with κ = 0.14, a 𝐴𝐴 Ddry

act  of 400 nm corresponds to a wet activation diameter of 3.5 μm, 
whereas on 2019/12/22 when κ400nm = 0.54 this is increased to 6.8 μm. Hammer et al.  (2014) found the 
median 𝐴𝐴 Dwet

act  to range from 1 to 5 μm with a median value of 2.6 μm during the ParisFog campaign. We find 
slightly higher 𝐴𝐴 Dwet

act  values at the SGP site (see Figure 7) which is to be expected due to the higher average κ 
compared to the ParisFog site. The high values of 𝐴𝐴 Dwet

act  highlight the strong contribution that hydrated but 
unactivated particles make during radiative fog events. Figure 7 indicates that with the exception of the fog 
event on 2019/08/04, all particles with diameters below 3.5 μm in the fog are unactivated. These hydrated 
but unactivated particles still cause extinction of visible radiation and Elias et al. (2009) demonstrated using 
calculations based on Mie theory that unactivated particles were responsible for 20 ± 10% of the visibility 
reduction in fog episodes during the ParisFog field campaign. At sites where κ is higher and thus 𝐴𝐴 Dwet

act  is 
higher for the same supersaturation, the contribution of unactivated particles to visibility reduction may be 
more pronounced.

Short periods of higher supersaturation may occur that are not reflected in SSpeak due to the 5-min update 
time of the SMPS measurements. Gerber (1991) presents supersaturation values in fog measured at high 
temporal resolution using a saturation hygrometer, finding short-lived supersaturations reaching as high 
as 0.3%. Additionally, if the timescale of the turbulent fluctuations in supersaturation is shorter than the 
timescale required for the droplets to adjust to the increased supersaturation, then the droplet activation 
state will not accurately reflect the ambient supersaturation even for high temporal resolution measure-
ments (Prabhakaran et al., 2020; Richter et al., 2021).
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In regions with high aerosol loading, the high aerosol concentration can lead to competition between a large 
number of activated droplets or hydrated but unactivated particles. This effect keeps the particle effective ra-
dius low, increasing the fog optical depth and strengthening the radiative effect of the fog (Quan et al., 2011; 
Shen et al., 2018). By decreasing the droplet effective radius, the removal of droplets via sedimentation is 
also slowed if the aerosol concentration is high. The competition for water vapor between droplets can also 
suppress the supersaturation when aerosol concentration is high, as demonstrated numerically by Poku 
et al. (2021). On the other hand, at more pristine sites particle scavenging may be enhanced by higher effec-
tive peak supersaturations (Collett et al., 2008). We do not see a strong relationship between Na and SSpeak 
across the cases included in our analysis (a linear model fit gives R2 of 0.08). This is perhaps not surprising 
given the range of κ across the cases: Table 3 shows that the fog events on 2019/08/04 and 2019/12/23 had 
very similar Na of 2,830 and 2,820 cm−3 respectively, but the differences in κ (0.14 vs. 0.34) resulted in maxi-
mum peak supersaturations of 0.070% and 0.033%. It may also be there is insufficient variation in Na across 
the cases (1,510–4,050 cm−3) for this effect to be apparent in our data. Poku et al. (2021) tested aerosol acti-
vation schemes using PSDs representing marine, clean continental, and urban conditions (based on Whit-
by, 1978), and while strong differences were seen between the resulting fog activation and development, the 
accumulation mode aerosol concentration varied from 60–32,000 cm−3 across the three PSDs. Additional 
measurements of aerosol scavenging in fog from locations with a wide range of background aerosol con-
centrations would be helpful to further examine this effect and facilitate comparisons with model output.

The method that we are using requires the assumption that the background aerosol content (in terms of 
concentration and particle size distribution) does not change substantially during the fog event, say, due to 
horizontal advection from an external source. We characterize the aerosol content in the hour prior to the 
fog event and use that PSD as a baseline against which to assess nucleation scavenging. This method was 
followed by Mazoyer et al. (2019), and similarly Noone et al. (1992) characterized the aerosol content over 
a 15-min period 1 hr before fog started and used this PSD to evaluate aerosol scavenging in fog in the Po 
Valley in Italy. Changes in the aerosol loading over the course of the fog events should be reduced by the low 
wind speed typical in radiation fog, although changes to the PSD due to small-scale effects (e.g., localized 
drainage flows or local transport) may occur. Even at the low wind speeds that occur during radiation fog, 
over the course of several hours this could lead to transport over tens of kilometers. For example, the fog 
event on 2017/04/18 lasted 5 hr with a mean wind speed of 2.9 m s−1, which corresponds to the air mass 
covering a distance of 52 km. Some changes in the dry PSD when comparing prior to fog onset with after 
the fog has ended can be seen in Figure 5, for example the 350–400 nm aerosol concentration is higher after 
the fog has ended than before it began on 2019/12/23. Noone et al. (1992) notes that the effects of nucleation 
scavenging will often be confounded by changes in the aerosol PSD over the course of a fog event. However, 
the strongest scavenging is often seen to occur shortly after fog onset at the inlet height (Figures 4 and 5), 
when less time has passed since the dry PSD was characterized. As such, the effect of local transport on 
the minimum activation diameters shown in Table 3 should not be significant, although this issue should 
be kept in mind when examining time series during longer fog events when stronger changes to the back-
ground PSD may have occurred. This reasoning is also why we do not include cases of stratus lowering fog 
in the analysis, as the particles which serve as CCN in those cases may originate at higher altitudes and so 
their relation to the surface aerosol characteristics is uncertain.

