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Abstract. Agricultural soil erosion, both mechanical and eolic, may impact cloud processes, as some aerosol
particles are able to facilitate ice crystal formation. Given the large agricultural sector in Mexico, this study
investigates the ice nucleating abilities of agricultural dust collected at different sites and generated in the lab-
oratory. The immersion freezing mechanism of ice nucleation was simulated in the laboratory via the Universi-
dad Nacional Autónoma de México (UNAM) microorifice uniform deposit impactor (MOUDI) droplet freezing
technique (DFT), i.e., UNAM-MOUDI-DFT. The results show that agricultural dust from the Mexican terri-
tory promote ice formation in the temperature range from −11.8 to −34.5 ◦C, with ice nucleating particle (INP)
concentrations between 0.11 and 41.8 L−1. Furthermore, aerosol samples generated in the laboratory are more ef-
ficient than those collected in the field, with T50 values (i.e., the temperature at which 50 % of the droplets freeze)
higher by more than 2.9 ◦C. Mineralogical analysis indicated a high concentration of feldspars, i.e., K-feldspar
and plagioclase (> 40 %), in most of the aerosol and soil samples, with K-feldspar significantly correlated with
the T50 of particles with aerodynamic diameters between 1.8 and 3.2 µm. Similarly, the organic carbon (OC) was
correlated with the ice nucleation efficiency of aerosol samples from 3.2 to 5.6 and from 1.0 to 1.8 µm. Finally,
a decrease in INP efficiency after heating the samples at 300 ◦C for 2 h indicates that the organic matter from
agricultural soils plays a predominant role in the ice nucleating abilities of this type of aerosol sample.
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1 Introduction

Agricultural activities may influence our environment and
human health through the emission of aerosol particles (Tel-
loli et al., 2014; Chen et al., 2017; Tomlin et al., 2020). It has
been estimated that agricultural dust particles may represent
between 25 % (Ginoux et al., 2012) and 50 % (Mahowald
et al., 2004) of the global airborne dust. Dust particles im-
pact visibility and water quality (Presley and Tatarko, 2009).
Moreover, dust particles influence the global climate by af-
fecting the Earth’s radiative balance and cloud microphysical
properties (Haywood and Boucher, 2000; Lagzi et al., 2013).

Aerosol particles influence cloud properties due to their
ability to act as ice nucleating particles (INPs) or cloud con-
densation nuclei (CCN) (Cotton and Yuter, 2009). INPs pro-
mote ice formation in clouds, influencing precipitation devel-
opment and the hydrological cycle (DeMott et al., 2010). The
predominance of precipitation formation via the ice phase
over the continents makes the presence of ice particles funda-
mental (Mülmenstädt et al., 2015), especially in mixed-phase
clouds, where immersion freezing has been reported as the
main ice formation pathway (Murray et al., 2012; Hande and
Hoose, 2017). Immersion freezing allows ice activation from
INPs embedded in liquid droplets when the temperature de-
creases below 0 ◦C (Murray et al., 2012).

Given that soils are complex mixtures of mineral and or-
ganic components, living organisms, air, and water (Kalev
and Toor, 2018), a wide variety of aerosol particles with po-
tential INP abilities can be emitted during agricultural activ-
ities, such as tilling (Steinke et al., 2016; Chen et al., 2017).
Numerous studies have analyzed the ice nucleating abilities
of the mineral components of dust particles (e.g., Eastwood
et al., 2008; Zimmermann et al., 2008; Welti et al., 2009;
Yakobi-Hancock et al., 2013; Broadley et al., 2012; Hi-
ranuma et al., 2015; Boose et al., 2016). Their efficiency
as INPs was found to be usually associated with the K-
feldspar content (e.g., Yakobi-Hancock et al., 2013; Atkin-
son et al., 2013; Kiselev et al., 2016). On the other hand,
Lee et al. (2006) and Tomlin et al. (2020) observed that the
concentration of microorganisms is enhanced in agricultural
soil samples. Thus, a variety of microorganisms (e.g., certain
bacteria, fungi) or their residues are likely attached to min-
eral dust surfaces, enhancing their ice nucleating abilities, or
they can also act as INPs by themselves (Conen et al., 2011;
Després et al., 2012).

Biological particles have been reported to be one of
the most efficient INPs (Schnell and Vali, 1972; Hoose
and Möhler, 2012; Hader et al., 2014; Kanji et al., 2017),
with activation temperatures as high as −3 ◦C (Christner
et al., 2008; Huang et al., 2021). For example, Conen et
al. (2011) observed that biological particles influence ice for-
mation in aerosol samples at temperatures>−12 ◦C. Garcia
et al. (2012) reported that soil samples contained ice nucle-
ation active (INA) bacteria that were responsible for the nu-
cleation events observed at−12 ◦C. Similarly, soils can serve

as an important source of organic particles (Montgomery et
al., 2000; Kelleher and Simpson, 2006; Hill et al., 2016),
which may be able to catalyze ice formation (Hoose and
Möhler, 2012; Knopf et al., 2018; Chen et al., 2018, 2021).
Knopf et al. (2018) have shown that humic acids (HA) and
humic-like substances (HULIS) influence ice nucleation in
the immersion freezing and deposition nucleation modes.
Chen et al. (2018) reported that droplets containing HULIS
with concentrations from 15.8 to 96.7 mg L−1 freeze at tem-
peratures between −9 and −22 ◦C. The ice nucleating abili-
ties of HULIS may be a consequence of particle aggregation,
which provides suitable surfaces for ice activation (Chen et
al., 2021).

The ice nucleating abilities of agricultural soils from Ar-
gentina, England, Germany, Hungary, Mongolia, USA, and
Russia have been evaluated in the last few decades (Conen
et al., 2011; Garcia et al., 2012; Tobo et al., 2014; Steinke
et al., 2016; Suski et al., 2018). Those studies suggest that
the organic compounds in agricultural soils are more effi-
cient at facilitating ice formation than the mineral compo-
nents; however, Conen et al. (2011) highlighted the fact that
the influence of organic components on ice formation is not
considered in climate models. Also, it is important to note
that although agriculture is a ubiquitous activity in tropical
countries such as Mexico, the ice nucleating abilities of agri-
cultural dust particles from the Mexican territory have not
been reported to date.

Therefore, in the present study, the ice nucleating abili-
ties of Mexican agricultural soils are evaluated for the first
time using the Universidad Nacional Autónoma de México
(UNAM) microorifice uniform deposit impactor (MOUDI)
droplet freezing technique (DFT), i.e., UNAM-MOUDI-
DFT, focusing on the influence of the mineralogical compo-
sition versus the organic content and the size of the INPs.

2 Methods

2.1 Sampling sites

Airborne and soil samples were collected in four differ-
ent Mexican states characterized by important agricultural
activities: Mexico City (CDMX), Morelos (MOR), Zacate-
cas (ZAC), and Yucatán (YUC) (Fig. 1). Soil samples and
aerosol particles were collected at the ZAC site during a
short-term field campaign between 24 and 27 February 2020.
Soil samples from the CDMX, MOR, and YUC sites were
collected in agricultural areas and provided through collabo-
rations. The locations of the sampling sites and the number
of samples collected are summarized in Table 1, where sam-
ples are labeled based on the crop previously present at each
site.

In the mentioned states (CDMX, MOR, ZAC, YUC), spe-
cific municipalities (Table 1) that grow different crops were
analyzed. Milpa Alta is located in the southeast of CDMX
and is well known as the first nopal producer in the state
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Figure 1. Map showing the sampling sites in four different states in Mexico: Mexico City (CDMX), Morelos (MOR), Zacatecas (ZAC), and
Yucatán (YUC). The zoom shows the sampling spots in ZAC, along with the corresponding crops (© Google Maps 2021).

