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Abstract 21 

Megacities are a major source of urban aerosol particles, which can impact cloud formation and 22 

the local hydrological cycle. However, the aerosol-cloud interaction above megacities, 23 

especially in their different microclimates, is poorly understood. In the present study, the 24 

physicochemical and biological properties of urban aerosol particles, along with their ice 25 

nucleating particle (INP) concentration via immersion freezing and as a function of particle size 26 

(0.56 μm to 10 μm), were simultaneously characterized at two sites across the Mexico City 27 

Metropolitan Area (MCMA). We found differences in the chemical composition, criteria 28 

pollutants (PM2.5, O3, CO, NOx, and SO2), and biological content between northern and 29 

southern MCMA, separated by 16 km. The collected urban MCMA aerosol particles were found 30 

to act as INPs, with average concentrations ranging between 0.04  0.04 L-1 (at -15°C) and 24.9 31 

 18 L-1 (at -30°C). Although the measured INP concentrations were similar in both sites, the 32 

southern samples showed a higher INP concentration for larger aerosol particles (i.e., particles 33 

between 5.6-10 μm).  34 

Although the urban aerosol’s physicochemical properties, biological content, and its sources 35 

were found to differ at both sites, it did not strongly impact the INP concentrations, with the 36 

exception of the largest measured particles. This highlights the importance of considering that 37 

aerosol-cloud interactions above a megacity may vary, especially when assessing the role of 38 

INPs in cloud formation.  39 

 40 
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1. Introduction 41 

Mexico City and its Metropolitan Area (MCMA) is one of the top megacities worldwide with 42 

a population of 21 million inhabitants (Población, 2025). In the 1980s, the MCMA was reported 43 

as the most polluted city on Earth (Molina and Molina, 2004); however, since the 1990s, air 44 

quality has improved significantly (Lezama and Vargas, 2000). Even so, due to its size and the 45 

diverse anthropogenic activities, the MCMA atmospheric processes are complex and far from 46 

being completely understood (Molina et al., 2010). Nowadays, poor air quality is one of the 47 

major threats for the MCMA inhabitants’ health (Riojas-Rodríguez et al., 2014). The impact of 48 

the high annual release of particulate matter (PM) (in the order of gigagrams, Gg) on the local 49 

climate remains poorly quantified (Castro Romero et al., 2024).  50 

 51 

Several studies have provided substantial insights into the physicochemical properties of PM 52 

within the MCMA (Aldape et al., 1991; Edgerton et al., 1999; Doran et al., 2007; Querol et al., 53 

2008). For example, Vega et al. (2004) characterized the PM2.5 composition of the MCMA, 54 

showing that the sulfate (SO4
2-), ammonium (NH4

+), and total carbon (elemental carbon + 55 

organic carbon) average concentrations are higher in the north of the city compared to the 56 

southern part (higher by 1.16 µg m-3 (18.1 %), 0.8 µg m-3 (23.6 %), and 18.49 µg m-3 (51.1 %), 57 

respectively). This agrees with the data reported by the 2006 MILAGRO (Megacity Initiative: 58 

Local And Global Research Observations) project, where a complete evaluation of the regional 59 

and global impacts of Mexico’s City atmospheric emissions was assessed (Molina et al., 2010).  60 

 61 

Several studies found that organic matter has a huge impact on the MCMA’s PM2.5 62 

composition. Amador-Muñoz et al. (2011) reported a carbon preference index (CPI) larger than 63 

1 on the southwest of the MCMA, suggesting that this part of the city contains more biogenic 64 

sources (Amador-Muñoz et al., 2013). Ladino et al. (2018) and Hernández-López et al. (2023) 65 

reported clear differences in polycyclic aromatic hydrocarbons (PAHs) between the north and 66 

south of the MCMA, with the highest concentrations reported in the northern part of the city. 67 

Gasoline-fueled vehicles are likely responsible for local PAHs emissions and could reinforce 68 

the presence of urban microclimates with independent local atmospheric processes, inside one 69 

megacity (Molina and Molina, 2004).  70 

 71 

A microclimate can be referred to as a relative small-scale area with a distinctive climate over 72 

it as a whole (Met Office Factsheet 14). Owing to its large area, and the clear variability of land 73 

use (e.g., industrial, rural, residential, commerce, and ecological preservation), the northern and 74 
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southern MCMA present significant differences in temperature (heat islands), rainfall, wind 75 

patterns, humidity, aerosol and gas emissions, indicating the presence of a clear microclimate 76 

differentiation (Met Office Factsheet 14; Molina and Molina, 2004; Amador-Muñoz et al., 77 

2013; Castro Romero et al., 2024). Although the studies above highlight the clear differences 78 

in the sources and physicochemical properties of PM in different parts of the MCMA, studies 79 

that include simultaneous measurements at two or more sites are scarce. This is of high 80 

importance to understand the microclimates along the MCMA and their relationship with local 81 

precipitation events. Zhu et al. (2024) evaluated precipitation events across China, finding that 82 

precipitation characteristics could differ across climatic zones. Additionally, Li et al. (2019) 83 

showed that atmospheric circulation changes driven by global warming modulated the 84 

intensification of extreme precipitation events across North America. 85 

 86 

Meteorological data and models indicate a predominance of northerly, southerly, southwesterly, 87 

and northeasterly wind events in MCMA, with frequencies of 20 %, 16 %, 15 %, and 13 %, 88 

respectively (Celada-Murillo et al., 2013). In addition, typically wind events with speeds 89 

ranging from 0.25 to 1.50 m s-1 appear mainly during the early morning, while other wind events 90 

with larger speeds (i.e., ranging from 1.5 to 5.50 m s) appear mainly during the afternoon and 91 

night (Celada-Murillo et al., 2013; Salcido et al., 2015). On the other hand, meteorological 92 

conditions in some defined area, as the presence of atmospheric stable conditions, or the well-93 

known large-scale atmospheric circulation could help understanding the real perturbations of 94 

urban aerosols on cloud formation and precipitation events (Trofimov et al., 2022). 95 

 96 

Given that most of the precipitation over the tropics comes from ice-containing clouds 97 

