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Resumen 

 

Las partículas de aerosol pueden emitirse a la atmósfera y allí actuar como núcleos de 

congelación (INPs por sus siglas en inglés). Los INPs influyen en la formación de precipitación 

sobre los continentes y en el balance radiativo. Por esto, este trabajo estudia las habilidades para 

la formación de cristales de hielo de las partículas de aerosol que se encuentran en el agua de 

lluvia de Quito, Ciudad de México y Altzomoni. Para determinar la concentración y 

composición de los INPs en los sitios mencionados, se recolectaron muestras de agua de lluvia 

y se implementan las técnicas de congelación de gota y espectroscopia de absorción atómica. 

Se encontró que todas las muestras de aguas de lluvia presentan partículas de aerosol con 

habilidades nucleadoras de hielo. Pese a las diferencias entre Quito y México, los resultados 

obtenidos demostraron que las concentraciones y comportamiento de los INPs son similares y 

consistentes con la literatura. Contrario a esto, las muestras de Altzomoni indican mayor 

eficiencia en la formación de cristales de hielo. Finalmente, se establece que la correlación entre 

las concentraciones de los elementos Na +, K +, Mg 2+, Ca 2+ y las habilidades nucleadoras de 

hielo de las partículas es muy baja. 

 

Palabras Clave: 

Aerosol, Particulas Nucleadoras de hielo, Nubes, Congelación Heterogénea, de lluvia, 

Composición Química. 
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1. TITLE 

 

Concentration and Composition of Ice Nucleating Particles in Rain Water Samples from Quito, 

Mexico City, and Altzomoni. 

2. ABSTRACT 

 

Aerosol particles which are emitted to the atmosphere by primary or secondary processes, can 

act as cloud condensation nuclei (CCN) and/or ice nucleating particles (INP) influencing cloud 

droplets and ice crystals formation, respectively. Therefore, aerosol particles are fundamental 

in the formation and modification of cold clouds and precipitation. This research studied 

precipitation samples from Mexico City (Mexico), Quito (Ecuador), and Altzomoni (Mexico) 

with the main objective of determining the concentration and composition of INPs to provide 

information about the role that aerosol particles play at tropical latitudes. Rain water samples 

were collected at different dates from July to November for Mexico City, and Altzomoni, and 

in June for Quito. Experimental analysis were performed with the Droplet Freezing Assay 

(DFA) and Flame Atomic Absorption Spectroscopy (FAAS) techniques. It was found that the 

three places under analysis were influenced by the presence of efficient INPs at concentrations 

in the range from 102 to 105 L-1 water. Surprisingly, the ice nucleating abilities of the samples 

from Quito and Mexico City were comparable. The aerosol particles contained in the rural 

samples (i.e., from Altzomoni) were found to be more efficient INPs, in comparison with the 

particles contained in the urban samples (i.e., from Quito and Mexico City). The high ice 

nucleating abilities shown by the rural samples are likely related with the presence of biological 

particles such as bacteria. When correlating the ice nucleating abilities of the rain water samples 

with their chemical composition from the FAAS, poor correlation coefficients were obtained. 

The present results from the densely populated cities (i.e., urban) were found to be consistent 

with literature data from urban places at tropical latitudes. 

3. KEY WORDS 

 

Aerosol, Ice Nucleating Particles, Clouds, Heterogeneous Freezing, Rain water, Chemical 

Composition.  



2 
 

4. INTRODUCTION- JUSTIFICATION 

 

4.1. THE ATMOSPHERE 

 

The atmosphere is a gaseous layer which surrounds the Earth. It can be described in terms of 

layers that are defined based on altitude and average air temperature variations into 

Troposphere, Stratosphere, Mesosphere, and Thermosphere as shown in Figure 1.1 The 

troposphere is the lowest layer of the atmosphere, ranging from the Earth’s surface to an altitude 

of about 10–15 km (depending on the latitude), at which temperature decreases with altitude,2 

and where 80% of the total atmospheric mass is contained with contributions of gases and 

solid/liquid particles.  

 

 

Figure 1. Vertical profile of the atmospheric layers on Earth´s atmosphere1. 
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4.2. AEROSOL PARTICLES 

 

Aerosol refers to solid or liquid particles suspended in the atmosphere in which those play an 

important role in the modification of clouds3 and precipitation development4. Thus, they have 

important impacts on the hydrological cycle, the radiative balance of the planet, and the global 

climate.5 

 

4.2.1. PRIMARY AND SECONDARY AEROSOL 

 

Aerosol particles are classified as being of primary origin if they are directly emitted into the 

atmosphere from either natural sources (e.g., volcanic eruptions, sea spray, and erosion 

mechanisms) or anthropogenic processes (e.g., incomplete combustion of fossil fuels and 

industrial processes).6 Secondary aerosol particles are formed from precursor gases emitted in 

the atmosphere,7 through chemical reactions or physical transformations such as the nucleation 

of particles known as to gas-to-particle conversion or the condensation of vapor species on 

existing particles.8 Aerosol particles in the atmosphere usually cover a size range of several 

orders of magnitudes, from about 1 nm up to around 100 µm.9 They are divided into different 

modes according to their size as shown in Table 1.10 

  

Table 1. Aerosol modes with their corresponding radius ranges10. 

 

 

Seinfeld and Pandis2 explain that aerosol particles in the accumulation mode are the result of 

primary emissions or condensation and coagulation of secondary aerosol particles, while 

particles in the coarse mode are almost the product of mechanical process such as wind.  
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Furthermore, particles in the nucleation mode form by nucleation from supersaturated vapors 

emitted into the atmosphere such as volatile organic compounds (VOC), then those particles 

grow by condensation and coagulation to form Aitken and accumulation mode particles.10 From 

these modes, the dominant particles, in number, are those ranging between 0.001µm and 1µm 

as shown in Figure 2. 

    

 

Figure 2. Size distribution of atmospheric aerosol particles.10 

 

Some of the most abundant aerosol particles emitted correspond to: (1) sea salt; (2) soil dust; 

(3) inorganic salts (sulfate, nitrate, ammonium); (4) Organic Carbon (OC); (5) Elemental 

Carbon (EC); and (5) biological particles (e.g., bacteria, spores, pollen, fungi, viruses, among 

others).4    

 

 

 

 

 

 



5 
 

4.2.1.1. Removal of aerosol particles from the atmosphere 

 

Figure 3 illustrates the different ways of production, growth, and removal of atmospheric 

aerosol particles.11 The aerosol dynamics work under the influence of winds and are removed 

from the atmosphere either by impacting with the Earth’s surface (dry deposition) or by being 

washed out by precipitating clouds (wet deposition).12 

 

 

 

Figure 3. Aerosol particles emission, formation, and scaveging processes ocurring in the  atmosphere.11  

 

Wet deposition involves scavenging of aerosol particles by the interaction with precipitation 

and clouds, whereas dry deposition is related to direct collection of particles in the air, occurring 

by the action of turbulent diffusion, gravity, impaction, interception and Brownian diffusion.13 

As shown in Figure 4, wet deposition will occur in different ways such as in-cloud scavenging 

where particles are captured by cloud droplets within the cloud, and below-cloud scavenging 

where particles in the air column below the cloud are incorporated into droplets due to 

impaction.14 
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Figure 4. Dry and wet deposition occurring in the atmosphere.13 

 

Furthermore, aerosol particles can act as cloud condensation nuclei (CCN) or ice nucleating 

particles (INPs), in order to facilitate the nucleation of liquid cloud droplets or induce the 

formation of ice crystals, respectively.15 

 

4.2.2.  ICE NUCLEATING PARTICLES  

 

Nucleation implies a phase transition where a cluster of a thermodynamically stable phase 

forms and grows with the surrounding metastable parent phase and it occurs in two ways: 

homogenously from aqueous droplets or heterogeneously from distinct aerosol particles at 

different thermodynamic conditions.16 

 