Table 1. Summary of the details for the aerosol and soil samples collected in four different Mexican states: Mexico City (CDMX), Morelos
(MOR), Zacatecas (ZAC), and Yucatán (YUC). The samples were labeled based on the crop previously present at the sampling location.

Sample Date Soil type∗ Sampling Latitude Longitude No. soil No. aerosol
name site (◦ N) (◦W) samples samples

Nopal 29 September 2019 Andosol CDMX 19.1991 99.0170 1 0
Corn 16 September 2019 Andosol MOR 19.0019 98.9161 1 0
Bean 24 February 2020 Calcisol ZAC 1 22.8050 102.6750 1 1
Chili 25 February 2020 Calcisol ZAC 2 22.8380 102.6853 1 1
Wheat 26 February 2020 Calcisol ZAC 3 22.8508 102.6476 1 1
Onion 27 February 2020 Calcisol ZAC 4 22.8164 102.6791 1 1
Corn 2 14 October 2020 Leptosol YUC 20.9999 89.8575 1 0

∗ The soil type was derived from SAGARPA (2017).

(Alcaldía Milpa Alta, 2019). Totolapan (MOR) is a tradi-
tional maize (corn) producer, and ∼ 50 % of its area is de-
voted to this crop (Ayuntamiento de Totolapan, 2018). More-
los (ZAC) is one of the main producers of chilies (its agricul-
tural area represents 25 % of the territory), and some mining
activities also reported for Morelos (Covarrubias and Peña
Cabriales, 2017). Hunucmá is located in YUC, where 22 % of
the territory is used for agricultural activities (INEGI, 2015).

2.2 Field samples

Soil samples from the top 10 cm were collected in CDMX,
MOR, ZAC, and YUC, as shown in Table 1. In ZAC,
soil samples were collected during soil tillage and aerosol
samples were collected at ground level (at approximately
1.5 m a.g.l.). Aerosol particles were collected on siliconized
glass substrates (HR3-215; Hampton Research) using a
MOUDI cascade impactor (100R; MSP Corporation), which
collects and classifies the particles according to their aero-
dynamic diameters (dp) onto eight stages (cut sizes of 0.18,
0.32, 0.56, 1.0, 1.8, 3.2, 5.6, and 10.0 µm) at a flow rate of
30 L min−1. Soil and aerosol samples were sealed and trans-
ported to the laboratory. Aerosol samples were stored at 3 ◦C

and the soil samples at room temperature. Further informa-
tion about the meteorological conditions observed during the
sampling campaign are summarized in Table S1 in the Sup-
plement.

2.3 Laboratory-generated samples

All soil samples were air dried, crushed, and sieved to a pore
particle size of 425 µm. Aerosol particles were then gener-
ated using a dry system (Fig. 2) based on the Ladino and Ab-
batt (2013) design. Briefly, the experimental setup contained
(a) an aerosol disperser consisting of a stirring plate and a
metallic flask, in which the particles are generated by tur-
bulence, (b) a mixing flask to homogenize the samples, and
(c) an aerosol collector. A MOUDI 100R was used to collect
aerosol particles for the analysis of INPs and the analysis of
the mineralogical composition, while a MiniVol TAS (Air-
metrics) was used to collect aerosol particles for the organic
carbon (OC) analysis.

Siliconized glass substrates (HR3-215; Hampton Re-
search) and 47 mm aluminum foil filters (0100-47-AF, TSI)
were used in the MOUDI to sample the INPs and for min-
eral analysis, respectively. Aerosol particles collected over
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Figure 2. Dry aerosol generation system setup. (a) Aerosol dis-
perser, (b) mixing volume, and (c) aerosol collector (MOUDI 100R,
MiniVol TAS, or OPC).

aluminum filters on the eight stages of the MOUDI (0.18 to
10 µm) were grouped into a single sample for the mineral
analysis. Particulate matter with diameters of less than 10 µm
(PM10) was collected over 47 mm quartz filters (2500QAO-
UP, Pall Life Science) using the MiniVol at a flow of
5 L min−1 for the OC analysis. The quartz filters were pre-
viously conditioned at 500 ◦C for 4 h to remove trace pollu-
tants, especially volatile organic compounds.

Additionally, a LasAir III optical particle counter (OPC;
310 B, Particle Measuring Systems) was used to obtain the
particle size distributions (PSDs) of both the aerosol samples
generated in the laboratory and those measured in situ during
the field campaign. The OPC was operated at a flow rate of
28.3 L min−1, and the aerosol concentrations corresponded
to particle sizes ranging between 0.3 and 10 µm.

2.4 Analysis of INPs

The ice nucleating abilities of the agricultural dust parti-
cles collected in the field and generated in the laboratory
were analyzed through the immersion freezing mode using
the UNAM-MOUDI-DFT (Córdoba et al., 2021). The equip-
ment consisted of (a) a cold stage, (b) a humid/dry air sys-
tem, (c) a Zeiss Axio Scope A1 optical microscope (Axiolab
Zeiss) with a recording system, and (d) a data acquisition
system (Córdoba et al., 2021).

Briefly, the glass substrates containing the aerosol particles
that had impacted on them were introduced and fixed in the
cold stage, where the temperature was controlled by a ther-
mostat (LAUDA PRO-RP 1090) filled with polydimethyl-
siloxane. Afterwards, humid air was directed towards the
sample to allow liquid droplet formation over the aerosol par-
ticles until the droplets reached a diameter of 170 µm (on av-
erage). Once most of the droplets had reached this size, dry
nitrogen was used to shrink the size of the droplets to avoid
contact between them. Finally, the system was isolated and
the temperature was decreased from 0 to−40 ◦C at a cooling
rate of 10 ◦C min−1 to freeze the droplets. The experiments

were recorded, and the temperature was obtained with a re-
sistance temperature detector (RTD) that was connected to a
Fieldlogger device (RS485, NOVUS) and placed at the cen-
ter of the cold stage. The recorded videos and the RTD tem-
peratures allowed the determination of the freezing tempera-
ture for each droplet. The number of droplets formed during
the experiments varied between 20 and 30.

The INP concentrations (L−1) were calculated using
Eq. (1) (Mason et al., 2015a):

[INPs(T )] = − ln
(
Nu(T )
No

)
No fnu, 0.25−0.1 mm

fne

(
Adeposit

ADFTV

)
fnu, 1 mm , (1)

where Nu(T ) is the number of unfrozen droplets (dimen-
sionless) at temperature T (◦C), No is the total number of
droplets (dimensionless), fne is a correction factor that ac-
counts for the uncertainty associated with the number of nu-
cleation events (dimensionless), Adeposit is the total area of
the aerosol deposit on the glass substrates (mm2), ADFT is
the area of the glass substrates analyzed by the DFT (mm2),
V is the volume of air sampled with the MOUDI (L), and
the fnu terms are correction factors to account for the aerosol
deposit inhomogeneity (dimensionless).

2.5 Analytical techniques

X-ray diffraction (XRD) has been widely used for the char-
acterization of crystalline materials (Kohli and Mittal, 2019).
Therefore, the mineralogical compositions of the aerosol
and soil samples were determined using an Empyrean X-ray
diffractometer (Malvern Panalytical, with CuKα radiation)
operated with a PIXcel 3D detector. The mineral phases were
identified and quantified by the Rietveld method (Rietveld,
1969) using the HIGHScore v4.5 software and the ICDD (In-
ternational Center for Diffraction Data) and ICSD (Inorganic
Crystal Structure Database) databases.

