
A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y AU G U S T  2 0 2 1 E1543

ADABBOY
African Dust And Biomass Burning Over Yucatan

Graciela B. Raga, Luis A. Ladino, Darrel Baumgardner, Carolina Ramirez-Romero, 
Fernanda Córdoba, Harry Alvarez-Ospina, Daniel Rosas, Talib Amador, Javier Miranda, 
Irma Rosas, Alejandro Jaramillo, Jacqueline Yakobi-Hancock, Jong Sung Kim,  
Leticia Martínez, Eva Salinas, and Bernardo Figueroa

ABSTRACT: Biomass burning (BB) emissions and African dust (AD) are often associated with poor 
regional air quality, particularly in the tropics. The Yucatan Peninsula is a fairly pristine site due 
to predominant trade winds, but occasionally BB and AD plumes severely degrade its air quality. 
The African Dust And Biomass Burning Over Yucatan (ADABBOY) project (January 2017–August 
2018) was conducted in the Yucatan Peninsula to characterize physical and biological properties 
of particulate pollution at remote seaside and urban sites. The 18-month-long project quantified 
the large interannual variability in frequency and spatial extent of BB and AD plumes. Remote 
and urban sites experienced air quality degradation under the influence of these plumes, with up 
to 200% and 300% increases in coarse particle mass under BB and AD influence, respectively. 
ADABBOY is the first project to systematically characterize elemental composition of airborne 
particles as a function of these sources and identify bioaerosol over Yucatan. Bacteria, actinobac-
teria (both continental and marine), and fungi propagules vary seasonally and interannually and 
revealed the presence of very different species and genera associated with different sources. A 
novel contribution of ADABBOY was the determination of the ice-nucleating abilities of particles 
emitted by different sources within an undersampled region of the world. BB particles were found 
to be inefficient ice-nucleating particles at temperatures warmer than −20°C, whereas both AD 
and background marine aerosol activated ice-nucleating particles below −10°C.
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Mineral dust particles and marine salts globally constitute the most abundant natural 
aerosols in the atmosphere (Andreae 1995). Other natural sources, e.g., vegetation 
and microorganisms, emit substantial quantities of primary biological aerosol 

(Despreìs et al. 2012) and precursor gaseous species resulting in secondary aerosol formation 
(Chen et al. 2009). Particles affect the radiation budget of the Earth (Forster et al. 2007) 
and impact the local and regional hydrological cycle as cloud condensation nuclei (CCN) 
(Lau and Wu 2003; Zhang et al. 2007; Raga et al. 2016; Liu et al. 2018) and ice-nucleating 
particles (INPs) (Creamean et al. 2013; Yakobi-Hancock et al. 2014; Wilson et al. 2015; 
Kanji et al. 2017).

Biomass burning (BB) encompasses wildfires, forest/savannah clearance for agriculture, 
removal of agricultural residue, and domestic cooking/heating. BB emissions constitute a 
health threat (Wiedinmyer et al. 2006). Anthropogenic BB is prevalent in tropical regions 
and exhibits a clear peak during the dry season (Giglio et al. 2006; Giglio 2007). BB emis-
sions affect the regional radiative budget, increasing atmospheric stability and inhibited 
convection (Koren et al. 2004; Feingold et al. 2005). While most of the aerosol emitted from 
BB impacts local and regional areas, under particular weather patterns BB plumes are ad-
vected over thousands of kilometers. Aerosol plumes emitted by BB in southern Mexico and 
Central America have impacted urban air quality in the United States (Peppler et al. 1999; 
van der Werf et al. 2006; Dominguez-Martinez and Rodriguez, 2008; Yokelson et al. 2009, 
2011). Some BB particles are active as CCN (Rogers et al. 1991), but it is still unclear under 
which conditions BB particles are efficient INPs (Kanji et al. 2017).

African dust (AD) increases atmospheric particulate mass (PM) significantly affect-
ing most of the countries surrounding the Mediterranean Sea (Ganor and Mamane 1982; 
Guerzoni et al. 1997) and the tropical Atlantic Ocean (Mukhopadhyay and Kreycik 2008; 
Evan and Mukhopadhyay 2010). Annual AD episodes affect the tropical Atlantic that degrades 
air quality in Barbados and Miami during boreal summers (Prospero and Mayol-Bracero 2013). 
AD originating in deserts located between 15° and 25°N travels over the Atlantic in an elevat-
ed layer (the Saharan aerosol layer, SAL), reported originally by Carlson and Prospero (1972) 
and Prospero and Carson (1972). This warm and dry air mass laden with dust particles 
travels westward at a speed of about 1,000 km day−1, reaching Barbados in the Lesser 
Antilles in ~5 days. The SAL exhibits large seasonal variability (Huang et al. 2010), and is 
transported primarily into the Caribbean and Florida in June and July (Weinzierl et al. 2017). 
Aircraft and shipborne measurements during the Saharan Aerosol Long-Range Transport 
and Aerosol–Cloud–Interaction Experiment (SALTRACE) (Weinzierl et al. 2017) character-
ized the plume as it leaves Africa (Cape Verde) and upon reaching Barbados. Airborne lidar 
observations show that the SAL over Cape Verde extends from a base at 1.5 km above the 
cool and dust-free trade winds to a top around 6–7 km. As the SAL progresses westward, 
its depth decreases to ~4 km above Barbados as it reaches the surface. The trade wind 
inversion weakens westward, favoring entrainment of the overlaying dust and mixing 
throughout the boundary layer, where turbulence and aerosol–cloud interactions affect 
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dust concentration. A similarly detailed picture has yet to emerge to describe the verti-
cal structure and evolution of the SAL as it continues westward over the Caribbean Sea. 
Prospero and Mayol-Bracero (2013) recommended the expansion of AD monitoring through-
out the Caribbean; thus, our research group implemented a field project to document the 
arrival of dust plumes in Mexico.