In terms of temperature and relative humidity with respect to ice (RHi), homogeneous freezing 

occurs below -38ºC and RHi > 140-150%. In contrast, heterogeneous freezing, which requires 

INPs as a catalyst, occurs at temperatures warmer than -38ºC and lower RHi than those required 

for homogeneous freezing.17 Heterogeneous ice nucleation in the atmosphere is induced by 

INPs in different ways as shown in Figure 5: a) Deposition nucleation, b) Immersion freezing, 

c) Condensation freezing, and d) Contact freezing.18 



7 
 

 

4.2.1.2.  Freezing mechanisms of primary ice particles 

 

 

Figure 5. Freezing mechanisms for ice crystals formation.17  

 

As can be seen in Figure 5, contact freezing occurs when an INP collides with the surface of a 

supercooled liquid droplet and ice nucleation occurs at the air-liquid-solid interface.19    

Condensation freezing initiates by the formation of a liquid phase on a CCN at supercooled 

temperatures. Once the liquid phase is formed it automatically freezes.17 Murray et al.20 explain 

that immersion freezing takes place when an INP is immersed into a liquid droplet, which is 

subsequently cooled to initiate ice formation. Finally, deposition nucleation takes place when 

the water vapor deposits directly on the surface of an INP to form the ice crystal, and it is the 

only heterogeneous mechanism where liquid water is absent.17 When and where in the 

atmosphere each mechanism takes place depend on the INP composition, ambient temperature, 

water supersaturation, among other factors.21 
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Once ice particles are formed, they can grow in the atmosphere by different mechanism such 

as: a) Growth from vapor deposition, b) Growth by riming, which refers to the increase in ice 

mass caused by the collision of ice particles with supercooled droplets that freezes right after 

the collision takes place, and c) Growth by aggregation, at which ice particles grow when they 

collide with other ice particles.21 

 

4.2.1.3. Secondary Ice Particles   

 

Secondary ice refers to the formation of ice crystals from preexisting ice without requiring the 

involvement of an INP.22 Secondary ice processes (SIP) acting in the formation of secondary 

ice were discovered due to the difference in the concentration of crystals and the concentration 

of measured INPs, which was believed to be on the same order, but experimental data showed 

that within natural clouds the concentration of ice crystals exceeds the concentration of INPs 

by several orders of magnitude.23 

 

 

 

Figure 6. Secondary Ice processes.22 

 

Figure 6 shows the four proposed mechanisms in the formation of secondary ice. Those are: 

rime splintering, proposed by Hallett and Mossop,23 droplet shattering where splinters are 

produced from the freezing of supercooled droplets,24 crystal-crystal collision fragmentation,25 

and sublimation fragmentation,26 in which ice fragments separate from the parent particle 

during sublimation process. 
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4.2.2. CHARACTERISTICS OF ICE NUCLEATING PARTICLES 

 

Only a small fraction of the aerosol particle´s population can act as INP, ranging from 100 to 

1010 L-1 water.3 In that way, to have aerosol particles acting as INPs, some features are required: 

  

4.2.2.1. Insolubility Requirement 

 

INPs should be water insoluble because soluble particles follow a tendency to disintegrate under 

the action of water and the ice germ formation is avoided.21 Ansmann et al.27 suggest that 

aerosol particles contain insoluble and soluble components, and that the insoluble part is 

responsible for heterogeneous ice formation.  

 

4.2.2.2. Size Requirement 

 

Diehl and Wurzler28 demonstrated in laboratory studies that there is a correlation between the 

freezing ability of an aerosol particle and its size. Therefore, larger aerosol particles are 

considered more efficient INPs because the concentration of INPs active at temperature warmer 

than -20ºC is proportional to the concentration of large particles.21 Moreover, DeMott and 

coworkers29 state that the concentration of INPs can be explained by the concentration of 

aerosol particles larger than 0.5 µm.  

 

4.2.2.3. Chemical Bond Requirement 

 

Good INPs must have available hydrogen bonds at their surface because the ice crystal lattice 

is held together by hydrogen bonds.21   

 

4.2.2.4. Crystallographic Requirement  

 

Lohmann et al.16 stated that a crystalline structure similar to that of ice is preferable because 

water molecules can easily form an ice lattice on them. 
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4.2.2.5. Active Site Requirement 

 

Pruppacher and Klett21 explained that heterogeneous nucleation is a localized phenomenon, so 

it proceeds at distinct active sites on a substrate surface. Indeed, good INPs present many active 

sites capable of absorbing water molecules to initiate ice nucleation. Active sites refer to areas 

where initiating ice nucleation is easily.30 

 

4.3. DETERMINATION OF INPS  

 

Different methods to study ice nucleation have been developed since 1940  due to the increasing 

necessity of analyzing the INP concentrations31 to explain the formation of ice crystal, which  

play an important role in the precipitation formation.23  

 

4.3.1. LABORATORY STUDIES  

 

There are several laboratory studies that currently use non-portable systems to  investigate INPs, 

which according to Cziczo et al.32 are motivated due to the ice nuclearting abilities presenting 

on some samples without condireable connection to atmospheric abundance. For that reason, 

some methods have been developed such as wind tunnel experiments, droplet levitation26, 

optical microscope33, cloud chamber methods,34,35 and freezing experiments, in which this 

study will foccus. Freezing experiments were gintroduced by Bigg36 and Vali37, who analized 

the precipitation throught the  freezing of water drops to obtain a nucleus spectra and derive the 

concentration of INPs at specific temperature ranges. More recently, Cascajo38, DeMott et al.39, 

among others, applied freezing experiments to simulate immersion freezing because this 

mechanism is the key process occuring in the formation of ice crystals in mixed-phase clouds. 

40 

 

4.3.2. FIELD (PORTABLE) STUDIES  

 

In the same way that for laboratory experiments, in field studies, portable chambers can be used 

to quantify ice crystal32, differing in the size of the instruments. Additionally, Rogers41 

introduced the use of radars (acustic, microwaves), and lasers to detect ice crystals in 

atmosphere, which can be correlated with the presence of INPs.  
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4.4.  CLOUDS 

 

According to the World Meteorological Organization (WMO), clouds are an aggregate of cloud 

droplets or ice crystals, or a combination of both, suspended in air42. Figure 7 shows that they 

can be classified according to their cloud base height into high, mid-, and low-level clouds.16 

High-level clouds use the prefix cirrus, which indicates clouds located above 7 km, which 

mainly consists of ice crystal due to the low air temperatures. Mid-level clouds use the prefix 

alto- which denotes clouds with cloud bases in the mid-troposphere between 2 and 7 km. Hence, 

mid-level clouds consist of droplets and ice crystals. Finally, low-level clouds are formed of 

cloud droplets only and they are usually below 2 km.43  

 

Other classification can be achieved according to cloud microphysical properties (phase of 

contained hydrometeors, which are particles leaving the cloud) into warm, cold and mixed-

phase clouds. Warm clouds mainly consist of liquid water in the form of cloud droplets. 

Analogously, cold clouds consist mostly of ice crystals.15 If clouds contain a mixture of ice 

crystals and cloud droplets, they are denoted as mixed-phase clouds and they can typically be 

found at temperatures ranging between 0 and -38ºC.17   

 

 

Figure 7. Clouds classification based on the cloud base height in the troposphere.16 
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4.4.1. MIXED-PHASE CLOUDS 

 

These clouds are characterized by the complex interactions between water vapor, liquid, and 

ice in the same system.44 Mixed-phase clouds can be found at all latitudes from polar regions 

to the tropics. De Boer et al.45 explain that there is an important liquid-ice dependence in mixed-

phase clouds due to their structure, thus, this dependence explains that clouds composed of ice 

crystals and liquid droplets are more frequently than clouds composed entirely of ice.  