The OC content was derived using a thermal-optical tech-
nique (Sunset Lab) based on the procedure from Birch and
Cary (1996). Briefly, the quartz filters were introduced into
an oven, where the samples were volatilized and oxidized
to CO2. Finally, the CO2 was reduced and quantified by a
flame ionization detector. To verify the influence of the or-
ganic matter on the ice nucleating abilities of the agricultural
dust, the soil samples were heated at 300 ◦C for 2 h to remove
the organic components, following Tobo et al. (2014).

2.6 Microbiological analysis

To determine the culturable microorganisms present on the
soil samples collected in ZAC, 500 mg of each sample were
added to 10 mL of sterile solution at 0.85 % (w/v of NaCl).
After 1 : 100 dilution and vortex agitation, 0.1 mL of each
solution were cultured on three growing media: trypticase
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soy agar (TSA) and MacConkey agar (MCA) for between
24 and 48 h at 35 ◦C, and malt extract agar (MEA) for 3 d at
25 ◦C. The TSA and MCA growing media were used to cul-
tivate bacteria and the MEA for fungal propagules. Then, the
colony forming units (CFU) were obtained for 1.0 g of soil.

3 Results and discussion

3.1 Ice nucleating abilities

Figure 3 summarizes the ice nucleating abilities of the dif-
ferent agricultural dust particles with sizes between 0.56 and
5.6 µm, corresponding to MOUDI stages 3 to 6. The present
results focus on particles> 0.56 µm, as it has been shown
that particles> 0.5 µm have a higher potential to act as INPs
(e.g., DeMott et al., 2010). Two sets of samples are presented
in Fig. 3: aerosol samples collected directly in the field (F)
and those generated in the laboratory (L) from topsoil col-
lected in the fields. The L samples (solid curves) acted as
INPs between −11.0 and −26.0 ◦C, while the F samples
(dashed curves) show a much wider temperature range (i.e.,
between −11.8 and −34.5 ◦C). In terms of T50 (i.e., the tem-
perature at which 50 % of the droplets freeze), the highest
and lowest mean values for the L samples were−19.7 ◦C (for
dp= 1.8–3.2 µm) and −20.7 ◦C (for dp= 3.2–5.6 µm). Sim-
ilarly, for the F samples, the highest mean T50 was −23.4 ◦C
(for dp= 1.8–3.2 µm) and the lowest mean T50 was−26.1 ◦C
(for dp= 0.56–1.0 µm). Therefore, the L samples were found
to nucleate ice at higher temperatures compared to the F sam-
ples.

The warmest freezing temperatures shown by L samples
suggest that the aerosol particle generation during soil tillage
is not fully simulated by the process used in the laboratory.
The discrepancies in the INP abilities can be attributed to
different environmental conditions, as the F samples are ex-
posed to a variety of physicochemical processes while in the
atmosphere (Boose et al., 2016; Cziczo et al., 2013), which
is unlikely to be the case for the L samples. The differ-
ences between the laboratory and field environments are also
reflected in different PSDs observed during the aerosoliza-
tion process; see Fig. S1 in the Supplement. As this figure
shows, mean particle concentrations of between 1.3× 10−3

and 1.2 particles cm−3 characterized the L samples, while
lower values were observed for the F samples. Furthermore,
the highest particle concentration for the L samples was
found for particles between 1.0 and 5.0 µm (Fig. S1a), while
the F samples were enriched in smaller particles, i.e., 0.3 µm
(Fig. S1b). The difference in PSD could affect the ice nu-
cleating abilities of the two types of samples; however, more
experiments are needed to evaluate the contributions of dif-
ferent particle sizes to the total INP concentrations.

It was also found that the ice nucleating abilities of the dif-
ferent aerosol samples varied, with particles from the nopal,
corn 1, and corn 2 samples showing the warmest freezing
temperatures and the bean and wheat samples showing the

coldest freezing temperatures (Fig. 3). The presence of ad-
ditives on soils has been proposed to influence the organic
content or soil properties (Peña-Méndez et al., 2005; Suski
et al., 2018); therefore, it could influence the emission of
aerosol particles from soils. However, more information is
required to understand the nature of the soil components re-
sponsible for ice nucleating activity. As Table 1 shows, the
ZAC samples were collected in calcisols; however, the con-
centrations of the mineral phases identified on the bean, chili,
wheat, and onion samples differed, suggesting that additional
parameters aside from the soil type may also influence the
properties of the samples and their abilities to act as INPs.
Kalev and Toor (2018) found that the composition of the soil
determines its properties. This fact may influence the ice nu-
cleating abilities of the soils, as shown in Fig. 3. Further de-
tails of the mineral composition and the organic content of
each sample are discussed below.

Tegen and Fung (1995) and Tegen et al. (2004) also pro-
posed that the PSD of the aerosol particles can vary accord-
ing to soil type. The size of the aerosol particles is well
known to influence their behavior as INPs (Diehl and Wur-
zler, 2004; DeMott et al., 2010; Mason et al., 2015b; Córdoba
et al., 2021). This fact is evidenced in the different PSD dis-
tributions observed for each sample in Fig. S1. Figure S2 in
the Supplement shows a clear trend for the F samples: the
larger the particle size, the higher the T50. However, this be-
havior was not observed for the L samples, corroborating dif-
ferences in the PSD between L and F samples.

Although the laboratory-generated aerosol particles do not
fully reproduce the characteristics of the ambient agricultural
particles, the ice nucleation experiments of the L samples
highlight the importance of agricultural soils in ice formation
in Mexico. As shown in Fig. S3 in the Supplement, the freez-
ing temperatures and the ice nucleation active surface size
(INAS) densities (nS) (Hoose and Möhler, 2012; Steinke et
al., 2016) observed in the present study for aerosol particles
collected in the field are on the same order as those reported
for agricultural dust in Wyoming (USA), from 5.2× 104

(−17 ◦C) to 3.5×107 (−35 ◦C) (Tobo et al., 2014). However,
the nS values observed here are lower (by more than 2 orders
of magnitude) than those reported for samples collected in
Argentina, China, and Germany at temperatures ranging be-
tween −11 to −26 ◦C for dp< 5 µm (Steinke et al., 2016).
The similarities between the study of Tobo et al. (2014) and
the present study suggest that aerosol particles emitted from
agricultural soils are able to influence ice formation regard-
less of the origin or location of the agricultural soils. Further
comparison of the present results with literature data is pro-
vided in Sect. 3.4.

3.2 The influence of organic matter

Figure 4 shows that the OC concentration represents a
small fraction of the agricultural dust samples (dp< 10 µm),
with values between 5 % and 17 %, while the mineral com-
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Figure 3. Ice nucleating abilities of the agricultural soil particles as a function of temperature for particle aerodynamic diameters of (a) 3.2–
5.6 µm, (b) 1.8–3.2 µm, (c) 1.0–1.8 µm, and (d) 0.56–1.0 µm. The black line depicts the average homogeneous freezing curve. The dashed
and solid lines show the results for the samples collected in the field (F) and the samples generated in the laboratory (L), respectively.

ponents predominate (i.e., from 33 % to 95 %). Conen et
al. (2011) found that the OC fraction for non-agricultural
soils with dp< 15 µm collected in Mongolia, Germany, Hun-
gary, and Russia varied between 0.7 % and 12 %. O’Sullivan
et al. (2014) also reported small values of OC, from 2 %
to 13 %, for agricultural dust (bulk) in England. In contrast,
Tobo et al. (2014) measured higher concentrations of organic
compounds (37 %) for agricultural dust with dp= 0.6 µm in
the US. The aforementioned studies reported that the organic
components of soil dust (with different particle sizes and con-
centrations) can enhance the ice nucleating abilities of dust
particles. This behavior is also observed for the agricultural
dust analyzed here, as summarized in Fig. 5.