(Mülmenstädt et al., 2015) and that aerosol particles acting as ice nucleating particles (INPs) 98 

are key in mixed-phase cloud (MPC) formation (Rogers and Yau, 1996; Houze, 2014; Kanji et 99 

al., 2017), information on the interplay between aerosol particles and cloud formation in big 100 

cities such as the MCMA is urgently needed, especially because extreme precipitation events 101 

are predicted to increase with time (Tabari, 2020; Gimeno et al., 2022), causing huge 102 

economical and societal impacts in densely populated cities. Aerosol particles have the potential 103 

to influence the development of deep convective clouds, which are typically associated with 104 

extreme rainfall events (Burrows et al., 2022). Efficient INPs can promote specific processes 105 

as the seeder-feeder mechanism (Ohneiser et al., 2025) triggering primary ice particle formation 106 

as well as ice multiplication, increasing the ice water content in MPC (Purdy et al., 2005). These 107 

ice particles can grow at expenses of the surrounding water droplets, via the Wegner-Bergeron-108 
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Findeisen process, enhancing precipitation rates (Heymsfield et al., 2020; Ohneiser et al., 109 

2025). Toll et al. (2024) showed that the presence of anthropogenic particles hot spots can 110 

modify cloud microphysics, leading to cloud glaciation and precipitation events under 111 

stratiform non-convective clouds.  112 

 113 

The impact of urban particles on ice formation in MPCs is well documented (e.g., Hasenkopf 114 

et al., 2016; Pereira et al., 2021; Chen et al., 2024). For example, Zhao et al. (2019) reported 115 

that the presence of urban aerosol particles affects the microphysical properties of clouds under 116 

moderate convective conditions, decreasing ice crystal number concentration (ICNC) and thus 117 

increasing the ice particle effective radius (Rei). Chen et al. (2024) found that urban super-118 

micron traffic‐influenced road dust and construction‐related dust particles were the primary 119 

source of INPs (heat‐resistant INPs) at temperatures below -15 ºC in Beijing, China. 120 

Nevertheless, given that urban aerosol particles are a complex multicomponent mixture (i.e., 121 

biological, dust, black carbon, and biomass burning (BB) particles, among others), they may 122 

contain components with contrasting ice nucleation abilities. Although urban centers clearly 123 

experience high aerosol concentrations, INP concentrations in megacities do not necessarily 124 

increase during heavily polluted periods (e.g., Bi et al., 2019; Cabrera-Segoviano et al., 2022; 125 

Chen et al., 2024).  126 

 127 

The role of urban particles emitted in the MCMA in ice-cloud formation has been previously 128 

evaluated (Knopf et al., 2010; Pereira et al., 2021; Rodríguez-Gómez, 2021; Cabrera-Segoviano 129 

et al., 2022; Melchum et al., 2023). The first ice nucleation study in the MCMA was conducted 130 

by Knopf et al. (2010) as part of the MILAGRO project. The authors reported that the particles 131 

in the northern part of the City are dominated by organics, and can efficiently act as INP under 132 

cirrus and MPC conditions, i.e., relative humidity with respect to ice (RHice) of ~105 % to 150 133 

% and temperatures of 205 K to 255 K.  134 

 135 

Regarding MPC, Pereira et al. (2021) found that the ubiquitous anthropogenic emissions did 136 

not have a significant impact on the INP concentrations, with samples collected in rural and 137 

urban sites, both in the south of the MCMA. Cabrera-Segoviano et al. (2022) reported an inter-138 

annual variability of INP concentrations (a one order of magnitude difference at temperatures 139 

higher than -20 ºC) at southern MCMA between 2018 and 2019, a fact that can be related to the 140 

variability in aerosol emissions like re-suspended dust. Rodríguez-Gómez (2021) reported 141 

higher INP concentrations in the planetary boundary layer compared to the free troposphere on 142 
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samples collected in southern MCMA during the BB season, similar to previous studies (Prenni 143 

et al., 2012; Jahn et al., 2020; Jahl et al., 2021). Finally, Melchum et al. (2023) evaluated the 144 

INP abilities of different airborne microrganisms from tropical places such as MCMA and other 145 

sites across Mexico. The authors found that out of the 64 tested microorganisms, only the 146 

Cupriavidus pauculus (proteobacteria) and the Phaeocystis sp. (marine phytoplankton) can be 147 

relevant to MPC formation (with onset freezing temperatures of -11.8 ºC and -16.0 ºC, 148 

respectively). 149 

 150 

Although PM and INPs have been previously characterized in the MCMA, simultaneous INP 151 

measurements at more than one site have never been reported. Therefore, there is a poor 152 

understanding of how urban aerosol particles could influence cloud formation across the 153 

different MCMA’s microclimates. To fill this gap in knowledge, the present study reports the 154 

simultaneous characterization (physical, chemical, and biological) of PM2.5 as well as the INP 155 

concentration in a northern and a southern site within the MCMA. To the best of our knowledge, 156 

this is the first time that such comprehensive evaluation of the aerosol-cloud interactions is 157 

performed in this megacity.  158 

 159 

2. Methods 160 

2.1 Sampling location 161 

Mexico City is a tropical city located at 2240 m a.s.l. (Población, 2025), with a particular 162 

topography that influences the accumulation of air pollutants (Molina and Molina, 2004). With 163 

a sub-humid climate, the city presents an average annual temperature (between 1950 and 2013) 164 

of 15 to 18 ºC (Behzadi et al., 2020). The MCMA experiences three different seasons such as 165 

cold-dry: October-February, warm-dry: March-May, and wet season: June-October. The mean 166 

annual precipitation within 1950–2013 for Mexico City was reported to vary between 357 mm 167 

year-1 and 1298 mm year-1 (Jáuregui, 2000; Molina et al., 2009; Behzadi et al., 2020; Cabrera-168 

Segoviano et al., 2022).  169 

 170 

A short-term field campaign was carried out simultaneously at the north and south of the 171 