 

Analyzing the formation of mixed-phase cloud is the focus of the present study because their 

widespread nature allows them to play critical roles in the life time of clouds, efficiency at 

reflecting radiation, and in precipitation formation.46 At the same time, these roles influence the 

hydrological cycle.47 

 

4.4.1.1. Hydrological cycle  

 

The hydrological cycle represents a continuous series of processes occurring simultaneously 

that allows the movement of water between and within the atmosphere and the Earth´s surface.48 

In the review “Understanding of  Earth´s Hydrological cycle”, the authors Rast et al.49 argue 

that the hydrological cycle is composed of different mechanisms of transport, which include 

evaporation from water and soil surfaces, evapotranspiration from vegetated land, transport of 

water vapor in the atmosphere related to cloud dynamics, the mechanisms leading to liquid and 

solid precipitation, the movement of water in soil by root dynamics, river run-off, and 

groundwater flow (See Figure 8).   

 

 

Figure 8. Hydrological Cycle representation through atmosphere, water, and land interactions.48                                                                  
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4.4.1.2. Mixed-phase Clouds Formation 

 

Mixed-phase clouds can be formed in the atmosphere due to adiabatic cooling of ascending 

parcels50 or by the activation of liquid water within a preexistent ice cloud51. In the former 

process, inside the updrafts, liquid cloud droplets form by CCN activation, and ice crystals are 

produced from INPs by the different heterogeneous mechanism as described above.46 In 

contrast, the activation of liquid water to transform an ice cloud into a mixed cloud phase 

consider three routes: uniform ascent, harmonic vertical oscillations, and turbulent 

fluctuations.51 The first two represent motions in the vertical limited in time and space, and the 

third scenery is associated to the turbulence generated by the vertical motions in clouds.  

 

4.5. PRECIPITATION FORMATION 

 

Precipitation gives origin to warm and cold rain, where precipitation represents hydrometeors 

consisting of an ensemble of particles falling down, and rain is a type of precipitation of drops 

of water which falls from a cloud.42 Warm and cold rain differ in their thermodynamic phase 

components. Mülmenstädt et al.52 describes that if the thermodynamic phase at the cloud top is 

ice or mixed-phase, precipitation is classified as cold rain, and if it is liquid and no ice is present, 

the precipitation is considered as warm rain. 

 

4.5.1. COLD RAIN 

 

Cold rain formation in mixed-phase clouds can be explained by the Wegener-Bergeron-

Findensen process (See Figure 9). Wegener53 proposed a theory of ice crystal growing due to a 

difference in water vapor saturation between ice crystals and liquid water droplets. Then, 

Bergeron54 hypothesized that most rain-drops begin as ice crystals in supercooled cloud where 

they grow at expenses of evaporating drops. With the contribution of Wegener and Bergeron, 

Findeisen55, stated that ice crystals grow by vapor deposition coming from supercooled liquid 

droplets due to a difference in saturation vapor pressure, which is lower for ice crystals than 

liquid water. Because the saturation vapor pressure of liquid water is higher than ice, the 

evaporation rate at cloud droplets is higher than condensation. Thus, the produced vapor 

molecules are deposited onto the crystals surface, which grow and precipitate.56  
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Figure 9. Wegener-Bergeron-Findensen process: explains precipitation formation via the ice phase.48 

 

 

4.5.1.1. Relationship between Precipitation Formation and the Presence 

of INPs 

 

Considering that most of the precipitation over the continents occurs via the ice phase,52 the 

presence of ice particles in clouds is fundamental in the formation of precipitation, the radiative 

properties of clouds, and the chemical interactions within clouds 4.  

 

In that way, DeMott et al.29 show that more precipitation is formed when the concentration of 

INP is higher  in mid-level clouds as shown in Figure 10. Supporting this idea, Knopf et al.57 

state that in mixed-phase clouds, the existence of ice crystals, which are related to the presence 

of INPs, may govern precipitation, which affects the hydrological cycle.  

.  
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Figure 10. Illustration of the effect of ice crystals in cold clouds to form cold rain 29 
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5. PROBLEM STATEMENT  

 

The analysis of INPs tries to develop a better knowledge of atmospheric process that influence 

clouds and precipitation formation, which affects the planetary radiative balance, and the 

hydrological cycle. For these reasons, in the last decades there have been an increasing interest 

on analyzing the chemical composition, structural properties, and origin of aerosol particles in 

relation with their ice nucleating abilities. A recent study where a revision of old measurements 

of INPs present in precipitation samples, came out with a nucleus spectrum obtained from cloud 

water, rain water, snow, melted sleet, and hail samples as shown in Figure 11.  

 

 

Figure 11. Nucleus spectrum from precipitation samples.3 
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The majority of the scientific studies on ice nucleation have been conducted in mid- and high-

latitudes with little information from the tropics. In Mexico, few studies such as Ladino et al.58 

and Knopf et al.57 talk about the sources of INPs from urban and maritime sources, whereas in 

Ecuador there are not studies reporting the characterization of INPs. In that way, it is clear that 

there is not enough information about INPs in those tropical places. Hence, studies similar to 

the present work are required to analyze rain water samples in order to understand aerosol´s 

particles emission and the role that this phenomenon has in the cold clouds formation and 

precipitation patterns in the tropics.  

 

To provide information about INPs and their role in the precipitation patters, freezing analysis 

and atomic absorption analysis will be performed to determine the ice nucleating abilities of 

the aerosol particles contained in the rain samples.   
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6. OBJECTIVES 

 

6.1. GENERAL OBJECTIVE 

 

To study the concentration and composition of ice nucleating particles in rain water from Quito, 

Mexico City, and Altzomoni. 

 

6.2. SPECIFIC OBJECTIVES 

 

 To determine the freezing temperature of precipitation samples through the Droplet 

Freezing Assay analysis and to compute the concentration of INPs present on them. 

 To determine the chemical composition of rain water samples from different cities by 

performing atomic absorption analysis. 

 To stablish the relationship between INPs and precipitations patters in two densely 

populated tropical cities and one rural site by means of Back-trajectories.  

 

6.3. HYPOTHESIS 

 

There is a difference in the nucleating abilities of rain water samples from the urban cities of 

Quito and Mexico City.  
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7. METHODOLOGY 

.  

7.1. SAMPLING LOCATIONS DESCRIPTION  

 

The sampling locations were chosen to provide information about two different tropical 

countries. Samples were collected in Quito, Mexico City (CDMX), and Altzomoni (ALTZ). 

Two of the places are related to urban locations (i.e., Quito and CDMX), whereas one of them 

can be considered as a rural location (i.e., ALTZ). 

Rain water samples were collected at dates from June to November of 2018. The number of 

samples collected at each location is summarized in Table 2, and those are associated to 

different precipitation events.  

 

Table 2. Collection dates of rain water samples. CDMX refers to Mexico City, while ALTZ to Altzomoni. 

Samples 

Location Quito CDMX ALTZ 

Number 4 10 10 

 

 

7.1.1. QUITO- ECUADOR 

 

In Quito, samples were collected in the center of the city, in a house with a geographic location 

of 0.19ºN and 78.51ºW and an altitude of 2850 m.a.s.l. This place is surrounded by buildings 

and houses as shown in Figure 12, and is influenced by vehicular and urban emissions.  

 

 

Figure 12. Sampling location in Quito. 
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The dates in which samples were collected in Quito are shown in Table 3. In the first sampling 

day the conditions were high cloudiness and heavy rain. In contrast, the three other samples 

were collected during the night with higher wind speed values, and the presence of moderate 

rain. There are not official meteorological conditions reported for these sampling days due to 

the lack of equipment.  

 

Table 3. Data from rain water samples in Quito. 