Figure 5 shows that for the four particle size ranges ana-
lyzed here (i.e., 0.56–1.0, 1.0–1.8, 1.8–3.2, and 3.5–5.6 µm),
there was a significant reduction in the freezing tempera-
ture, referred to as 1T50, after the organic matter was de-
graded through a heat treatment. The T50 of the heated sam-
ples was reduced by between 0.7 and 14.0 ◦C, with the largest
mean 1T50 reported for particles in the size range between
1.8 and 3.2 µm, as shown in Fig. S4 in the Supplement. The
highest reduction in ice nucleating ability as a consequence
of the heat treatment was observed for the corn 2 sample
(1T50 =−14 ◦C, Table S1) with 17 % OC, while the other
samples had OC values of< 9 % (Fig. 4). The highest re-
duction was observed for particles with sizes ranging be-
tween 1.8 and 3.2 µm, which were also reported to be the
most efficient INPs (Fig. 3). Even though the OC fraction is
small compared to the mineral components, the reduction in

Figure 4. Organic carbon, elemental carbon, and mineral contribu-
tions to the aerosol samples generated in the laboratory.

the freezing temperatures of the soil samples analyzed here
suggests that the organic components present in the sam-
ples increase their ice nucleating abilities. This behavior has
been widely observed after the removal of the organic matter
(O’Sullivan et al., 2014; Tobo et al., 2014; Suski et al., 2018)
or the destruction of proteinaceous compounds (Conen et
al., 2011; Garcia et al., 2012; Steinke et al., 2016) in agricul-
tural soils. Organic matter in soils may come from microor-
ganisms and/or their residues, humic (e.g., humic acids) and
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nonhumic (e.g., proteins, polysaccharides) substances, and
refractory compounds (Hill et al., 2016).

Different types of organic matter were not analyzed here;
however, the presence of microorganisms as a possible
source of organics in the ZAC soil samples was confirmed,
as shown in Fig. S5 in the Supplement. Microorganism
concentrations were observed to be as high as 5.6× 106,
1.98× 105, and 2.4× 104 CFU g−1 for mesophilic bacteria,
fungal propagules, and gram-negative bacteria, respectively.
The concentrations of airborne microorganisms during har-
vesting activities in the US have been reported (Lighthart,
1984; Lee et al., 2006). Lighthart et al. (1984) observed that
airborne concentrations of fungi and bacteria can reach val-
ues as high as 109 CFU m−3. During corn harvesting, con-
centrations of between 3.5× 105 and 1.4× 106 CFU m−3

were observed for culturable bacteria and between 1.6× 106

and 7.4× 106 CFU m−3 for culturable fungal spores (Lee et
al., 2006). Although a direct intercomparison cannot be per-
formed between these studies, the observed airborne concen-
trations of microorganisms suggest that an important fraction
of the microorganisms in soils can be aerosolized during soil
manipulation. Furthermore, it is important to highlight that
gram-negative bacteria were found in the ZAC agricultural
soils, as those are known to be active as INPs (Šantl-Temkiv
et al., 2015)

As soils contain more than organic compounds, the effects
of heat treatments on minerals have been questioned. Tobo et
al. (2014) showed that the ice nucleating abilities of mineral
samples are not affected by heat treatments for 2 h at 300 ◦C,
and Perkins et al. (2020) observed similar behavior for the
mineral dust proxy Arizona test dust (ATD) at 500 ◦C. Al-
though those studies suggested that minerals are not strongly
affected by dry heat treatments, studies performed by Zolles
et al. (2015) and Daily et al. (2021) show that shifts in the
efficiency of minerals as INPs cannot be neglected, as heat
treatments at 250 ◦C might influence the ice nucleating abili-
ties of feldspar compounds. This is not the case for the corn 2
sample (Table S2 in the Supplement), which lacks feldspars,
highlighting the importance of organic compounds at tem-
peratures>−20 ◦C.

Note that the observed decrease in freezing temperature
varies as a function of particle size (Figs. 5 and S4), suggest-
ing a relationship between the organic content and the size
of the particles. These observations agree with those of Chen
and Chiu (2003) and Lin et al. (2010), who reported that the
composition of the organic matter in soils from Taiwan and
the HULIS fraction in Chinese soils vary with particle size. In
addition, significant positive correlations found between the
T50 and the OC concentration for particles ranging between
1.0 and 1.8 µm (r = 0.79, p value< 0.05) and between 3.5
and 5.6 µm (r = 0.86, p value< 0.05), as shown in Fig. S6
in the Supplement, support the importance of particle size
and chemical composition in the ice nucleating abilities of
agricultural dust particles.

3.3 Mineralogical analysis

The presence of plagioclase, K-feldspar, quartz, kaolinite,
smectite, mica-illite, and minor constituents was identified
through XRD analysis. Figure 6 shows a high content of
feldspars (i.e., K-feldspar, plagioclase) in both soil and
aerosol samples, except in the corn 2 sample collected in
Hunucmá, where the presence of feldspars was not identified.
In particular, the plagioclase fraction (i.e., Na/Ca feldspar)
and the K-feldspar together comprise more than 50 % of the
total concentration in the corn, nopal, and bean samples. The
absence of feldspar compounds in the corn 2 sample could
be a consequence of the soil type, as leptosols are enriched
in calcareous materials (SEMARNAT, 2002).

Feldspars are well known for their efficiency as INPs
(Atkinson et al., 2013; Peckhaus et al., 2016; Kiselev et
al., 2016), which is mostly associated with the presence of
active sites (i.e., cracks, defects, cavities) on their surfaces
(Kiselev et al., 2016). Therefore, the high concentrations of
feldspars in Mexican agricultural soils can also influence
their ice nucleating abilities, as was observed in the high and
statistically significant correlation between the K-feldspar
concentration and the T50 of aerosol particles with sizes rang-
ing between 1.8 and 3.2 µm (r = 0.85, p value< 0.05), as
shown in Fig. S6. Boose et al. (2016) observed similar be-
havior for desert samples and the presence of feldspars, as
they found good correlations between compounds contain-
ing feldspars and INP efficiency.

Differences in the mineral phases of the samples can be
the source of different ice nucleating abilities, as shown in
Fig. 3. The relationship between aerosol particle composition
and their ice nucleating abilities has been previously reported
(Baustian et al., 2012; O’Sullivan et al., 2014; Paramonov et
al., 2018; Steinke et al., 2020; Hiranuma et al., 2021). Fur-
thermore, the differences in mineralogical composition be-
tween the soil and aerosol samples indicate that not all the
soil particles are aerosolized. These differences could also be
a consequence of differences in the particle sizes analyzed, as
the aerosol samples varied between 0.18 and 10 µm while the
soil particles were smaller than 425 µm.

Feldspars, quartz, and clays (e.g., illite, kaolinite) have
been commonly identified in mineral dust transported from
Africa (Broadley et al., 2012) and other deserts around the
world (e.g., Australia, Atacama; Boose et al., 2016) by
XRD analysis. Similar mineral phases such as kaolinite, il-
lite, quartz, and minor concentrations of feldspars were also
observed in agricultural soils from England (O’Sullivan et
al., 2014). Therefore, the present results and those from pre-
vious reports evidence that, although there are differences in
the type and origin of the soils examined in these studies, the
soils can have similar mineral components that determine the
ice nucleation behavior of their aerosol particles.
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Figure 5. Ice nucleating abilities of agricultural dust particles generated in the laboratory (L) before and after the heat treatment as a function
of temperature for particle sizes of (a) 3.2–5.6 µm, (b) 1.8–3.2 µm, (c) 1.0–1.8 µm, and (d) 0.56–1.0 µm. The black line depicts the average
homogeneous freezing curve. The dashed and solid lines show the results for the heated samples (H) and nonheated samples, respectively.
For the heat treatment, the samples were heated at 300 ◦C for 2 h.