MCMA during the dry-warm season, i.e., between May 12th and May 20th, 2022. Both 172 

sampling sites are located within Mexico City (Fig. 1), and they are ~16 km away from each 173 

other. 174 

 175 
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 176 

Figure 1. Location of the MCMA showing Mexico City (blue contour) as well as northern and 177 

southern sampling sites (red circles). The green circles represent the Mexico City atmospheric 178 

monitoring stations. Modified from https://aire.cdmx.gob.mx/ 179 

 180 

Sampling at the southern site (CU, 19.3262º N 99.1761º W) took place on the roof of the 181 

Institute for Atmospheric Sciences and Climate Change building (approx. 15 m a.g.l.), on the 182 

main campus of the Universidad Nacional Autónoma de México (UNAM). Traffic is the 183 

primary source of anthropogenic pollution at this site. However, an ecological reserve (237 ha) 184 

is located within the main UNAM campus, with the vegetation being dry and brown and 185 

susceptible to forest fires during the sampling period. It can provide biological material to the 186 

atmosphere through the native and introduced species of plants, animals, and microorganisms 187 

that live in it (Melchum et al., 2023). 188 

 189 

On the other hand, the sampling at the northern site (C5, 19.483781º N 99.147312º W) took 190 

place on the roof of the Environmental Analysis Laboratory (C5) building (approx. 5 m a.g.l.) 191 

of the Mexico City Atmospheric Monitoring System (http://www.aire.cdmx.gob.mx/). The C5 192 

sampling site is subject to a wide range of anthropogenic sources, as it is located in the city's 193 

popularly known “industrial area.” Traffic, industrial, and other anthropogenic emissions 194 

contribute to high PM atmospheric concentrations at this sampling site (Castro Romero et al., 195 

2024).  196 

http://www.aire.cdmx.gob.mx/
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 197 

Meteorological (T, RH, wind direction, wind speed, solar radiation, and precipitation) and 198 

criteria pollutants (PM2.5, O3, CO, NOx, and SO2) data were recorded on both sites during the 199 

sampling campaign (Tables S1 and S2, and Figs. S1 and S2). The campaign dates, total 200 

sampling times and volumes are shown in Table 1. The ionic composition and elemental 201 

composition were obtained using ion chromatography and X-ray fluorescence, respectively, on 202 

the 24-hour collected samples. Culturable microorganisms were obtained through different 203 

microbiological analysis described in section 2.2.5, on 5 min collected samples. 204 

 205 

Table 1. Sampling campaign description: dates, total sampling times, and sampling volume are 206 

shown for the three sampling methods: MiniVol (2.5 μm cut-off) for chemical analysis, 207 

MOUDI (0.56 to 10 μm cut-off, see section 2.2.6) for INP analysis, and BioStage (10 μm cut-208 

off) for biological analysis. Note that the sampling times were the same at both sites. 209 

SAMPLING CAMPAIGN 

Date 

(month-

day-

year) 

MiniVol1  

(chemical analysis) 

MOUDI2  

(INP analysis) 

BioStage3 

(biological analysis) 

Total 

sampling 

time (h) 

Sampling 

volume 

(m3)  

Initial 

sampling 

time 

(local 

time, h) 

Final 

sampling 

time 

(local 

time, h) 

Total 

sampling 

time (h) 

Sampling 

volume 

(m3)  

Total 

sampling 

time (h) 

Sampling 

volume 

(m3)  

05-12-22 24 7.2 - - - - 0.08 0.1 

05-13-22 24 7.2 - - - - 0.08 0.1 

05-14-22 24 7.2 - - - - 0.08 0.1 

05-15-22 24 7.2 - - - - 0.08 0.1 

05-16-22 24 7.2 8:37 12:58 4:21 7.8 0.08 0.1 

05-17-22 24 7.2 8:20 12:20 4:00 7.2 0.08 0.1 

05-18-22 24 7.2 8:04 12:06 4:02 7.3 0.08 0.1 

05-19-22 24 7.2 8:44 12:56 4:12 7.6 0.08 0.1 

05-20-22 24 7.2 8:43 12:50 4:07 7.4 0.08 0.1 

Flow rates: 15 L/min, 2 30 L/min, 3 28.3 L/min 210 

 211 

2.2 Sampling and instrumentation 212 

The simultaneous sampling was performed using, per site, a MiniVol TAS (Tactical Air 213 

Sampler; Airmetrics) with a 2.5 μm cut-size inlet operated at 5 L min-1, an eight stage micro-214 

orifice uniform deposit impactor (MOUDI 100R; MSP) operated at a 30 L min-1 flow rate to 215 

separate particles as a function of their aerodynamic diameter (cut sizes of 0.18 μm, 0.32 μm, 216 
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0.56 μm, 1.0 μm, 1.8 μm, 3.2 μm, 5.6 μm and 10 μm), and a single-stage BioStage Quick Take 217 

30 cascade impactor for viable particles (SKC Inc. USA) operated at a 28.3 L min-1 flow rate. 218 

The MOUDI samples, used to evaluate the INP concentrations, were collected one time a day 219 

from May 16th to May 20th, 2022, with the sampling times shown in Table 1 (more details are 220 

provided in section 2.2.6). The MiniVol samples were collected daily for 24 h on May 12th, 221 

May 13th, May 16th, May 17th, May 18th, May 19th and May 20th, 2022, on 47 mm Teflon filters 222 

(Pall Science), and were used for the ionic and elemental composition analysis. The BioStage 223 

impactor samples with a 10 μm cut-size inlet were used for culturable bacteria and fungi 224 

identification. They were collected once a day (at 10:00 am for 5 mins) on the same dates as 225 

the MiniVol samples (more details are described in section 2.2.5). The general overview of the 226 

sampling campaign is shown in Table 1. 227 

 228 

2.2.1 Meteorological data 229 

Meteorological variables such as temperature, relative humidity, wind direction, wind speed, 230 

and solar radiation were obtained from the meteorological stations (Campbell Scientific) of the 231 

Red Universitaria de Observatorios Atmosféricos (RUOA) and the Programa de Estaciones 232 

Meteorológicas del Bachillerato Universitario (PEMBU) placed in CU and C5, respectively. 233 

Also, back trajectories of the air masses arriving in both sampling sites were obtained using the 234 

Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model from the National 235 

Oceanic and Atmospheric Administration (NOAA) for 72 h at 250 m a.g.l (Draxler, 2010). 236 