Sample Date 

ECUA 1 01/06/2018 

ECUA 2 27/06/2018 

ECUA 3 28/06/2018 

ECUA 4 29/06/2018 

 

 

7.1.2. MEXICO CITY (CDMX)- MEXICO 

 

This sampling place is located at the Atmospheric Science Center (CCA) at the National 

Autonomous University of Mexico (UNAM), with a geographic location of 19.3262ºN and 

99.1761ºW and an altitude of 2 280 m.a.s.l. Figure 13 shows the CCA station, which is 

influenced by the presence of vegetation and anthropogenic pollution.  

 

 

Figure 13. Sampling station in Mexico City.59 
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7.1.2.1. Meteorological Conditions  

 

The samples were collected during the fall (September 23rd to December 21st) at temperatures 

below 18°C, and with meteorological conditions showing that samples were collected during 

light and moderate rain events, with light wind speeds associated. The data of the different 

meteorological variables during sample collection in CDMX are  presented in Table 4. 59 

 

Table 4. Data from rain water samples for Mexico City.  

Sample Date Average 

temperature (ºC) 

Wind speed 

(km/h)  

Precipitation  

(mm) 

1 27/09/2018 16.51 4.95  8.00 

 2 28-30/09/2018 16.86 5.92 - 

 3 05-07/10/2018 16.31 6.00 25.02 

 4 10/10/2018 17.24 5.92 - 

5 11/10/2018 17.75 5.40 15.00 

 6 12-14/10/2018 null null 5.60 

 7 19-21/10/2018 15.56 6.62 15.00 

 8 26-28/10/2018 16.17 6.75 6.80 

 9 31/10-04/11/2018 14.87 5.06 8.00 

 10 13-14/11/2018 10.53 6.93 16.20 

 

 

7.1.3. ALTZOMONI (ALTZ), MEXICO STATE, MEXICO 

 

This place is located in the National Park Izta-Popo with a geographical location of 19.1187ºN, 

and 98.6552ºW in Altzomoni and at an altitude of 3 985 m.a.s.l. This station showed in Figure 

14 is surrounded by a pine forest, and an active volcano (Popocatepetl), then, is likely 

influenced by biological aerosol emissions, and probably local mineral dust and ash particles.  

 

 

Figure 14. Sampling station in Altzomoni.59  
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7.1.3.1. Meteorological Conditions  

 

The rain water samples in ALTZ were collected during the summer and fall seasons at different 

dates and cold temperatures (below 5°C). The meteorological conditions for ALTZ shown in 

Table 5,59 indicate that samples were collected in the presence of gentle and moderate winds, 

with more intense precipitation events in comparison to CDMX and Quito. 

 

Table 5. Data from rain water samples in Altzomoni.  

Sample Date Average temperature 

(ºC) 

Wind speed 

(km/h)  

Precipitation 

(mm) 

 1 14-20/06/2018 null null 62.00 

 2 21-27/06/2018 3.30 13.19 32.20 

 3 14-19/08/2018 5.17 21.20 30.00 

 4 01-09/10/2018 3.91 11.73 15.60 

 5 Non reported - - - 

 6 10-16/10/2018 5.34 22.31 31.00 

 7 17-21/10/2018 4.09 28.82 23.00 

 8 22-28/10/2018 4.03 27.06 6.30 

 9 07-13/11/2018 4.24 12.41 17.50 

 10 14-18/11/2018 3.16 10.68 21.00 

 

 

7.2. SAMPLING METHOD 

 

The procedure performed to collect the samples varied between the countries due to the 

availability of resources. In Mexico, the samples were picked up by a Meteorological Institution 

from the UNAM that own the required equipment to collect precipitation samples, whereas the 

samples from Ecuador were taken by a student without the ideal equipment. The details will be 

explained in detail in the next section.  

 

7.2.1. ECUADOR SAMPLING  

 

An assembly of a graduated cylinder, and a funnel as is illustrated in Figure 15 was 

implemented to collect the rain samples in Quito. Four samples with a volume of 100mL were 

collected, and placed in four different amber bottles of 250mL.  
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Afterwards, 1mL of chloroform was added with a 1mL pipette to each bottle, with the main 

purpose of inhibiting bacteria proliferation. The samples were stored during one month at -

20ºC, and later on transported from Ecuador to México in a cooler. In México, prior to their 

analysis, they were stored at -26ºC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Experimental assembly to collect rain water sample. 

 

 

7.2.2. MEXICO SAMPLING  

 

Rain water samples in CDMX and ALTZ were collected by using a white bucket connected to 

a sensor. The bucked was covered with a metallic screen that opened when the intensity of sun 

light decreases and the cloudiness increases, which is generally associated to precipitation. 

From Figure 16 different parts of the setup can be identified. a) the sensor sensitive to sun light 

with a metallic assembly, which is displaced to open or close the metallic cover, b) and d) the 

whole assembly implemented to collect the rain water samples, and c) the metallic cover open 

and ready to sample. 
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Figure 16. Experimental equipment implemented at the CDMX and Altzomoni stations to collect rain water. 

  

When the container was full, it was transported to the CCA. From the bulk sample, 25mL of 

each sample were used to perform the ice nucleation analysis, and they were stored in 

refrigeration at 4ºC prior to the analysis.  

 

7.3. DROPLET FREEZING ASSAY (DFA) 

 

The droplet freezing experiment allows us to study heterogeneous ice nucleation in small 

droplets, normally in the range of microliters.38 The idea of this technique is to simulate the 

immersion freezing mechanism occurring in mixed-phase clouds because it is well known that 
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immersion freezing is the predominant mechanism of heterogeneous freezing occurring in this 

type of clouds28. To achieve this process, the DFA was used as follows.  

 

A DFA was recently built in the Micro and Mesoscale Interaction group of the CCA by a former 

undergraduate student. The DFA was originally designed by Vali37; however, the used system 

in the present work is based on the design shown in Cascajo38 and it is described in more detail 

in Juarez60. 

 

7.3.1. EQUIPMENT DESCRIPTION  

 

The thermostat LAUDA PRO-RP 1090 is an equipment that works under the principle of a cold 

bath, regulating the temperature in a working temperature range from -90ºC to 200ºC with a 

temperature stability of ±0.01°C.61 As shown in Figure 17, the internal structure of this 

equipment has two temperature sensor, and a pump, while the external component is a 

temperature control screen, which allows the users to vary the system temperature and to 

provide information about the temperature read by the two sensors.62  

 

 

Figure 17. Thermostat LAUDA PRO-RP 1090 
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7.3.2. SAMPLE PREPARATION  

 

Given that the Quito samples were frozen, prior to their analysis they were thawed at room 

temperature in a water bath and manually stirred to homogenize the sample. This was not 

necessary for the CDMX and ALTZ samples given that they were liquid prior to their analysis. 

Afterwards, using an eight tips micropipette of 100µl, shown in Figure 18, volumes of 50µl of 

sample were deposited in each of the 96 holes of an Elisa plate, and covered with a transparent 

foil to avoid external contamination. This volume simulates the volume of a liquid rain drop 

with a size of ca. 4.4 mm, and therefore, we assume that each hole represents a liquid droplet 

with aerosol particles immersed on them, those of which were captured either by in-cloud or 

below-cloud scavenging.   

 

 

Figure 18. Elisa Plate, Micropipette of eight points of 100 µl and tips (Materials for sample preparation)  

 

7.3.3. FREEZING SYSTEM DESCRIPTION  

 

To perform an ice nucleation experiment using a DFA an assembly illustrated in Figure 19  was 

used. This consisted of a thermostat, a sample holder, a video recorder, and a light system. In 

the thermostat, a cooling liquid was introduced, this was polydimethylsiloxane, which works in 

a temperature range of -50ºC to 200ºC, and is used due to its good chemical stability and 

electrical insulating property.63 Another component was the sample holder, in which the sample 

contained in the Elisa plate was incorporated to be in contact with the cooling liquid. 
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Additionally, a led lamp was added to the system to allow the visualization of the freezing 

experiments that was be recorded by a camera located at the top of the sample holder. 