One caveat of the method used here is the potential for some fog droplet residuals to be included in the 
SMPS data. Should fog droplet residuals be present in the dry PSD during the fog, this would artificially 
increase 𝐴𝐴 Ddry

act  compared to the true value, which would lead to underestimation of SSpeak (for a given κ). 
However, given the almost total removal of large particles in the dry PSD at the start of the fog event as 
shown in Figures 1c and 1d, combined with the reduced transmission efficiency for fog droplets of diam-
eter ≈10 μm reported by Andrews et al. (2019), we expect that few fog droplet residuals are present in the 
dry PSD. As such we consider that the effect of fog droplet residuals on the retrieved activation properties 
should be minor.

The method presented here also does not account for two other processes that may affect the derived super-
saturation. The first of these is the removal of aerosols via impaction scavenging by fog droplets. Although 
nucleation scavenging is generally understood to be the dominant scavenging process in fog due to the 
small size and low volume fraction of the fog droplets limiting their swept area, impaction scavenging can 
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also act as a source of aerosol removal. Impaction scavenging would remove aerosols from the distribution, 
potentially leading to a high bias in SSpeak, although we expect this effect to play a minor role compared to 
the other processes described here due to the relatively low number concentration of fog droplets. Further 
evidence that impaction scavenging is not a major source of aerosol removal in the cases examined here is 
that the total aerosol concentration does not strongly decrease during each fog event. The second process is 
the gravitational settling of hydrated but unactivated aerosols. Figure 7 shows the wet activation diameter 
for each of the cases, which ranges from 2 μm up to greater than 5 μm, meaning that hydrated aerosols can 
reach sizes of up to 5 μm while remaining unactivated. The 5-μm hydrated aerosols will have fall speeds of 
around 0.75 mm s−1, or 2.7 m hr−1. For a fog height of 10 m (the height of the AOS inlet), these hydrated 
particles would take around 3.7 h to reach the ground (neglecting the effects of turbulence) and be removed 
via wet deposition. As the hydrated aerosols fall below the inlet height, they will be effectively removed from 
the distribution. This effect would introduce a low bias to 𝐴𝐴 Dact

dry , potentially resulting in a high bias in SSpeak. 
Similarly, uncertainty in the inlet transmission efficiency for particles with diameter ≥4 μm could mean that 
some large hydrated but unactivated aerosols are also removed prior to entering the SMPS. The loss of these 
particles in the tubing or drying process would be attributed to nucleation scavenging, artificially lowering 

𝐴𝐴 Dact
dry and potentially creating a high bias in SSpeak.

The analysis is also limited by the maximum dry particle size measured by the SMPS. The activation of par-
ticles with dry diameters above 470 nm is not included when deriving κ using the CCN counter and SMPS 
measurements. If there is a significant concentration of particles with dry diameters above 470 nm, then 
Dcrit in Equation 3 will be artificially decreased, leading to an overestimation of the true value of κ. However 
the SGP site generally has very low concentrations of particles with dry size above ≈500 nm (Marinescu 
et al., 2019), and so we expect that large dry particles not captured by the SMPS will not significantly alter 
the supersaturation values presented here.

Although we demonstrate two methods of deriving κ in Figure 2, some previous studies have revealed dis-
crepancies between the hygroscopicity when derived using measurements at supersaturated and subsatu-
rated conditions (see for example Irwin et al., 2010; Petters et al., 2009; Wex et al., 2009). A meta-analysis of 
particle water uptake studies comparing hygroscopicity at supersaturated and subsaturated conditions was 
conducted by Whitehead et al. (2014), finding that at most sites the agreement was within the measurement 
variability, although at some sites the agreement was poor, especially when the derived κ was used to eval-
uate CCN activity at low supersaturations. Both methods of deriving the supersaturation have been applied 
in recent studies of supersaturation in fog: Mazoyer et al. (2019) used the SMPS and CCN counter method 
for deriving κ, where the measurements are taken at supersaturated conditions, while Shen et al. (2018) 
used the HT-DMA method, where the particle hygroscopicity is derived based on the size-resolved growth 
factor at subsaturated conditions. For the eight cases shown in Table 3, κ from the SMPS and CCN method 
is presented for seven of the cases and κ from the HT-DMA data is shown for four cases (three of these cases 
overlap). The supersaturation values and wet activation diameters shown In Figures 7 and 8 are calculated 
using the supersaturated measurements (from the SMPS and CCN data) for all cases for which it is availa-
ble; on 2019/12/22 κ derived from subsaturated conditions is shown as κSS = 0.1% was unavailable. Due to the 
uncertainties outlined by Irwin et al. (2010), we suggest that if κ derived from SMPS and CCN measure-
ments is available, this should be used over κ derived from the subsaturated growth factor. An additional 
uncertainty that arises when using the HT-DMA data relates to the extrapolation of κ beyond the largest dry 
particle size measured by the HT-DMA; there exists an upper limit to κ for large dry particle sizes, so extrap-
olation may lead to overestimation of κ for larger accumulation mode particles. Despite ongoing research 
and discussion on the causes of the discrepancies in κ depending on how it is calculated, it is interesting that 
the hygroscopicity, critical diameter, and ambient supersaturation across the three overlapping fog events 
using both methods shown in Table 3 are quite similar and in most cases result in derived supersaturations 
that are within the margins of uncertainty, suggesting that these issues were not as important during our 
study periods.