 237 

2.2.2 Criteria pollutants 238 

The concentrations of O3, CO, NOx, and SO2, were measured with the Teledyne (Sandiego, 239 

CA) ultraviolet photometry API Model 400E non-dispersive infrared analyzer, API model 240 

300E, and API model 200E, respectively. The PM2.5 was measured with a Thermo Scientific 241 

(Franklin, MA) tapered element oscillating microbalance (TEOM) Model 1400A ambient 242 

particulate monitor at a flow rate of 3 L min−1. 243 

 244 

2.2.3 PM2.5 ionic composition 245 

The ionic composition was obtained using a Dionex ICS-1500 ion chromatography (IC) at the 246 

Laboratorio de Aerosoles Atmosféricos of the Institute for Atmospheric Sciences and Climate 247 

Change, UNAM. For PM2.5 aerosol sample extraction, the MiniVol sample filters (i.e., 47 mm 248 

Teflon filters) were submerged in 10 mL of deionized water, sonicated for one hour (using an 249 
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ultrasonic bath at a temperature below 27 °C), and shaken at 350 rpm for six hours (Sartorius 250 

CPA225D).  251 

 252 

Anion analysis was performed using a Dionex IonPac AS23 column (4 × 250 mm) and a 253 

carbonate solution (Na2CO3 4.5 mM – NaHCO3 0.8 mM) as the mobile phase at a flow rate of 254 

1 mL min−1. Three anions (i.e., NO3-, SO4
-2, and Cl-) were measured using the described setup. 255 

Cation analysis was performed using a Dionex IonPac CS12A column (4 mm × 250 mm) and 256 

a methanesulfonic acid (CH4O3S 20 mM) with a flow rate of 1 mL min−1 as a mobile phase. 257 

Five cations (i.e., Na+, K+, NH4+, and Ca2+) were measured using the described setup. The limits 258 

of quantification (LOQ) and determination (LOD) were calculated using the linear regression 259 

of standards calibration. More details about IC setup and similar methods can be found in Castro 260 

Romero et al. (2024). 261 

 262 

2.2.4 PM2.5 X-ray fluorescence 263 

The elemental composition analysis was performed at the Laboratorio de Aerosoles, Instituto 264 

de Física, UNAM following Espinosa et al. (2012). An X-ray fluorescence spectrometer with 265 

an Oxford Instruments (Scotts Valley, CA, USA) tube with Rh anode and an Amptek X-266 

123SDD spectrometer (Bedford, MA, USA) was used to obtain the elemental composition of 267 

all MiniVol sample filters (i.e., 47 mm Teflon filters). The instrument was operated at 50 kV 268 

and a current of 750 μA, irradiating for 900 s per spectrum. More details of instrument 269 

calibration can be found at Espinosa et al. (2012). The chemical composition was quantified 270 

using the methodology reported by Espinosa et al. (2010). The percentage fraction for each 271 

element was determined by using the relationship between the analyzed element concentration 272 

and the total mass concentration. 273 

 274 

2.2.5 Airborne culturable microorganisms’ collection and identification  275 

For the microorganism’s identification (bacteria and fungi), petri dishes (100 mm × 10 mm) 276 

with three different media were used to impact and collect particles of 10 μm or less in size, 277 

and grow the microorganisms using the BioStage impactor: trypto-casein soy agar (TSA, BD, 278 

Bioxon) supplemented with 100 mg L-1 of cycloheximide (Sigma-Aldrich) (to prevent growth 279 

fungal propagules) for mesophilic cultivable bacteria (MCB), Reasoner's 2A (R2A, Condalab) 280 

for slow-growing species of MCB, and malt extract agar (MEA, BD Bioxon) for cultivable 281 

fungal propagules. The sampling time on the BioStage impactor was set to 5 min. 282 

 283 
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The concentrations of cultivable bacteria were reported as Colony Forming Units per m3 of air 284 

(CFU m−3). The following procedure was applied as described in Melchum et al. (2023). The 285 

TSA, R2A, and MEA were cultured at 35 ºC, 35 ºC, and 25 ºC, respectively. After 48 h (for 286 

TSA bacteria) and 72 h (for R2A bacteria and fungi), the CFU were quantified, and the Petri 287 

dishes were sealed with parafilm and stored at 4 ºC for further analysis. Representative bacterial 288 

colonies were randomly selected and purified by several reseedings in TSA. Gram staining was 289 

performed to classify the bacteria as Gram-positive or Gram-negative by microscopic 290 

observation (100×) of the preparations. Isolated bacteria confirmation of identity was 291 

performed by mass spectroscopy, using the Microflex MALDI-TOF MS® (Bruker Daltonics, 292 

Bremen, Germany). The identification of fungal species was carried out at the genus level using 293 

taxonomic keys based on macroscopic colony characteristics and spore microscopic 294 

examination (60×) (Rodriguez-Gomez et al., 2020; Melchum et al., 2023). 295 

 296 

2.2.6 Ice nucleation experiments 297 

The INP concentration of the collected aerosol particles were obtained using a UNAM-Micro-298 

orifice Uniform Deposit Impactor-Droplet Freezing Technique (UNAM-MOUDI-DFT), 299 

described in Córdoba et al. (2021) with its main features shown in Fig. S3.  300 

 301 

Aerosol particles were collected on hydrophobic glass coverslips as substrates at 0.56 μm, 1.0 302 

μm, 1.8 μm, 3.2 μm, 5.6 μm and 10 μm cut-offs MOUDI stages (flow rate of 30.0 L min−1). 303 

After sampling, every substrate was stored in sealed, sterilized Petri dishes at 4 °C until its 304 

analysis. 305 

 306 

Each glass coverslip was analyzed using the UNAM-MOUDI-DFT to simulate the immersion 307 

freezing mode between 0 °C and -40 °C. For the INP experiments, the glass coverslips were 308 

placed on a sample holder inside the cold cell with the sample holder at the top of two blocks 309 

for a sample temperature control: a heating block (copper-made block with two heating 310 

resistances, 100 W and 120 V) and a cooling block (cooled by refrigerator circulator, PRO-311 