 

 

Figure 19. DFA system with a LAUDA thermostat filled with cooling liquid, a light lamp, and a metallic support 

to hold the camera and the sample.  

 

7.3.4. FREEZING EXPERIMENT  

 

 

Figure 20. Steps to achieve the freezing assay. 
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The first step was to sink the led lamp inside the thermostat. The second step was to place the 

sample in the sample holder (see a. in Figure 20), and submerge it in the cooling liquid. It was 

necessary to ensure that the refrigerant must be at the same level that the sample contained in 

the holes as depicted in Figure 21. The third step was to program a temperature ramp to decrease 

the temperature from 0ºC to -40ºC in 15 minutes. The experiment was stopped at -40°C because 

it is well known that below this temperature all the droplets freeze spontaneously by 

homogenous freezing.64 After, the system was covered with a black box (see Figure 20b) to 

avoid the dispersion of light coming from the led lamp and to avoid the interference of external 

light in the video recording. Finally, once all the previous steps were performed, the freezing 

experiment was initiated while the freezing of each hole (droplet) was recorded by the camera.  

 

 

Figure 21. Level of submersion of the Elisa plate in the refrigerant (polydimethylsiloxane), adapted from 

Cascajo 38 

 

7.3.4.1. Standard Analysis 

 

To calibrate the equipment and to determine if the conditions to perform the freezing assays are 

correct, the first experiment was to analyze deionized water, which should freeze homogenously 

because INPs are supposed to be absent. Similarly, a standard of Arizona test dust (ATD) at 

0.1% was analyzed because it has been widely studied as its composition is believed to be 

comparable to that of natural mineral dust. This experiment was conducted with the aim to 

compare the ice nucleating ability of this standard with literature data.  

 

 

 



29 
 

7.3.5. STATHISTICAL ANALYSIS  

 

To analyzed the experiments, the freezing time (t) at which each hole (droplet) froze was 

obtained from the video, and introduced in seconds in an excel table as Figure 22 shows. The 

freezing time allowed us to compute the temperature with the help of the next relationship. 

𝑇 =  
40℃

900𝑠
(𝑡)                                                       (1) 

 

Where 
40℃

900𝑠
  represents the cooling rate during the temperature ramp. Having the freezing 

temperature values for the 96 holes, the number of frozen holes in temperature intervals of 

0.5ºC were counted in order to compute the frozen fraction as a function of temperature. The 

frozen fraction was calculated by dividing the number of drops (holes) frozen at a given 

temperature interval to the total number of holes (i.e., 96). Subsequently the cumulative 

concentration of INPs (CINP) associated to each sample was computed by the next equation.65 

 

𝐶𝐼𝑁𝑃(𝑇) =
−ln (𝐹𝑢𝑓)

𝑉𝑑𝑟𝑜𝑝
⁄                                            (2) 

 

where 𝐹𝑢𝑓 is the fraction of unfrozen droplets at supercooling temperature 𝑇, and 𝑉𝑑𝑟𝑜𝑝 is the 

volume of the drop. All the calculations were performed in the excel sheet illustrated below in 

Figure 22.  

 

 

Figure 22. Statistical Analysis of the DFA experiments. 
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7.3.5.1. Activation Curves 

 

Values of frozen fraction and temperature were plotted by importing and processing the data 

from Excel in Matlab. Plots where the y-axis is the frozen fraction and x-axis is the experimental 

temperature range are called activation curves. From these curves, the 𝑇50 can be reported, 

where 𝑇50 refers to the temperature at which 50% of the holes (droplets) froze. Moreover, this 

value provides information about the ice nucleating ability of the sample and can be used to 

perform a direct comparison between samples.  

 

7.4. ATOMIC ABSORPTION SPECTROSCOPY 

 

Atomic absorption spectroscopy (AAS) has become a useful technique in the determination of 

metals and metalloids. AAS works by introducing a sample into an atom cell where it is 

desolvated and atomized, then a light is emitted by a light source and absorbed by the analyte, 

where the amount of absorbed light is proportional to the concentration of atoms in the cell.66 

In this work, a specific type of AAS called Flame Atomic Absorption Spectroscopy (FAAS) is 

used to measure the concentrations of Na+, K+, Ca2+, and Mg2+ in the rain water samples.  

This technique is based on the principle that ground state atoms absorb light in a specific 

wavelength and thus the decrease of light intensity is measured. Here the metal ions in a solution 

are converted to the atomic state by means of a flame.67 

 

7.4.1. SAMPLE PREPARATION  

 

Standard (Std) solutions concentrations to calibrate the FAAS are shown in Table 6. These 

solutions were prepared with deionized water and concentrated solutions of Na+, K+, Ca2+, and 

Mg2+.  

Table 6. Concentrations of the standard solutions used in FAAS experiments. 

 

Metal 

 

Concentration (mg/L) 

Std 1 Std 2 Std 3 Std 4 Std 5 Std 6 

Na+ 0.25 0.50 0.75 1.00 1.50 2.00 

K+ 0.10 0.25 0.50 0.75 1.00 - 

Ca2+ 1.00 2.00 3.00 4.00 - - 

Mg2+ 0.20 0.30 0.40 - - - 



31 
 

 

In the Na+, K+ solutions, 1 mL of lanthanum concentrated solution was added, and in Ca2+, 

Mg2+ solutions 1 mL of cesium concentrated solution was added. Samples under analysis were 

separated in aliquots of 10 mL in beakers of 25 mL (see Figure 23). In the same way that for 

the standard solutions, 1 mL of lanthanum or 1mL of cesium solutions were added in the 

samples to analyze Na+, K+, and Ca2+, Mg2+ correspondingly.  

 

 

Figure 23. Sample preparation for Atomic absorption analysis.  

 

Lanthanum is used to prevent the formation of stable compounds that inhibit the signals such 

as those coming from the formation of stable refractory compounds, and cesium is added to 

produce an excess of electrons in the flame, thus inhibiting ionization of the analyte because 

these flame may cause an appreciable ionization.  

 

7.4.2. EQUIPMENT DESCRIPTION  

 

The equipment GBC 932 AA was implemented to perform  FAAS analysis, with the next 

description based on the user manual for Flame Methods Manual for Atomic Absorption.68 The 

system consists of four parts, specifically a hollow cathode lamp, an atomizer, a 

monochromator, a detector, and a computer as shown Figure 24 .   
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Figure 24. Flame Atomic Absorption Spectroscopy equipment 

 

7.4.2.1. Hollow Cathode Lamps 

 

These type of lamps were used as the radiation source to excite the free atoms in the flame. The 

lamps are made of a hollow cathode (made of the element under analysis), and a ring anode, 

which are enclosed in a glass envelope. Furthermore, the lamp is filled of argon or neon (see 

Figure 25). 

 

 

                                              Figure 25. Hollow cathode structure 
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7.4.2.2. Atomizer  

 

For atomic absorption to occur, the atoms have to be introduced into the excitation beam as free 

atoms. So, the solvent has to be removed and the chemical bonds broken to form free atoms, 

this was done by chemical flame. The flame atomizer consists of three major components, a 

nebulizer (creates vacuum), a spray chamber (classify particles) and a burner. This system 

converts the liquid into an aerosol, select the correct droplet size (less than 10µm) and transfer 

the sample to the burner (of titanium), where atomization occurs. Air acetylene flame is used 

to create the flame to burn as shown in Figure 26. 