Figure 6. Summary of the mineralogical compositions of the aerosol particles generated in the laboratory for dp= 0.18–10 µm (XRDA) and
soil samples collected in the field for particle sizes of < 425 µm (XRDS). The mineral phases were identified using X-ray diffraction (XRD).

3.4 INP concentrations and atmospheric implications

The total INP concentration emitted during tillage of the agri-
cultural soils in ZAC was found to vary between 0.11 and
102 L−1 from −15.0 to −34.5 ◦C, as shown in Fig. 7. The
INP concentrations measured in ZAC are on the same order
as those reported for Colorado (USA) (Garcia et al., 2012),
England (O’Sullivan et al., 2014), Kansas (USA) (Mason

et al., 2016; Suski et al., 2018), and Wyoming (Tobo et
al., 2014; Steinke et al., 2020). Garcia et al. (2012) reported
INP concentrations between 7.8× 10−3 L−1 (−7.0 ◦C) and
5.5 L−1 (−20.2 ◦C) that were derived with a droplet freez-
ing assay (DFA). Using the same method, O’Sullivan et
al. (2014) observed INP concentrations that varied from 3.6×
10−6 L−1 (−6.2 ◦C) to 4.4× 102 L−1 (−26.1 ◦C). Steinke
et al. (2020) found INP concentrations between 0.15 L−1
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Figure 7. Intercomparison of the INP concentrations from the
present study (solid colored lines) and literature data (blue, gray,
and yellow areas and filled symbols) as a function of temperature.

(−18.2 ◦C) and 2.5× 103 L−1 (−28.2 ◦C) using the Aerosol
Interactions and Dynamics in the Atmosphere (AIDA) cloud
chamber. Tobo et al. (2014) reported INP concentrations
(analyzed in the Colorado State University Continuous
Flow Diffusion Chamber, CSU-CFDC) between 10−2 L−1

(−18 ◦C) and 104 L−1 (−36 ◦C) for soils that were 25 %
of agricultural origin and 75 % of desert origin. Suski et
al. (2018) implemented an ice spectrometer and found INP
concentrations from 3.4× 10−3 to 8.5× 102 L−1 at temper-
atures between −5.5 and −25.5 ◦C. Using a similar setup to
the present study, Mason et al. (2016) derived total INP con-
centrations at Colby (Kansas) of 0.5, 1.0, and 8.9 L−1 at−15,
−20, and −25 ◦C, respectively.

Although different devices, which present differences in
their detection limits and sensitivities, have been used to
determine the INP concentrations in agricultural dust sam-
ples, the INP concentrations reported here are within the
same range, as shown in Fig. 7. The similarities between the
present results and previous studies evidence the importance
of the mineral and organic components of soil dust in ice
formation, with organic components increasing the INP effi-
ciency of soil particles, as observed in Sect. 3.2.

In agricultural areas, the organic components appear to be
fundamental to the inherent capacity of soils to facilitate ice
formation, even at low concentrations (Conen et al., 2011;
O’Sullivan et al., 2014). This fact suggests that more atten-
tion must be paid to determining specific organic components
in soils and to understanding their individual ice nucleating
abilities. This efficiency can also be influenced by the size of
the particles, as shown in Figs. 3 and S1. Furthermore, the
present results show that emissions from tropical latitudes
are consistent with those reported for mid- and high latitudes.
Agricultural lands cover ca. 13 % of the total surface of Mex-
ico (Torres and Martínez, 2019), and agriculture represents
the economic activity with the highest income within the pri-

mary sector (CEDRSSA, 2021). Given that the economies of
several tropical countries are based on agricultural activities,
it is very important to determine the role that their associ-
ated emissions play in the local and regional hydrological
cycle. Also, agricultural dust particles must be included in
numerical studies aiming to predict the future climate, as the
demand for food will increase, and hence the land used for
food production will too.

4 Conclusions

This study reports, for the first time, the ice nucleating abili-
ties of Mexican agricultural dust via immersion freezing. INP
concentrations between 0.11 and 41.8 L−1 in the tempera-
ture range from −15 to −34.5 ◦C were observed. The mea-
sured concentrations are comparable to those reported for
agricultural soils in the United States and England, confirm-
ing the contribution from tropical aerosol emissions and the
potential they have to impact mixed-phase cloud formation if
brought to altitudes higher than the cloud base. Furthermore,
the comparison of the ice nucleating abilities of aerosol sam-
ples aerosolized in the laboratory and those collected at the
field indicates a higher INP efficiency of the laboratory sam-
ples, with freezing temperature values varying between −11
and −26 ◦C and T50 values higher by more than 2.9 ◦C, as
a consequence of the higher particle concentrations of larger
particles.

The XRD analysis allowed the identification of the dif-
ferent mineral phases present in the aerosol and soil sam-
ples, where high concentrations of plagioclase, K-feldspar,
quartz, kaolinite, smectite, and mica-illite were detected.
These minerals have been previously identified in dust sam-
ples. In particular, feldspars were found in higher concentra-
tions (> 40 %) in most of the samples. Additionally, the sig-
nificant correlation between the T50 and the K-feldspar con-
centration in particles with sizes of 1.8 to 3.2 µm shows the
influence of K-feldspar in the INP efficiency of mineral parti-
cles. The concentrations of OC indicate that, despite the low
percentage observed in most of the samples (< 17 %) in com-
parison to the mineral concentration, the organic components
increase the INP efficiency, promoting ice crystal formation.
This is evidenced by the decrease in the efficiency of the ice
nucleating ability after the removal of the organic matter, and
the statistically significant correlations between the OC con-
centration and the T50 for particle sizes from 3.2 to 5.6 µm
and from 1.0 to 1.8 µm. Therefore, the organic components
seem to have a predominant role in the efficiency as INPs of
the aerosol particles analyzed herein.

The present results improve the current gap in the knowl-
edge of field measurements of aerosol particles at tropical
latitudes, with this study focusing on agricultural emissions
and highlighting the importance of both the chemical compo-
sition and the particle size to their efficiency as INPs. How-
ever, more analysis of and attention directed at the organic
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compounds in agricultural dust are needed to improve the
current understanding of soil components and to develop new
parametrizations.

Data availability. Data are available upon the request to the corre-
sponding author.

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/acp-22-6435-2022-supplement.

Author contributions. LAL, GBR, and IG designed the field
campaigns and the experimental process. DLP, LAL, CL, ETQ,
and DR performed the field measurements. DLP, LAL, TPP, VMÁ,
HAO, IR, LM, and ES carried out the experiments. DLP and LAL
wrote the paper, with contributions from all coauthors.

Competing interests. The contact author has declared that nei-
ther they nor their co-authors have any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Acknowledgements. The authors thank Fernanda Córdoba, Luis
Gonzales, Monserrat Adaya, Gabriel Cortes, and Dara Salcedo for
their helpful support.

Financial support. This research has been supported by the Con-
sejo Nacional de Ciencia y Tecnología (grant nos. FC-2164 and CB-
285023).

Review statement. This paper was edited by Ottmar Möhler and
reviewed by three anonymous referees.

References

Alcaldía Milpa Alta: Milpa Alta en la actualidad, https://www.
milpa-alta.cdmx.gob.mx/ (last access: 26 August 2021), 2019 (in
Spanish).