RP1090, LAUDA), with the cold block at the bottom. To induce droplet formation, humid air, 312 

carried by nitrogen (grade 4.8, INFRA), is directed toward the sample holder at 0 °C. Once 313 

approx. 30-40 droplets of ca. 170 μm radius are formed, a dry airstream is introduced into the 314 

cold cell to shrink the droplets, aiming to minimize contact between them. Finally, the cold cell 315 

was isolated, and a temperature ramp from 0 °C to -40 °C (at a cooling rate of 10 °C min-1) was 316 

run until the freezing of each drop was observed. The entire process was recorded with a video 317 
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camera (MC500-W, JVLAB) attached to an optical microscope (Axiolab Zeiss, Germany) with 318 

a 5×/0.12 magnification objective, the microscope objective being coupled to the sample holder 319 

via a glass coverslip at the top of the cold cell.  320 

  321 

From the recorded video, it is possible to determine the freezing temperature for each droplet, 322 

which allows calculation of the frozen fraction (Fice) and the INP number concentration as a 323 

function of temperature ([INP(T)]). Fice was calculated using Equation 1: 324 

𝐹𝑖𝑐𝑒 =
𝑁𝑖𝑐𝑒

𝑁𝑖𝑐𝑒+ 𝑁𝑑𝑟𝑜𝑝𝑝𝑙𝑒𝑡𝑠
                                                                                                           (1) 325 

where Nice and Ndroplets are the number of frozen droplets (dimensionless) and the number of 326 

unfrozen droplets (dimensionless), respectively (Kanji et al., 2017). 327 

 328 

The [INP(T)] was calculated using Equation 2 (Mason et al., 2015; Córdoba et al., 2021): 329 

 330 

[𝐼𝑁𝑃(𝑇)] = −𝑙𝑛 (
𝑁𝑢(𝑇)

𝑁0
) ⋅ (

𝐴𝑑𝑒𝑝𝑜𝑠𝑖𝑡

𝐴𝐷𝐹𝑇𝑉
) ⋅ 𝑁0 ⋅ 𝑓𝑛𝑒 ⋅ 𝑓𝑛𝑢,0.25−0.10 𝑚𝑚 ⋅ 𝑓𝑛𝑢,1 𝑚𝑚                        (2) 331 

 332 

where Nu(T) is the number of unfrozen droplets at T (ºC), N0 is the total number of droplets 333 

(dimensionless), Adeposit is the total area of the aerosol particles deposited on the hydrophobic 334 

glass coverslip (cm2), ADFT is the area of the sample analyzed by the DFT (cm2), V is the volume 335 

of air through the MOUDI (L), fne is a correction factor to account for the uncertainty associated 336 

with the number of nucleation events in each experiment (dimensionless), and fnu is a correction 337 

factor to account for changes in particle concentration across each MOUDI sample 338 

(dimensionless). Additionally, this equation accounts for the possibility that multiple particles 339 

may be present within a droplet (Vali, 1996), the correction for the total area covered by 340 

particles deposited on the MOUDI coverslips, and corrections for inhomogeneities in particle 341 

deposition. More details of Equation 2 and the applied corrections can be found in Mason et al. 342 

(2015). 343 

 344 

2.2.7 Data analysis 345 

The STATISTICA® 12 software (StatSoft, TIBCO Software Inc., USA) was employed to 346 

evaluate basic statistics and cluster analysis of data from the different analysis described in 347 

section 2.2. With the main objective of identifying associations among chemical species and 348 

their possible sources, a cluster analysis using Ward’s method of amalgamation and Pearson 349 

correlation coefficients was carried out to construct dendrograms for both sampling sites. 350 
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 351 

3. Results and Discussion  352 

3.1 Frozen fraction and INP concentration variability 353 

Following the procedure described in section 2.2.6, the frozen fraction and the INP 354 

concentrations were obtained for each sample from May 16th to 20th. Figure S4 shows the frozen 355 

fraction (FF) as a function of particle size (aerodynamic diameters of 0.56 m to 10 m) for 356 

the northern and the southern sampling sites. This size range was selected considering that 357 

super-micron particles contribute more than 70 % to the total INP population (e.g., Mason et 358 

al., 2016; Córdoba et al., 2021). Aerosol particles collected in the present study were able to 359 

nucleate ice at temperatures warmer than those required to freeze supercooled liquid drops (i.e., 360 

homogeneous freezing, black line). The homogeneous freezing line was determined using the 361 

same procedure described in section 2.2.6 with a brand-new substrate (i.e., without aerosol 362 

particles impacted on them). The FF curve of the homogeneous freezing experiments is 363 

comparable with other data for supercooled liquid drops such as the 100 m and 89 ± 7 m 364 

liquid water drops reported by Shardt et al. (2022) and Tarn et al. (2021), respectively.      365 

 366 

The total INP concentrations (i.e., the accumulated INP concentration, represented by the sum 367 

of each MOUDI stage INP concentration for each sample) at both sites are shown in Fig. 2. 368 

Although the INP concentrations measured at both sites were comparable, the exemption was 369 

the May 20th sample (Fig. 2a), where higher and statistically significant differences in INP 370 

concentrations were measured in the southern site between -19 °C and -22 °C (considering the 371 

Agresti and Coull (1998) method to calculate 95 % confidence intervals). Figure 2b also 372 

indicates that the INP concentrations from the present study agree well with those reported by 373 

Cabrera-Segoviano et al. (2022) for Mexico City and by Chen et al. (2024) for Beijing (between 374 

-19 °C and -22 °C), a polluted megacity such as the MCMA.  375 
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 376 

Figure 2. INP concentration as a function of temperature for (a) the measurements performed 377 

between May 16th and 20th, 2022 at the northern and southern site of the MCMA, and (b) 378 

literature measurements for the MCMA (2018 and 2019), and Beijing (2017) reported by 379 

Cabrera-Segoviano et al. (2022) and Chen et al. (2024), respectively. The dark red triangles in 380 

panel (b) represent the INP concentration values reported for a 2019 High Pollution Event at 381 