 

 

Figure 26. Atomizer assembly 

 

7.4.2.3. Monochromator  

 

The monochromator removes the non-desired wavelength in the light beam source to produce 

a monochromatic light.  

 

7.4.2.4. Detector 

 

A photomultiplier tube is implemented as a detector to read out the information. It works by 

converting light into an electric signal and then, amplifies that signal.69 
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7.4.3. ATOMIC ABSORPTION ANALYSIS  

 

The initial experiments were done with the standard solutions in order to calibrate the 

equipment, and then, with the rain water samples from the different locations in the next way: 

a) The capillary tube connected to the atomizer assembly illustrated in Figure 26 was placed 

inside the beaker containing the sample, which was aspirated and introduce into the flame. b) 

In the flame, the sample was desolvated, vaporized, and atomized. c) The hollow cathode lamps 

emit the light during atomization. d) Emitted light intensity was detected. e) Once the signal 

had measured, the capillary tube was washed out with deionized water, and the procedure was 

repeated for the next sample.  

 

7.4.4. DATA ANALYSIS  

 

A computer connected to the FAAS equipment stored the data of concentrations of the standard 

solutions and produce linear calibration curves. From these curves, the unknown concentrations 

of the elements on the samples were derived.  

 

7.5. HYSPLIT BACK-TRAJECTORIES  

 

Hybrid single particle lagrangian integrated trajectory (HYSPLIT) model was used to compute 

rainfall trajectories to qualitatively correlate these data with the ice nucleating abilities of rain 

water samples.70  

 

The back-trajectories were performed at latitudes and longitudes corresponding to the sampling 

locations Quito, CDMX, and ALTZ, at dates and times shown in Table 3, Table 4, and Table 

5, and at height values of 50, 250 and 500 m above ground level as shown in Figure 27.  
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Figure 27.  Back-trajectories parameters. 71 
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8. RESULTS AND DISCUSSION 

 

8.1. DROPLET FREEZING ASSAY 

 

8.1.1. DETERMINATION OF THE IDEAL CONDITIONS 

 

The ideal conditions to perform all the experiments are presented in ¡Error! No se encuentra 

el origen de la referencia. Figure 28a shows the comparison of homogenous freezing on 

deionized water and heterogeneous freezing on ATD particles. The homogeneous freezing line 

can be considered as a blank, and therefore, all the freezing events observed at temperatures 

higher than those represented by this activation curve are attributed to the presence of INPs on 

the rain samples. Additionally, the activations curves with T50 values closer to zero (away from 

the homogeneous freezing curve), will be considered more efficient to form ice crystals. Figure 

28b shows that the presence of chloroform does not affect the ice nucleating abilities of the 

samples, therefore, the samples from Quito, which contain chloroform are comparable with the 

samples without chloroform collected in Mexico (CDMX and ALTZ).  

 

Figure 28. Determination of the ideal conditions for the freezing experiments. a) Working temperature range, b) 

Chloroform effect, c) Filtration effect, and d) Aging effect on the rain water samples.  
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For the filtration test (Figure 28c), it can be observed that the efficiency of the rain water sample 

decreases after filtration, which is consistent with the requirement that good INPs are mostly 

insoluble as proposed by Pruppacher and Klett.21 Also, the aging test shown in Figure 28d 

indicates that the ice nucleating abilities of the rain water samples is reduced with time, leading 

to a lower freezing temperatures in a similar way that the decrease in the ice nucleating 

efficiency of some samples of snow presented in the study of Stopelli et al.72 This fact shows 

that storage time could affect parameters such as temperature activation range, and also the 

temperature-dependent INPs concentration. Welti et al.73 found a decrease on the number of 

INPs for aerosol samples collected on filters for a sampling period of four years. It is important 

to note that the aforementioned studies also used a DFA.  

 

In brief, with the previous information it is found that the ideal conditions to perform freezing 

experiments in rain water samples through DFA are based on a reduced external manipulation 

of the samples such as filtering process, in which active material is lost, and storage time of 

samples, which should be minimized to avoid particle´s aging. Even when the nucleating 

abilities of INPs in the present study were not affected by chloroform at a concentration of 1%, 

the addition of chemical agents to avoid the increase or decrease of the efficiency of INPs 

should be prevented. 
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8.1.2. URBAN CITIES COMPARISON  

 

Figure 29 shows that the samples from both places Quito (blue curves) and CDMX (orange 

curves) contained aerosol particles with the potential to act as INPs to catalyze the formation 

of ice particles with temperatures closer to 0ºC and far from the homogenous curve.  

 

 

Figure 29. Activation curves from Quito and Mexico City. This figure compares the ice nucleating abilities of the 

two urban cities through the variation of frozen fraction as a function of temperature. Here, the solid black curve 

represents the homogenous freezing of deionized water, while the blue set of lines represent the activation curves 

from Quito samples, and the dotted lines those from Mexico City. 

 

Initially, it was expected to have a higher aerosol particles concentration in CDMX than in 

Quito because this place presents higher concentrations of inhabitants, vehicles, and industries, 

those of which could contribute to an increase in the emission of aerosol particles to the 

atmosphere, thus, there would be a higher concentration of INPs in CDMX than in Quito. 

Nevertheless, Figure 29 shows that nucleating abilities of rain water samples behaves in a 

similar way in both urban places.   
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Figure 30.  Comparative box-plot of the average value of T50 for rain water samples from the urban locations 

Quito and Mexico City.  

 

The box-plot shown in Figure 30 indicates that in average the nucleating abilities from those 

places are similar because T50 for the CDMX and Quito are almost the same with median values 

of -15.43±0.01°C ºC and -15.53±0.01°C ºC, respectively. However, the T50 reported for CDMX 

reports higher variability in comparison to Quito which can be related to the amount of samples 

considering in the analysis, four for Quito and ten for CDMX. Additionally, the variation in the 

number of samples is an indicative of the sampling time range. The sampling time for Quito 

only covers one month i.e., June, while for CDMX the sampling time was larger (June to 

November). The observed variability in the CDMX is in line with the observations made by 

Bigg74, who indicated that the concentration of INPs varies depending on time periods, which 

will affect the ice nucleating abilities of the samples.  

 

Chen et al.75 introduce an analysis of the INPs in Beijing with the global perspective that INPs 

have not been well examined in terms of urban regions as is the case of this Chinese megacity. 

The authors found that the INPs collected in filters and submitted to freezing experiments were 

activated in the range from -6ºC to -25ºC while the results in the present study shows that INPs 

on samples from Quito were activated between -8ºC to -23ºC, and from CDMX in the range of 

-7ºC to -22ºC. Additionally, Yadav et al.65 found that INPs present in precipitation samples 

collected in New Delhi (India) are active between −10°C to −22°C. Therefore, the present 

results are in good agreement with those reported in other densely populated cities. 
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8.1.3. URBAN VS. RURAL LOCATIONS.  

 

In Figure 31 the rain water samples from a rural location, i.e., ALTZ are compared with the 

urban cities Quito and CDMX. It is observed that samples from ALTZ contained more efficient 

INPs given that the ALTZ activation curves are closer to 0°C in comparison to the activation 

curves from Quito and CDMX (by approximately 5ºC at a frozen fraction of 0.5). This fact can 

be associated in part by the presence of biological particles. Given that ALTZ is a rural place 

and the monitoring station is surrounded by vegetation it is believed that the biological content 

on the ALTZ samples is higher in comparison to Quito and CDMX. Biological particles have 

been shown to be the most efficient INP (especially bacteria), with onset freezing temperatures 

as high as -2°C.20,19 

 

Figure 31. Activation curves from Quito, Mexico City, and Altzomoni. The variation of frozen fraction as a 

function of temperature for Quito samples are represented by the continuous gray lines, cut lines for Mexico 

City, and dotted lines for Altzomoni. The average activation curves for Quito, Mexico City, and Altzomoni are 

represented by the solid blue, red, and green lines, respectively.   