In addition, the aerosol mixing state was not determined for the cases presented here. Use of the SMPS and 
CCN data to derive the hygroscopicity relies on the assumption that the aerosols are internally mixed. Ma-
hish et al. (2018) tested the impact of several assumptions about mixing state on the predicted concentration 
of CCN at the ARM SGP site, finding that the assumption of internally mixed aerosols with size-dependent 



Journal of Geophysical Research: Atmospheres

WAINWRIGHT ET AL.

10.1029/2021JD035358

18 of 21

κ (as used here) resulted in the best agreement with the measured CCN concentrations. As such, we believe 
it is reasonable to assume that the aerosols are internally mixed and that κ increases with particle size. 
However, if there is significant external mixing at particle diameters ≥300 nm, the relationship between κ 
and SSpeak becomes complex and cannot be fully captured by the methods used in this study.

4.  Conclusions
In this paper, we examine aerosol activation during several radiative fog events in north-central Oklaho-
ma, USA. We derive the particle hygroscopicity (κ) for each case based on two independent techniques: 
size-dependent particle growth factors and matching the dry particle size distribution with the measured 
CCN concentration at different supersaturations. Changes in the dry particle size distribution during the 
fog compared to the hour before the fog are used to evaluate the median dry activation diameter. κ-Köhler 
theory is applied to calculate the critical supersaturation required to activate particles with that dry diame-
ter and κ, as well as the wet activation diameter.

Despite the importance of supersaturation in fog formation, measuring supersaturation in fog has long been 
a difficult task due to the high accuracy required to capture the low ambient supersaturations typical in ra-
diation fog (e.g., Gerber, 1991). The extension of the well-known Köhler theory (Köhler, 1936) to account for 
hygroscopicity by Petters and Kreidenweis (2007) provided a new theoretical basis for researchers to analyze 
supersaturation in fog. If the hygroscopicity of the particles is known or can be calculated or assumed, then 
κ-Köhler theory allows the critical supersaturation to be calculated based on the particle activation diameter 
or vice versa. This method has been applied to calculate the peak effective supersaturation in fog during the 
ParisFog campaign (Hammer et al., 2014; Mazoyer et al., 2019) and the HaChi (Haze in China) experiment 
(Shen et al., 2018).

Although the SGP site has much lower average aerosol loading than the other sites where the method 
described here has been implemented, we find very similar effective peak supersaturations to other sites 
with higher aerosol loading (Hammer et al., 2014; Mazoyer et al., 2019; Shen et al., 2018). During seven of 
the eight fog events, SSpeak was below 0.04%. The fog event on 2019/08/04 showed higher SSpeak values of 
0.04%–0.07% during the first 2 hr, and this event has the highest concentration of activated droplets of any 
of the fog episodes. The high concentration of activated droplets contributed to this case having the lowest 
median visibility out of any of the events. While radiative fog most often occurs during the autumn and 
winter when night length is longest and temperatures are low, two of the fog cases shown here occurred 
during summer and early autumn when temperatures were ≈20°C, but the water vapor mixing ratio was 
sufficiently high for saturation to occur.

The fraction of particles removed via nucleation scavenging increases monotonically with increasing par-
ticle size, as expected in κ-Köhler theory. This effect can be further enhanced if the particle hygroscopicity 
increases with particle size. In general, we find very little activation of particles with dry diameters below 
300 nm, as in Noone et al. (1992). The median wet activation diameter varies strongly both between cases 
(as also noted by Hammer et al., 2014) and also over time during each case with values from 2 μm to more 
than 7 μm. This highlights the difficulties in choosing a threshold diameter to delineate between hydrated 
particles and activated droplets, as the appropriate threshold will change over time based on the dry particle 
size distribution and particle hygroscopicity. This provides an important consideration when planning an 
inlet cutoff size for separating fog droplets (and their residuals) from hydrated interstitial particles during 
field campaigns.

Data Availability Statement
Data for this study are available at: Atmospheric Radiation Measurement (ARM) user facility (1993); At-
mospheric Radiation Measurement (ARM) user facility (2017a, 2017b); and Atmospheric Radiation Meas-
urement (ARM) user facility (2016a, 2016b, 2016c).
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