South MC (Cabrera-Segoviano et al., 2022). The error bars represent the carried experimental 382 

uncertainty calculated using the method described in Mason et al. (2015). 383 

 384 

The impact of particle size on the frozen fraction at both sampling sites does not show a clear 385 

trend (Fig. S4). Likewise, Fig. 3 shows that the mean INP concentration (which represents the 386 

average of all samples for each MOUDI stage) measured on urban particles from the MCMA 387 

is not clearly size-dependent. In theory, particle size and INP efficiency are related. This 388 

relationship is attributed to surface active sites, as larger particles contain a higher concentration 389 

of active sites (Vali, 1996; Hoose and Möhler, 2012; Kanji et al., 2017); however, as urban 390 

ambient samples are a complex mixture of particles with different compositions, the 391 

relationship between particle size and INP is not straighforward as it requires deeper chemical 392 

analysis to undertand the heterogeinity in particles chemical compostion on each MOUDI stage.  393 

 394 

Even though the particle size did not show a trend, a clear difference is observed at larger 395 

particle sizes (i.e., particles between 5.6-10 μm) between the two sampling sites. This shows 396 

that the contribution from larger particles to the INP concentrations was found to be greater in 397 

the south of the MCMA. Although there is no chemical composition information available for 398 
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these large particles, we encourage future studies to help understating the importance of PM10 399 

particles. 400 

 401 

Figure 3. INP average concentration as a function of particle size at -15 °C, -20 °C, -25 °C, and 402 

-30 °C, for southern (CU, magenta) and northern (C5, blue) MCMA. The error bars represent 403 

the carried experimental uncertainty calculated using the method described by Mason et al. 404 

(2015).  405 

 406 

3.2 Ice nucleation activity vs. criteria pollutants  407 

Time series of five criteria pollutant concentrations at both sites are shown in Fig. S2. PM2.5 408 

concentration was found to be comparable at both sites, with a slight increase along the last part 409 

of the campaign. The maximum difference in PM2.5 concentration between both sites was 6.60 410 

µg m-3. Although high hourly values of PM2.5 were measured (in the order of ~60 µg m-3), they 411 

cannot be considered as high pollution episodes as was the case described in Cabrera-Segoviano 412 

et al. (2022) where PM2.5 concentrations above 80 µg m-3 were measured (Carabali et al., 2021). 413 

Similar to previous studies performed within the MCMA, CO, SO2, and NOx concentrations 414 
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were higher at the northern site, with 0.6 ppm, 14 ppm, and 60 ppm maximum difference 415 

between the northern and southern sites for CO, SO2, and NOx, respectively (Fig. S2). This 416 

behavior is related to local emissions, such as gasoline-fueled vehicular emissions and industrial 417 

activity (Vega et al., 2004; Castro et al., 2024).  418 

 419 

O3 concentrations were higher at the southern site (i.e., a 30 ppm maximum difference between 420 

both sites). Local emissions from vegetation cover prevalent in southern MCMA, such as 421 

volatile organic compounds (VOCs), together with local NOx emissions and transport can 422 

explain the O3 behavior. It is well known that VOCs may participate in O3 production by 423 

photochemistry and lead to higher concentrations (Pinto et al., 2010; Amador-Muñoz et al., 424 

2016). Therefore, the southern site is likely enriched in biogenic secondary organic aerosols 425 

(SOA) compared to the northern site (Aiken et al., 2009; Cooke et al., 2024), with unknown 426 

implications in the INP population.  427 

 428 

The INP concentrations shown in Fig. 2 were comparable at colder temperatures, with a slightly 429 

higher concentration at the southern site observed on the last sampling day at warm 430 

temperatures. Given that a slight increase in PM2.5 concentration was also observed on May 431 

20th at the southern site (Fig. S2), there may be a small relationship between INP concentration 432 

at warm temperatures and PM2.5. Figure 4 shows the calculated Pearson correlation coefficients 433 

between the measured criteria pollutants and INP concentration at -20 °C, -25 °C, and -30 °C 434 

for both sampling sites (for particles ranging between 0.56 μm and 3.2 μm). Mean criteria 435 

pollutant concentrations between 08:00 h and 13:00 h local time were used to match the INP 436 

sampling periods. Figure 4 shows high correlations between PM2.5, O3, and the INP parameters 437 

at the southern site, implying that both pollutants can impact the physicochemical properties of 438 

the INP population at this site. On the other hand, no significant correlations were found at the 439 

northern site. As the INP sizes in both sites are identical, the observed differences are likely 440 

linked with differences in the PM2.5 composition. As shown in Figs. 5 and S5, the PM2.5 441 

elemental and ionic composition in the northern and southern sites have important differences. 442 

As the composition is clearly different, the interaction between fine particles, and hence INPs, 443 

with O3 is expected to differ in both sites as well. As the PM2.5 sampling time was much larger 444 

(24 h) than the 4 h INP sampling, a direct correlation between the elemental and ionic 445 

composition with the INP concentrations was not assessed.   446 

 447 
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This suggest that different sources of particles could be present at both MCMA sites, but no 448 

correlation was found that anthropogenic pollution could modify INP concentration. The 449 

relationship between PM2.5 and INP concentrations has been previously evaluated (Chen et al., 450 

2018; Bi et al., 2019; Córdoba et al., 2021; Cabrera-Segoviano et al., 2022), with highly 451 

contrasting results, but showing that urban particle concentrations alone do not affect INP 452 

concentration. 453 

 454 

 455 

Figure 4. Heat map with the Pearson correlation coefficients (r) for the relationships between 456 

the INP parameters (i.e., INP concentrations at -20 °C, -25 °C and -30 °C) and the ambient 457 

criteria pollutants concentrations (i.e., PM2.5, O3, NOx, and SO2) for (a) northern (C5) site and 458 

(b) southern (CU) site of the MCMA. Correlation analysis between CO and INP parameters 459 

was excluded due to the unavailability of CO data for most INP sampling days. The statistically 460 

significant coefficients (with 95 % confidence level) are marked with an asterisk. 461 