 

 

Also, ALTZ is compared with other rural locations to analyze the ice nucleating abilities of 

aerosol particles in those places far from direct anthropogenic emissions. In the study of Conen 

et al.76 atmospheric INPs were collected between 02 and 06 July, 2015 at the Haldde 
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observatory located at 69.92ºN and 22.80ºE in Norway. The samples collected were summited 

to droplet freezing experiments, and it was found that INPs activated in a temperature range 

from -8°C to -15ºC, whereas INPs from ALTZ analyzed in the present study are observed to 

activate between -9°C to -17°C. Initially, the similar activation temperature range will suggest 

a relationship between INPs from rural areas, then, to support this hypothesis more studies are 

introduced such as those of the literature77,78. 

 

Conen et al.77 analyze the capacity to nucleate ice of particulate matter with particle diameter 

of 10 µm or less (PM10) by immersion freezing experiments with samples collected at the High 

Alpine Research Station Jungfraujoch (4158 m.a.s.l., Switzerland). The authors found that the 

measured INPs activated between -7°C and -12°C. Furthermore, Creamean et al.78 performed 

and study to determine the marine and terrestrial influence of INPs in an Artic oilfield location. 

The authors found a cumulative INP spectra in a temperature range from -5°C to -30°C for 

different particle sizes. Therefore, a clear tendency between remote places cannot be established 

because the wide range of contributions of aerosol particles emissions (maritime or terrestrial, 

and local or external) will affect at different levels the ice nucleating abilities. However, it is 

noted that remote places are likely influenced by biological particles due to the high freezing 

temperatures. 

 

 

 

Figure 32. Comparative box-plot of the average value of T50 for rain water samples from the three sampling 

places Quito, Mexico City, and Altzomoni. 
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A box-plot diagram to compare the variability of samples from the three places under analysis 

Quito, CDMX, and ALTZ is shown in Figure 32, where the samples from ALTZ report a 

median value of 11.81±0.01°C, compared with the urban locations reporting a higher T50 (i.e., 

3.6ºC approx.). Then, this figure describes the higher ice nucleating abilities found in rain water 

samples from ALTZ due to the closeness of the T50 to 0ºC. Additionally, it is also shown that 

the T50 values from ALTZ has a lower variability, in comparison to CDMX, despite the “large” 

number of samples and the large covered sampling period (June to November). This could be 

an indication that the source of the INPs contained in the precipitation samples in ALTZ is the 

same. This is in contrast with Quito and CDMX where the INPs are likely from the planetary 

boundary layer, while the INPS measured in ALTZ are likely from the free troposphere. 
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8.1.4. ICE NUCLEATING PARTICLES CONCENTRATION  

 

From the activation curves shown above and with the help of Equation 2, the INP concentration 

for each sample was calculated. The data of INPs concentrations from the present study is 

compared with the data reported3 as shown in Figure 33. The Petters and Wright3 study 

collected information from the literature associated to INPs concentrations found in different 

precipitation phenomena such as rain, snow, hail, sleet, and cloud water, which were sampled 

in northern latitudes such as Louisiana, France, Montana, Antarctica, among others. The INP 

concentrations found in rain water samples from Quito, CDMX, and ALTZ are represented by 

continous lines, while the purple shadow area shows the data  from Petters and Wright3. 

 

 

Figure 33. Comparison of INP concentrations obtained experimentally from rain water samples from Quito, 

Mexico City, and Altzomoni, together with the reported data by Petters and Wright3. The data obtained for 

tropical latitudes is compared with studies at north latitudes.  

 

It can be observed that the concentrations of INPs for rain water samples from Quito, CDMX, 

and ALZ are in the range of 102 to 105 L-1 water in aggrement with the reported values3. 

However, comparing the temperature range of the active INPs present in our sampling locations 

with those of Petters and Wright3, there is displacement of around 5°C  from the initial ice 

crystals formation temperature, which shows that INPs present in those places are not as 

efficient as those reported in the literature. This discrepacncy can be partially associated to the 
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location of the sampling places because Quito, CDMX and ALTZ are located at tropical 

latitudes, while the rest of the reported studies are at higher latitudes. This is intriguing and 

deserves further analysis in future studies. 

 

To understand the INPs behaviour in closer latitudes, the INP concentrations from the present 

study are also compared with those reported in Cape Verde73, in which INPs were collected on 

filters and them submmited to immersion freezing experiments. In the tropical city of Cape 

Verde the samples were taken at the atmospheric observatority located at 16.848°N, 24.871°W. 

It was found that the INP concentrations at this place ranged from 10-1 to 106 m-3 air , equivalen 

to 102 to 106 L-1 water considering the conversion implemented by Petters and Wright3 with a 

value of condensed water content of 0.4gm-3, and an activation range between -5°C to -25 °C. 

Therefore, the Welti et al.73 data are in aggrement with the present study, showing that INPs 

will have similar concentrations and temperature activation range  at tropical latitudes.   

 

On the other hand, to support the tendency of a similar behaviour on  the ice nucleating abilites 

for densely populated cities, the concentration of INPs from the CDMX and Quito are also 

compared with those found in Beijing (China) and New Delhi (India). In the case of Beijing the 

INPs concentrations range from 103 to 106 L-1 water (converted considering a condensed water 

content of 0.4gm-3), while for New Delhi it ranges from 103 to 107 L-1 water. This is in close 

agreement with the values found in Quito and CDMX where the concentration of INPs varies 

between 102 and 105 L-1 water, showing that there are similarities in the concentrations of INPs 

in densely populated cities and also in the working temperature range.   

 

8.2. ATOMIC ABSORPTION  

 

The chemical composition of the rain water samples from Quito, CDMX and ALTZ is shown 

in Figure 34 where the concentration of the metal ions Na⁺, K⁺, Mg²⁺, and Ca²⁺ are reported. It 

is noted that all the samples contain these ions in different concentrations ranging from 0 ppm 

to 3 ppm. When the three sampling places are compared, rain water samples collected in Quito 

shows a higher content of the elements Na⁺, K⁺, Mg²⁺, and Ca²⁺, followed by CDMX and ALTZ.  

 

Generally, the presence of these ions in the three places can be associated to mineral dust, which 

is mainly composed by oxides and carbonates such CaO, CaCO3, MgCO3, and other ionic 

constituents. Nevertheless, the elevated concentrations found in Quito shows the possibility of 
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additional sources (construction and cement) besides mineral dust. Another possibility of the 

high concentrations found in Quito could be attributed to the sampling and handling methods 

used in Quito which differs from those used in CDMX and ALTZ, as described above. It must 

be considered that not all the samples from CDMX, and ALTZ were evaluated due to the lack 

of sample volume.  

 

Figure 34. Concentrations of the metal ions Na+, K+, Mg2+, and Ca2+ existing in rain water samples from Quito 

(Q), Altzomoni (A), and Mexico City (CM). In this graph, the concentrations of ions are compared for the three 

sampling places, where each ion is represented by a specific color, blue for sodium, sky blue for potassium, 

green for magnesium, and yellow for calcium. 

 

8.2.1. CORRELATION BETWEEN IONS CONCENTRATION AND T50 

 

Figure 35 shows the correlations of the concentrations of the ions Na⁺, K⁺, Mg²⁺, and Ca²⁺ with 

T50, as an indicative of the INPs source. Unfortunately, it is observed that there is not a clear 

trend between the displayed parameters. Furthermore, the expressed data does not present a 

good correlation between the chemical composition and the ice nucleating abilities of the 

samples given that the determination coefficients (R2) are very low in all the cases (below 0.2.) 