Atkinson, J. D., Murray, B. J., Woodhouse, M. T., Whale, T. F.,
Baustian, K. J., Carslaw, K. S., Dobbie, S., O’Sullivan, D., and
Malkin, T. L.: The importance of feldspar for ice nucleation
by mineral dust in mixed-phase clouds, Nature, 498, 355–358,
https://doi.org/10.1038/nature12278, 2013.

Ayuntamiento de Totolapan: TOTOLAPAN, http://www.inafed.
gob.mx/work/enciclopedia/EMM17morelos/municipios/17027a.
html (last access: 26 August 2021), 2018 (in Spanish).

Baustian, K. J., Cziczo, D. J., Wise, M. E., Pratt, K. A.,
Kulkarni, G., Hallar, A. G., and Tolbert, M. A.: Impor-

tance of aerosol composition, mixing state, and morphol-
ogy for heterogeneous ice nucleation: A combined field
and laboratory approach, J. Geophys. Res., 117, D06217,
https://doi.org/10.1029/2011JD016784, 2012.

Birch, M. E. and Cary, R. A.: Elemental carbon-based
method for monitoring occupational exposures to par-
ticulate diesel exhaust, Aerosol Sci. Tech., 25, 221–241,
https://doi.org/10.1080/02786829608965393, 1996.

Boose, Y., Welti, A., Atkinson, J., Ramelli, F., Danielczok, A.,
Bingemer, H. G., Plötze, M., Sierau, B., Kanji, Z. A., and
Lohmann, U.: Heterogeneous ice nucleation on dust parti-
cles sourced from nine deserts worldwide – Part 1: Im-
mersion freezing, Atmos. Chem. Phys., 16, 15075–15095,
https://doi.org/10.5194/acp-16-15075-2016, 2016.

Broadley, S. L., Murray, B. J., Herbert, R. J., Atkinson, J. D., Dob-
bie, S., Malkin, T. L., Condliffe, E., and Neve, L.: Immersion
mode heterogeneous ice nucleation by an illite rich powder rep-
resentative of atmospheric mineral dust, Atmos. Chem. Phys., 12,
287–307, https://doi.org/10.5194/acp-12-287-2012, 2012.

CEDRSSA: Situación del sector agropecuario en México, Mex-
ico City, http://201.147.98.65/files/b/13/22Situacion_Sector_
Agropecuario_Me%CC%81xico.pdf (last access 12 May 2022),
2021.

Chen, J., Wu, Z., Bai, Y., Hu, M., and Wex, H.: Freezing activity of
droplets containing Humic-acid like substances (HULIS), EGU
General Assembly, Vienna, Austria, 8–13 April 2018, EGU2018-
18802, 2018.

Chen, J., Wu, Z. J., Zhao, X., Wang, Y. J., Chen, J. C., Qiu, Y.
T., Zong, T. M., Chen, H. X., Wang, B. B., Lin, P., Liu, W.,
Guo, S., Yao, M. S., Zeng, L. M., Wex, H., Liu, X., Hu, M., and
Li, S. M.: Atmospheric Humic-Like Substances (HULIS) Act as
Ice Active Entities, Geophys. Res. Lett., 48, e2021GL092443,
https://doi.org/10.1029/2021gl092443, 2021.

Chen, J. S. and Chiu, C. Y.: Characterization of soil or-
ganic matter in different particle-size fractions in humid sub-
alpine soils by CP/MAS 13C NMR, Geoderma, 117, 129–141,
https://doi.org/10.1016/S0016-7061(03)00160-5, 2003.

Chen, W., Tong, D. Q., Zhang, S., Zhang, X., and Zhao, H.: Local
PM10 and PM2.5 emission inventories from agricultural tillage
and harvest in northeastern China, J. Environm. Sci., 57, 15–23,
https://doi.org/10.1016/j.jes.2016.02.024, 2017.

Christner, B. C., Cai, R., Morris, C. E., McCarter, K. S., Fore-
man, C. M., Skidmore, M. L., Montross, S. N., and Sands, D.
C.: Geographic, seasonal, and precipitation chemistry influence
on the abundance and activity of biological ice nucleators in
rain and snow, P. Natl. Acad. Sci. USA., 105, 18854–18859,
https://doi.org/10.1073/pnas.0809816105, 2008.

Conen, F., Morris, C. E., Leifeld, J., Yakutin, M. V., and
Alewell, C.: Biological residues define the ice nucleation prop-
erties of soil dust, Atmos. Chem. Phys., 11, 9643–9648,
https://doi.org/10.5194/acp-11-9643-2011, 2011.

Córdoba, F., Ramírez-Romero, C., Cabrera, D., Raga, G. B., Mi-
randa, J., Alvarez-Ospina, H., Rosas, D., Figueroa, B., Kim,
J. S., Yakobi-Hancock, J., Amador, T., Gutierrez, W., Gar-
cía, M., Bertram, A. K., Baumgardner, D., and Ladino, L.
A.: Measurement report: Ice nucleating abilities of biomass
burning, African dust, and sea spray aerosol particles over
the Yucatán Peninsula, Atmos. Chem. Phys., 21, 4453–4470,
https://doi.org/10.5194/acp-21-4453-2021, 2021.

Atmos. Chem. Phys., 22, 6435–6447, 2022 https://doi.org/10.5194/acp-22-6435-2022

https://doi.org/10.5194/acp-22-6435-2022-supplement
https://www.milpa-alta.cdmx.gob.mx/
https://www.milpa-alta.cdmx.gob.mx/
https://doi.org/10.1038/nature12278
http://www.inafed.gob.mx/work/enciclopedia/EMM17morelos/municipios/17027a.html
http://www.inafed.gob.mx/work/enciclopedia/EMM17morelos/municipios/17027a.html
http://www.inafed.gob.mx/work/enciclopedia/EMM17morelos/municipios/17027a.html
https://doi.org/10.1029/2011JD016784
https://doi.org/10.1080/02786829608965393
https://doi.org/10.5194/acp-16-15075-2016
https://doi.org/10.5194/acp-12-287-2012
http://201.147.98.65/files/b/13/22Situacion_Sector_Agropecuario_Me%CC%81xico.pdf
http://201.147.98.65/files/b/13/22Situacion_Sector_Agropecuario_Me%CC%81xico.pdf
https://doi.org/10.1029/2021gl092443
https://doi.org/10.1016/S0016-7061(03)00160-5
https://doi.org/10.1016/j.jes.2016.02.024
https://doi.org/10.1073/pnas.0809816105
https://doi.org/10.5194/acp-11-9643-2011
https://doi.org/10.5194/acp-21-4453-2021


D. L. Pereira et al.: Mexican agricultural soils as INPs 6445

Cotton, W. R. and Yuter, S.: Principles of cloud and precipita-
tion formation, in: Aerosol pollution impact on precipitation,
Springer, Dordrecht, 13–43, https://doi.org/10.1007/978-1-4020-
8690-8_2, 2009.

Covarrubias, S. A. and Peña Cabriales, J. J.: Contaminación am-
biental por metales pesados en México: Problemática y estrate-
gias de fitorremediación, Rev. Int. Contam. Ambient., 33, 7–21,
https://doi.org/10.20937/RICA.2017.33.esp01.01, 2017.

Cziczo, D. J., Froyd, K. D., Hoose, C., Jensen, E. J., Diao,
M., Zondlo, M. A., Smith, J. B., Twohy, C. H., and Mur-
phy, D. M.: Clarifying the dominant sources and mech-
anisms of cirrus cloud formation, Science, 340, 819–824,
https://doi.org/10.1126/science.1234145, 2013.