 462 

The analysis of the elemental composition indicates that the concentration of 12 of the 16 463 

analyzed elements (i.e., Si, P, S, Cl, K, Ca, Ti, V, Fe, Cu, Zn, and Br) was higher at the northern 464 

site as shown in Fig. 5. The maximum measured concentrations were reported for Al and Si, an 465 

indication of the presence of aluminum silicates from resuspended dust, as previously reported 466 
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(Querol et al., 2019; Córdoba et al., 2021). Pb was present at both sampling sites with a 467 

maximum concentration of 0.13 µg m-3 and 0.08 µg m-3 for CU and C5, respectively. The Pb 468 

sources are typically linked with local industrial activities and the usage of low quality fuels 469 

(Moreno et al., 2008; Hernández-López et al., 2020). The World Health Organization (WHO) 470 

recommends an annual average airborne Pb concentration of 0.5 µg m-3 as part of its Global 471 

Air Quality Guidelines; therefore, the values reported in this work did not exceed this limit. 472 

 473 

 474 

Figure 5. Concentration of the different individual elements analyzed by XRF on PM2.5 at the 475 

northern (C5, blue) and southern (CU, magenta) sites. 476 

 477 

The maximum S concentration (i.e., 2.42 µg m-3) observed in C5 is lower than the values 478 

reported in previous studies (3.24 µg m-3, Castro et al., 2024; 3.38 µg m-3, IMADA, 1997; 5.10 479 

µg m-3, Vega et al., 2004), likely related to differences in the sampling month, but higher than 480 

the highest S concentration reported in CU (i.e., 1.54 µg m-3). S and K are markers of high-481 

pollution events in megacities, typically linked with industrial activity, gasoline combustion, 482 
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and BB emissions (Ríos and Raga, 2018; Raga et al., 2021). In this study, a rise in S and K 483 

concentrations during the last sampling day (i.e., May 20th) is clearly observed (Figs. 5 and S5) 484 

and could be attributed to local and regional BB.  485 

 486 

To further explore the chemical composition of urban aerosol particles at both sampling sites, 487 

the ion composition was analyzed. Figure S5 reinforces the significant differences in the urban 488 

particles’ chemical composition between the two microclimates. The five analyzed cations 489 

(Na+, K+, Ca2+, NH4
+, and Mg2+) and the three analyzed anions (Cl-, NO3, and SO4

2-) showed 490 

higher concentrations at the northern site. The relationships among SO4
2-, NO3

-, and NH4
+ at 491 

both sampling sites are shown in Tables S3 and S4. The strong observed correlation suggests 492 

the presence of (NH4)2SO4 and NH4NO3 at both sites, two compounds produced by 493 

photochemical reactions driven by gasoline and diesel emissions (Vega et al., 2004; Hernández-494 

López et al., 2020; Castro Romero et al., 2024).  495 

 496 

Figure S6 shows that the HYSPLIT backward trajectories at 250 m AGL at both MCMA sites 497 

overlaid on the NASA FIRMS real-time active fire locations for the sampling period (i.e., May 498 

12th to May 20th, 2022). Even though not all backward trajectories pass through active fires, the 499 

overlap between some back-trajectories and active fires suggests that the local and regional 500 

transport of BB particles could contribute to the observed differences in the chemical 501 

composition, as shown elsewhere (e.g., Carabali et al., 2021). Additionally, Fig. S6 shows that 502 

air-masses in both sampling sites came from very similar directions during the sampling period, 503 

so particle transport between two sites cannot be neglected at all.  504 

 505 

To evaluate potential sources of the measured urban aerosol particles, a cluster analysis was 506 

applied using all the chemical species to generate a dendrogram for each sampling site. 507 

Hierarchical clustering was conducted using Ward’s method, with Pearson correlation 508 

coefficients employed as the similarity measure. This technique groups variables by minimizing 509 

increases in within-cluster variance, leading to clusters of species with similar temporal 510 

patterns. The resulting dendrogram illustrates the level of similarity among variables, where 511 

shorter linkage distances represent stronger relationships. Principal cluster components can be 512 

linked to a potential source as shown in previous literature analysis of similar samples 513 

(Reynoso-Cruces et al., 2023). The dendrogram for the southern site (Fig. S7) presents three 514 

groups: the orange cluster with anthropogenic oxidized and non-oxidized species and a 515 

contribution of BB regional emissions; the green cluster with geogenic oxidized and non-516 
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oxidized species; and the brown cluster with resuspended soil originated from rural areas with 517 

geogenic species and some anthropogenic contributions. Likewise, the dendrogram for the 518 

northern site (Fig. S8) also shows three groups: the orange cluster, which corresponds to 519 

anthropogenic oxidized and non-oxidized species; the blue cluster, containing mostly 520 

anthropogenic oxidized species from fossil fuels; and the brown cluster with oxidized and non-521 

oxidized resuspended soils. This cluster analysis highlights the effects of land use and BB on 522 

the chemical composition of the urban particles across these two microclimates of the MCMA 523 

and denotes sample complexity.   524 

 525 

3.3 Ice nucleation activity vs. culturable microorganisms 526 

To assess the presence of biological particles at both sampling sites, the concentrations of 527 

culturable bacteria and fungi were measured in parallel to the INPs. Significant daily variations 528 

in bacteria and fungi concentrations at both sampling sites were observed, as shown in Fig. 6. 529 

The measured CFU m-3 follow the same pattern at both sites, an inverse pattern with PM2.5 530 

concentration. The average concentrations of bacteria and fungi at the northern site were 2774 531 

CFU m-3 and 433 CFU m-3, respectively; at the southern site, the average concentrations of 532 

bacteria and fungi were 3882 CFU m-3 and 509 CFU m-3, respectively. The average bacteria 533 

concentrations reported in this study are higher than those reported for Yucatán, México (i.e., 534 

69 CFU m-3) (Rodriguez-Gomez et al., 2020), Tijuana, México (i.e., 340 CFU m-3) (Hurtado et 535 

al., 2014), northwestern Amazon, Colombia (i.e., 228 CFU m-3) (Russy-Velandia et al., 2025), 536 

and Qingdao, China (i.e., 83 CFU m-3) (Li et al., 2011). In contrast, the average fungi 537 

concentrations reported in this work are lower than those reported for Yucatán, México (i.e., 538 