This fact suggest that atomic absorption spectroscopy provide information about the ionic 

content of some species in rain water samples such as Na⁺, K⁺, Mg²⁺, and Ca²⁺, but not about 

the efficiency of the them in the formation of ice crystals, which means that high concentrations 

of these ions are not an indicative of good ice nucleating abilities. 



46 
 

 

In urban locations the predominant aerosol types are soot, road dust, and secondary organic 

particles, whereas in urban places biological particles are likely the dominant source. Therefore, 

it is not surprising that the R2 values are very low, given that the AA technique is not sensitive 

to neither biological nor carbonaceous particles.  

 

 

Figure 35. Comparison of metal ions Na+, K+, Mg2+, and Ca2+ concentration determined by flame atomic 

absorption spectroscopy with the T50 values determined by droplet freezing assay. 
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8.3. BACK-TRAJECTORIES  

 

72 hours Back-trajectories obtained by the NOAA HYSPLIT model are presented below, to see 

the origin of the air mases at three different altitudes such as 50m, 250m, and 500m during 

sample collection. The three altitude values were selected to check the uncertainty associated 

with the topography incorporated in the Hysplit.  

 

8.3.1. QUITO 

 

Figure 36 shows the 72 hours back-trajectories for the most representative sample of Quito with 

T50 of -15.94 ± 0.01ºC to establish if the influence of local or long-range transport aerosol 

particles contribution will provide better ice nucleating abilities, which can be related to higher 

T50 values. It is found that this location is influenced by local of air masses only coming from 

the south, which will be mainly associated to urban dust, soot and organics. 

 

 

 

Figure 36. Hysplit backtrajectories performed for Quito rain water sample (QUITO 2) with a T50 of -15.94 ± 

0.01 ºC. 
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8.3.2. MEXICO CITY 

 

In this case, the analysis represents a rain water sample from CDMX with aT50 value of -15.18 

± 0.01ºC closer to the average value presented for Quito above. Figure 37 shows that CDMX 

is affected by both local and long-range transport air mases, which can be associated to several 

sources such as road dust, bioparticles, marine aerosol, organics, etc. 

  

 

 

Figure 37. Hysplit backtrajectories performed for CDMX rain water sample (CU3) with a T50 of -15.18 ± 

0.01ºC. 

 

8.3.3. ALTZOMONI 

 

Figure 38 shows the history of back-trajectories air masses that affect this location. It can be 

seen that similar to CDMX, ALTZ is highly influenced by local and external air masses. This 

figure also shows two back-trajectory diagrams for each sample because unlike Quito and 

CDMX, ALTZ samples were collected in a longer range of time, from the 17 to 21 of October 

for ALT 7 and from 22 to 28 of October for ALT 8. 
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Figure 38. Hysplit backtrajectories performed for Altzomoni rain water samples. a) sample ALT 7 with a T50 

value of -11.15 ± 0.01ºC. b) sample ALT 8 with a T50 value of -11.49 ± 0.01ºC. 
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9. CONCLUSIONS AND RECOMENDATIONS 

 

9.1. CONCLUSIONS 

 

Three tropical latitude locations Quito, Mexico City and Altzomoni were analyzed in terms of 

aerosol particles emission and their ability to form ice crystals to understand if there is a pattern 

in the behavior of ice nucleating particles in the Tropics. In that way, both places Quito and 

Mexico City were selected by means of population density, urban aerosol contributions and 

altitude, whereas Altzomoni represented a rural area without direct anthropogenic aerosol 

particles contributions.  To achieve this, rain water samples were collected in the three places, 

four samples for Quito during June 2018 and ten samples for Mexico City and Altzomoni from 

June to November 2018. Two experimental techniques, i.e., the DFA and the FAAS were 

applied to find the concentration of INPs and the concentrations of the ions Na+, Ca2+, K+, Mg2+, 

respectively. Furthermore, the HYSPLIT model was used to compute air parcel trajectories and 

determine possible external and local contributions of aerosol particles.  

 

After performing DFA to analyze the INPs in rain water samples from three tropical places 

Quito, Mexico City, and Altzomoni it can be concluded that the application of this freezing 

technique allows the simulation of the heterogeneous immersion freezing mechanism that 

predominates in mixed-phase clouds, and by which INPs form ice crystals. Moreover, DFA 

allows us to obtain information about the ice nucleating abilities of aerosol particles given by 

the parameter of T50, and also the concentrations of these particles acting as precursors in ice 

formation. It was found that the tree places presented efficient INPs because the freezing 

temperature values were far from the homogenous curve and closer to zero. Nevertheless, the 

ice nucleating abilities of INPs from both urban places Quito and Mexico City were not as 

efficient as those from Altzomoni because the last place is more influenced by the presence of 

biological particles.   

 

Comparing the results from this research with the literature, a relation between the 

concentrations of INPs at tropical latitudes was found for the places under analysis and the Cape 

Verde study, indicating that the concentrations for INPs in the Tropics will range from 102 to 

106 L-1 water in an activation temperature range from -5ºC to -25ºC.  

 In addition, through the comparison of Quito, Mexico City, Beijing, and New Delhi it was 

stablished a tendency in the behavior of INPs in densely populated cities by means of activation 
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temperature that ranges from -5ºC to -30ºC. The concentration of INPs in this urban places 

ranges between 102 and 107 L-1 water. This fact suggests that independently of the aerosol 

particle emissions, INPs from high dense cities will present similar ice nucleating abilities.  

 

This tendency was not found for remote (rural) places because in those places the high amount 

of external and local contributions from both natural and anthropogenic aerosol particles 

emissions, which arrived by global circulation, complicates the determination of activation 

temperature and INP concentrations.  

FAAS analyses provided information about the chemical composition of the rain water samples 

from Quito, Mexico City and Altzomoni in terms of the concentrations of the ions Na+, Ca2+, 

K+, Mg2+. The concentration values of these ions in Quito significantly varied for Mexico City 

and Altzomoni, which suggest a potential contamination of the samples during the handling and 

the lack of a proper sampling equipment in the case of Quito. Furthermore, it was determined 

that even when FAAS derived the concentrations of some ions, there was not a good correlation 

between the chemical composition of the rain water samples and the ice nucleating abilities of 

them due to the low values of the determination coefficients obtained when T50 and ions 

concentrations were compared. This implies that FAAS is not a good technique to correlate the 

chemical composition with the ice nucleating abilities of aerosol particles. Therefore, in order 

to understand in a better way, the effect of the chemical composition on the capacity of aerosol 

particles to nucleate ice, other analytical techniques must be used. 

Finally, back- trajectories for seventy-two hours of air mases that influenced the three places of 

interest showed that Quito is only influenced by local aerosol particles, while Mexico City and 

Altzomoni were highly influenced by local and external contributions in different directions 

given by the effect of micro, meso, and synoptic scales meteorological phenomena. Combining 

the information of ice nucleating particles for Quito, Mexico City and Altzomoni and the history 

of air masses that also contribute with long-range transport particles, it can be concluded that 

precipitation over continents on high altitude cities (i.e., above 2000 m.a.s.l) are strongly 

influenced by the presence of INPs independently of their origin (i.e., local or external). 
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9.2. RECOMMENDATIONS 

 

Based on the knowledge acquired during this project, the following recommendations can be 

drawn to increase the impact of this type of studies: 

 

 To improve the sampling method in Quito city to avoid any potential contamination on 

the samples due to particles deposition on the recipient in absence of precipitation, in 

order to make these samples comparable with those collected in different locations. 

 To increase the number of samples and the sampling period for the three sampling places 

to obtain more information about the behavior of ice nucleating particles in different 

seasons over the year. 

 To execute biological analysis of rain water samples, and also perform a heating test to 

confirm the presence of biological particles and to determine their efficiency in 

nucleating ice.  

 To analyze other densely populated cities at tropical latitudes to establish a strong 

pattern of the INPs behavior.  
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