Daily, M. I., Tarn, M. D., Whale, T. F., and Murray, B. J.: The sensi-
tivity of the ice-nucleating ability of minerals to heat and the im-
plications for the heat test for biological ice nucleators, Atmos.
Meas. Tech. Discuss. [preprint], https://doi.org/10.5194/amt-
2021-208, in review, 2021.

DeMott, P. J., Prenni, A. J., Liu, X., Kreidenweis, S. M., Petters, M.
D., Twohy, C. H., Richardson, M. S., Eidhammer, T., and Rogers,
D. C.: Predicting global atmospheric ice nuclei distributions and
their impacts on climate, P. Natl. Acad. Sci. USA, 107, 11217–
11222, https://doi.org/10.1073/pnas.0910818107, 2010.

Després, V. R., Alex Huffman, J., Burrows, S. M., Hoose, C., Safa-
tov, A. S., Buryak, G., Fröhlich-Nowoisky, J., Elbert, W., An-
dreae, M. O., Pöschl, U., and Jaenicke, R.: Primary biologi-
cal aerosol particles in the atmosphere: A review, Tellus B, 64,
15598, https://doi.org/10.3402/tellusb.v64i0.15598, 2012.

Diehl, K. and Wurzler, S.: Heterogeneous drop freezing
in the immersion mode: Model calculations consider-
ing soluble and insoluble particles in the drops, J. At-
mos. Sci., 61, 2063–2072, https://doi.org/10.1175/1520-
0469(2004)061<2063:HDFITI>2.0.CO;2, 2004.

Eastwood, M. L., Cremel, S., Gehrke, C., Girard, E., and Bertram,
A. K.: Ice nucleation on mineral dust particles: Onset condi-
tions, nucleation rates and contact angles, J. Geophys. Res., 113,
D22203, https://doi.org/10.1029/2008JD010639, 2008.

Garcia, E., Hill, T. C. J., Prenni, A. J., DeMott, P. J., Franc, G. D.,
and Kreidenweis, S. M.: Biogenic ice nuclei in boundary layer air
over two U.S. high plains agricultural regions, J. Geophys. Res.,
117, D18209, https://doi.org/10.1029/2012JD018343, 2012.

Ginoux, P., Prospero, J. M., Gill, T. E., Hsu, N. C., and
Zhao, M.: Global-scale attribution of anthropogenic and nat-
ural dust sources and their emission rates based on MODIS
Deep Blue aerosol products, Rev. Geophys., 50, RG3005,
https://doi.org/10.1029/2012RG000388, 2012.

Hader, J. D., Wright, T. P., and Petters, M. D.: Contribution
of pollen to atmospheric ice nuclei concentrations, Atmos.
Chem. Phys., 14, 5433–5449, https://doi.org/10.5194/acp-14-
5433-2014, 2014.

Hande, L. B. and Hoose, C.: Partitioning the primary ice formation
modes in large eddy simulations of mixed-phase clouds, Atmos.
Chem. Phys., 17, 14105–14118, https://doi.org/10.5194/acp-17-
14105-2017, 2017.

Haywood, J. and Boucher, O.: Estimates of the direct and indirect
radiative forcing due to tropospheric aerosols: A review, Rev.
Geophys., 38, 513–543, https://doi.org/10.1029/1999RG000078,
2000.

Hill, T. C. J., DeMott, P. J., Tobo, Y., Fröhlich-Nowoisky, J., Mof-
fett, B. F., Franc, G. D., and Kreidenweis, S. M.: Sources of or-
ganic ice nucleating particles in soils, Atmos. Chem. Phys., 16,
7195–7211, https://doi.org/10.5194/acp-16-7195-2016, 2016.

Hiranuma, N., Augustin-Bauditz, S., Bingemer, H., Budke, C., Cur-
tius, J., Danielczok, A., Diehl, K., Dreischmeier, K., Ebert, M.,
Frank, F., Hoffmann, N., Kandler, K., Kiselev, A., Koop, T., Leis-
ner, T., Möhler, O., Nillius, B., Peckhaus, A., Rose, D., Wein-
bruch, S., Wex, H., Boose, Y., DeMott, P. J., Hader, J. D., Hill,
T. C. J., Kanji, Z. A., Kulkarni, G., Levin, E. J. T., McCluskey,
C. S., Murakami, M., Murray, B. J., Niedermeier, D., Petters, M.
D., O’Sullivan, D., Saito, A., Schill, G. P., Tajiri, T., Tolbert, M.
A., Welti, A., Whale, T. F., Wright, T. P., and Yamashita, K.: A
comprehensive laboratory study on the immersion freezing be-
havior of illite NX particles: a comparison of 17 ice nucleation
measurement techniques, Atmos. Chem. Phys., 15, 2489–2518,
https://doi.org/10.5194/acp-15-2489-2015, 2015.

Hiranuma, N., Auvermann, B. W., Belosi, F., Bush, J., Cory, K.
M., Georgakopoulos, D. G., Höhler, K., Hou, Y., Lacher, L.,
Saathoff, H., Santachiara, G., Shen, X., Steinke, I., Ullrich, R.,
Umo, N. S., Vepuri, H. S. K., Vogel, F., and Möhler, O.: Labo-
ratory and field studies of ice-nucleating particles from open-lot
livestock facilities in Texas, Atmos. Chem. Phys., 21, 14215–
14234, https://doi.org/10.5194/acp-21-14215-2021, 2021.

Hoose, C. and Möhler, O.: Heterogeneous ice nucleation
on atmospheric aerosols: a review of results from labo-
ratory experiments, Atmos. Chem. Phys., 12, 9817–9854,
https://doi.org/10.5194/acp-12-9817-2012, 2012.

Huang, S., Hu, W., Chen, J., Wu, Z., Zhang, D., and
Fu, P.: Overview of biological ice nucleating parti-
cles in the atmosphere, Environ. Int., 146, 106197,
https://doi.org/10.1016/j.envint.2020.106197, 2021.

INEGI: Información por entidad-Ciudad de México, http://
cuentame.inegi.org.mx/default.aspx (last access: 26 August
2021), 2015 (in Spanish).

Kalev, S. D. and Toor, G. S.: Chapter 3.9 – The composition of soils
and sediments, in: Green Chemistry: An Inclusive Approach,
edited by: Török, B. and Dransfield, T., Elsevier, 339–357,
https://doi.org/10.1016/B978-0-12-809270-5.00014-5, 2018.

Kanji, Z. A., Ladino, L. A., Wex, H., Boose, Y., Burkert-
Kohn, M., Cziczo, D. J., and Krämer, M.: Overview
of ice nucleating particles, Meteor. Mon., 58, 1.1–1.33,
https://doi.org/10.1175/AMSMONOGRAPHS-D-16-0006.1,
2017.

Kelleher, B. P. and Simpson, A. J.: Humic substances in soils:
Are they really chemically distinct?, Environ. Sci. Technol., 40,
4605–4611, https://doi.org/10.1021/es0608085, 2006.

Kiselev, A., Bachmann, F., Pedevilla, P., Cox, S. J., Michaelides, A.,
Gerthsen, D., and Leisner, T.: Active sites in heterogeneous ice
nucleation-the example of K-rich feldspars, Science, 355, 367–
371, https://doi.org/10.1126/science.aai8034, 2016.

Knopf, D. A., Alpert, P. A., and Wang, B.: The role
of organic aerosol in atmospheric ice nucleation:
A review, ACS Earth Space Chem., 2, 168–202,
https://doi.org/10.1021/acsearthspacechem.7b00120, 2018.