1018 CFU m-3) (Rodriguez-Gómez et al., 2020), and are consistent with the results reported for 539 

northwestern Amazon, Colombia (i.e., 642 CFU m-3) (Russy-Velandia et al., 2025) and 540 

Qingdao, China (i.e., ~300 CFU m-3) (Li et al., 2011). Consistent with the aforementioned 541 

studies, the Gram staining analysis indicated that 57 % of the culturable bacteria were Gram-542 

positive 543 

 544 
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 545 

Figure 6. Time series of the concentration (CFU/m3) of total mesophilic a) bacteria and b) fungi 546 

measured in the northern (C5, blue) and southern (CU, magenta) sites. 547 

 548 

A total of 21 bacterial species and eight fungal genera were identified between both sampling 549 

sites (Tables S5 and S6). Although bioparticles were clearly present at both sites, it is doubtful 550 

that they played a key role in the ice nucleating abilities of the collected urban particles. The 551 

FF reported in this work differ significantly with those reported for bioaerosols, typically 552 

showing activation close to -10 °C (Hoose et al., 2010; Knopf et al., 2011; Wex et al., 2015; 553 

Kunert et al., 2019). It is still possible that INP contributed by bioparticles are below the 554 

detection limit of our setup because of sampling methods (i.e., differences in cut-off and total 555 

sampling time). However, an overview of INP concentrations observed in the atmosphere by 556 

Petters and Wright, (2015) indicates that our detection limit of 0.1 L-1 is high enough to enable 557 

the detection of biological particles if they were present. Although the northern site showed 558 

relative higher, but not significant, correlations between microorganisms’ concentration and 559 

INP concentrations (Fig. 4), all INP analysis indicate that the identified culturable 560 

microorganisms did not play a primary role in the measured INP concentration of the MCMA 561 

samples. Moreover, the sampling season (dry vegetation season) may be governing the 562 

relationship between biological particles and INP concentration reported here, making it 563 
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necessary to assess INP concentrations at different times of year (i.e., across meteorological 564 

seasons). 565 

 566 

Although some of the identified bacteria and fungi genera and species have been reported to 567 

act as INPs at warm temperatures (Tables S5 and S6), it is completely unknown if the MCMA 568 

microorganisms contained the INA protein. Melchum et al. (2023) showed that among the 64 569 

analyzed species, the most efficient INP was the Cupriavidus pauculus bacteria, with an onset 570 

freezing temperature of -11.8 °C. Therefore, as demonstrated by Melchum et al. (2023) and 571 

previously by Schnell and Vali (1976), tropical biological particles appear to be inefficient 572 

INPs. The behavior of bacterial and fungal concentration between the northern and southern 573 

sites were evaluated by the Pearson correlation analysis shown in Tables S7 and S8. As 574 

expected, mixed values of Pearson coefficients reflect that not all bacteria and fungi found at 575 

the southern site (closed to vegetated areas) are present in the northern site.  576 

 577 

 578 

4. Conclusions 579 

This work evaluated, for the first time, simultaneous measurements of INP concentration at two 580 

sites within one of the largest megacities worldwide. Aerosol particles sampled in the southern 581 

and northern parts of the MCMA acted as INPs, via immersion freezing. The average INP 582 

concentrations varied between (0.04  0.04) L-1 and (24.9  18) L-1 at temperatures between -583 

15 °C and -30 °C. The measured INP concentrations agree with those from previous studies 584 

conducted in Mexico City (Mexico) and Beijing (China), showing that INP concentrations are 585 

not affected by anthropogenic emissions but are indeed influenced by soil use and other local 586 

sources. Although earlier studies have shown that particle size plays a role in the INP 587 

concentration of Arctic, urban, marine, biomass burning, and mineral dust particles (e.g., Mason 588 

et al., 2016; Córdoba et al, 2020), the present results showed that the INP concentration of 589 

complex urban particles from the MCMA are not strongly size-dependent (see Figs. S4 and 3).  590 

 591 

The present results clearly demonstrated the existence of microclimates within the MCMA. The 592 

INP parameters of the MCMA urban particles correlated with PM2.5 and O3, at the southern 593 

site, corroborating that particle mass concentration and ozone concentration are very important 594 

for the southern MCMA microclimate. Nevertheless, urban aerosol particles show similar INP 595 

concentrations across both sites, suggesting that INP activity does not depend on a specific 596 

aerosol type, but rather on the bulk complex mixture of aerosol particles or on the dominance 597 
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of long-range-transported INPs, with no or only a few additional urban sources. Local emissions 598 

and the regional transport of different particles (e.g., BB, biogenic SOA, anthropogenic SOA, 599 

mineral dust particles, and bioaerosol), are highlighted as the primary sources of urban aerosol 600 

particles along the MCMA. These results are consistent with previous studies in the MCMA 601 

that have mostly focused on aerosol chemical composition (Molina et al., 2010; Amador-602 

Muñoz et al., 2011; Ladino et al., 2018). 603 

 604 

Although the distance between both sampling sites is just 16 km, aerosol sources and 605 

atmospheric processes linked to particle formation and aerosol aging (e.g., gas-to-particle 606 

conversion, organic coatings, and photochemistry) are quite different. This implies key local 607 

implications in particle characteristics (i.e., chemical composition, particle morphology, and 608 

particle size) that could impact the INP concentration. The present study demonstrates that a 609 

larger contribution of unknown large urban aerosol particles (i.e., particles between 5.6-10 μm) 610 

could be important for heterogeneous MPC formation at the southern MCMA site, as evidenced 611 

by the rise in INP concentration at -20 °C (see Figs. 2 and 3). Therefore, if we aim to improve 612 

the current understanding of aerosol-cloud interactions above this megacity, it is crucial to 613 

consider the different microclimates to avoid assuming that aerosol physicochemical and 614 

biological characteristics within the megacity are homogeneous. Thus, differences in the local 615 

anthropogenic activities, biogenic emissions, population density, and land use are key drivers 616 

that must be considered.  617 

   618 

Although the present work shows that air pollutants such as PM2.5 and ozone can be linked with 619 

the ice nucleating abilities of urban aerosol particles, it is important to understand the role and 620 

the origin of the super-micron particles as they are a large contributor to the MCMA INP 621 

population.  622 

 623 
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