Kohli, R. and Mittal, K. (Eds.): Chapter 3 – Methods for assessing
surface cleanliness, in: Developments in Surface Contamination
and Cleaning, Elsevier, 23–105, https://doi.org/10.1016/B978-0-
12-816081-7.00003-6, 2019.

https://doi.org/10.5194/acp-22-6435-2022 Atmos. Chem. Phys., 22, 6435–6447, 2022

https://doi.org/10.1007/978-1-4020-8690-8_2
https://doi.org/10.1007/978-1-4020-8690-8_2
https://doi.org/10.20937/RICA.2017.33.esp01.01
https://doi.org/10.1126/science.1234145
https://doi.org/10.5194/amt-2021-208
https://doi.org/10.5194/amt-2021-208
https://doi.org/10.1073/pnas.0910818107
https://doi.org/10.3402/tellusb.v64i0.15598
https://doi.org/10.1175/1520-0469(2004)061<2063:HDFITI>2.0.CO;2
https://doi.org/10.1175/1520-0469(2004)061<2063:HDFITI>2.0.CO;2
https://doi.org/10.1029/2008JD010639
https://doi.org/10.1029/2012JD018343
https://doi.org/10.1029/2012RG000388
https://doi.org/10.5194/acp-14-5433-2014
https://doi.org/10.5194/acp-14-5433-2014
https://doi.org/10.5194/acp-17-14105-2017
https://doi.org/10.5194/acp-17-14105-2017
https://doi.org/10.1029/1999RG000078
https://doi.org/10.5194/acp-16-7195-2016
https://doi.org/10.5194/acp-15-2489-2015
https://doi.org/10.5194/acp-21-14215-2021
https://doi.org/10.5194/acp-12-9817-2012
https://doi.org/10.1016/j.envint.2020.106197
http://cuentame.inegi.org.mx/default.aspx
http://cuentame.inegi.org.mx/default.aspx
https://doi.org/10.1016/B978-0-12-809270-5.00014-5
https://doi.org/10.1175/AMSMONOGRAPHS-D-16-0006.1
https://doi.org/10.1021/es0608085
https://doi.org/10.1126/science.aai8034
https://doi.org/10.1021/acsearthspacechem.7b00120
https://doi.org/10.1016/B978-0-12-816081-7.00003-6
https://doi.org/10.1016/B978-0-12-816081-7.00003-6


6446 D. L. Pereira et al.: Mexican agricultural soils as INPs

Ladino, L. A. and Abbatt, J. P. D.: Laboratory investi-
gation of Martian water ice cloud formation using dust
aerosol simulants, J. Geophys. Res.-Planet., 118, 14–25,
https://doi.org/10.1029/2012JE004238, 2013.

Lagzi, I., Mészáros, R., Gelybó, G., and Leelossy, Á.: Atmospheric
Chemistry, Etvs Lorand University, 2013.

Lee, S. A., Adhikari, A., Grinshpun, S. A., McKay, R., Shukla, R.,
and Reponen, T.: Personal exposure to airborne dust and mi-
croorganisms in agricultural environments, J. Occup. Environ.
Hyg., 3, 118–130, https://doi.org/10.1080/15459620500524607,
2006.

Lighthart, B.: Microbial aerosols: estimated contribution of com-
bine harvesting to an airshed, Appl. Environ. Microb., 47, 430–
432, https://doi.org/10.1128/aem.47.2.430-432.1984, 1984.

Lin, P., Huang, X. F., He, L. Y., and Zhen Yu, J.: Abun-
dance and size distribution of HULIS in ambient aerosols
at a rural site in South China, J. Aerosol Sci., 41, 74–87,
https://doi.org/10.1016/j.jaerosci.2009.09.001, 2010.

Mahowald, N. M., Rivera-Rivera, G. D., and Luo, C.: Com-
ment on “Relative importance of climate and land use
in determining present and future global soil dust emis-
sion” by I. Tegen et al., Geophys, Res. Lett., 31, L24105,
https://doi.org/10.1029/2004GL021272, 2004.

Mason, R. H., Chou, C., McCluskey, C. S., Levin, E. J. T.,
Schiller, C. L., Hill, T. C. J., Huffman, J. A., DeMott, P. J., and
Bertram, A. K.: The micro-orifice uniform deposit impactor–
droplet freezing technique (MOUDI-DFT) for measuring con-
centrations of ice nucleating particles as a function of size: im-
provements and initial validation, Atmos. Meas. Tech., 8, 2449–
2462, https://doi.org/10.5194/amt-8-2449-2015, 2015a.

Mason, R. H., Si, M., Li, J., Chou, C., Dickie, R., Toom-Sauntry,
D., Pöhlker, C., Yakobi-Hancock, J. D., Ladino, L. A., Jones,
K., Leaitch, W. R., Schiller, C. L., Abbatt, J. P. D., Huffman, J.
A., and Bertram, A. K.: Ice nucleating particles at a coastal ma-
rine boundary layer site: correlations with aerosol type and me-
teorological conditions, Atmos. Chem. Phys., 15, 12547–12566,
https://doi.org/10.5194/acp-15-12547-2015, 2015b.

Mason, R. H., Si, M., Chou, C., Irish, V. E., Dickie, R., Elizondo,
P., Wong, R., Brintnell, M., Elsasser, M., Lassar, W. M., Pierce,
K. M., Leaitch, W. R., MacDonald, A. M., Platt, A., Toom-
Sauntry, D., Sarda-Estève, R., Schiller, C. L., Suski, K. J., Hill,
T. C. J., Abbatt, J. P. D., Huffman, J. A., DeMott, P. J., and
Bertram, A. K.: Size-resolved measurements of ice-nucleating
particles at six locations in North America and one in Europe, At-
mos. Chem. Phys., 16, 1637–1651, https://doi.org/10.5194/acp-
16-1637-2016, 2016.

Montgomery, D. R., Zabowski, D. Ugolini, F. C., Hall-
berg R. O., and Spaltenstein, H.: Soils, watershed pro-
cesses, and marine sediments, Int. Geophys., 72, 159–194,
https://doi.org/10.1016/S0074-6142(00)80114-X, 2000.

Murray, B. J., O’Sullivan, D., Atkinson, J. D., and Webb,
M. E.: Ice nucleation by particles immersed in super-
cooled cloud droplets, Chem. Soc. Rev., 41, 6519–6554,
https://doi.org/10.1039/C2CS35200A, 2012.

Mülmenstädt, J., Sourdeval, O., Delanoë, J., and Quaas, J.: Fre-
quency of occurrence of rain from liquid-, mixed-, and ice-phase
clouds derived from A-Train satellite retrievals, Geophys. Res.
Lett., 42, 6502–6509, https://doi.org/10.1002/2015GL064604,
2015.

O’Sullivan, D., Murray, B. J., Malkin, T. L., Whale, T. F., Umo,
N. S., Atkinson, J. D., Price, H. C., Baustian, K. J., Browse,
J., and Webb, M. E.: Ice nucleation by fertile soil dusts: rel-
ative importance of mineral and biogenic components, Atmos.
Chem. Phys., 14, 1853–1867, https://doi.org/10.5194/acp-14-
1853-2014, 2014.

Paramonov, M., David, R. O., Kretzschmar, R., and Kanji, Z. A.: A
laboratory investigation of the ice nucleation efficiency of three
types of mineral and soil dust, Atmos. Chem. Phys., 18, 16515–
16536, https://doi.org/10.5194/acp-18-16515-2018, 2018.

Peckhaus, A., Kiselev, A., Hiron, T., Ebert, M., and Leisner, T.:
A comparative study of K-rich and Na/Ca-rich feldspar ice-
nucleating particles in a nanoliter droplet freezing assay, Atmos.
Chem. Phys., 16, 11477–11496, https://doi.org/10.5194/acp-16-
11477-2016, 2016.

Peña-Méndez, E. M., Havel, J., and Patočka, J.: Humic substance –
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