The Yucatan Peninsula, in southeastern Mexico surrounded by the Caribbean Sea and the 
Gulf of Mexico, is home to sensitive ecosystems and invaluable archeological sites (Fig. 1). 
Agricultural lands dominate with only a few small- and medium-sized cities, such as Merida 
and Cancun with ~890,000 and 740,000 inhabitants (INEGI 2015). Yucatan was selected for 
this study because its relatively clean air, due to predominant trade winds, is significantly 
perturbed during periods of BB in southern Mexico and Central America and during occa-
sional incursions of AD.

Scientists from the National University of Mexico (UNAM), the University of Yucatan (UADY), 
and Dalhousie University in Canada conducted the African Dust And Biomass Burning Over 
Yucatan (ADABBOY) project from January 2017 to August 2018, with continuous measure-
ments supplemented by six intensive observation periods (IOPs).

ADABBOY’s primary goal was to identify main sources of particles affecting Yucatan, focus-
ing on BB, AD, marine, and biological particles, and establishing a baseline of background 
conditions for future studies. Specific objectives were to

• identify and characterize background, BB and AD particles;
• quantify the influence of BB and AD particles on urban air quality;
• document biological microorganisms in BB and AD plumes; and
• locate the main sources of INPs and quantify the ice-nucleating abilities of marine, BB, 

and AD particles.

ADABBOY campaigns
The Yucatan Peninsula 
(Fig. 1) is a f lat lime-
stone  te r race  w it h  a 
warm, semidry climate 
on the Gulf of Mexico 
coast and a warm, subhu-
mid climate throughout 
the rest of the region. 
In situ measurements 
were made in Merida 
(20.9754°N, 89.6170°W), 
located ~23 km from the 
coast l ine, and in the 
coastal village of Sisal 
(21.1653°N, 90.0311°W). 
Merida is rapidly grow-
ing due to tourism and 
the relocation of indus-
tries from within Mex-
ico. Sisal, a fishing vil-
lage (population 1,837; 
SEDESOL 2013), enjoys 
clean air, with the closest 

Fig. 1. Sampling sites in the Yucatan Peninsula: Merida (urban; 20.9754°N, 
89.6170°W) and Sisal (remote seaside; 21.1653°N, 90.0311°W), Mexico. EI-UNAM 
and SC-UADY refer to the Engineering Institute of the National University of 
México and the School of Chemistry of the University of Yucatán, respectively 
(map source: Google Maps).
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source of industrial emissions located ~25 km inland and the closest city, Merida, ~50 km 
away.

Airborne particles were continuously monitored at the School of Chemistry at UADY, located 
in the central-western part of Merida (inset, Fig. 1). Table 1 lists the instrumentation used to 
characterize particle properties. Six IOPs complemented the continuous measurements: four 
in Merida (April 2017, July 2017, April 2018, and July 2018) and two in Sisal (January 2017 
and July 2018). Documentation of the seasonality of BB and AD events in Yucatan was used 
to select optimal periods for the IOPs, as discussed further below.

Elemental composition from filter samples determined by X-ray f luorescence  
(Espinosa et al. 2012) provide in situ confirmation of aerosol categories. Rodríguez-Gómez  
et al. (2020) discuss the sampling methodology for microorganisms, while Córdoba et al. (2021) 
and Ladino et al. (2021) document ice-nucleating properties of aerosol and seawater samples.

Climatological context and previous studies. The Yucatan Peninsula is characterized by 
a dry season (December–May) and a rainy season (June–November) punctuated by intense 
cold fronts during December–February.

Table 1. List of the instrumentation deployed in the measurement site in Merida (located at 12 m above ground level) and the 
institution that provided them.

Instrument Variable Institutiona

Meteorological station (HMP 155, Vaisala) T, RH, wind speed, wind direction, precipitation, and solar 
radiation

RUOA, UADY

Continuous ozone analyzer (model 49i, Thermo Scientific, Inc.) Mixing ratio of O3 RUOA, UADY

Continuous nitrogen oxides analyzer (model 42i, Thermo Scientific, Inc.) Mixing ratio of NO and NO2 RUOA, UADY

Continuous sulfur dioxide analyzer (model 43i, Thermo Scientific, Inc.) Mixing ratio of SO2 RUOA, UADY

Continuous carbon monoxide analyzer (model 48i, Thermo Scientific, Inc.) Mixing ratio of CO RUOA, UADY

Continuous particulate monitor via beta attenuation  
(FH 62 C14, Thermo Scientific, Inc.) with PM10 inlet

Particulate matter mass of particles with sizes below 10 µm RUOA, UADY

Continuous particulate monitor via beta attenuation  
(FH 62 C14, Thermo Scientific, Inc.) with PM2.5 inlet

Particulate matter mass of particles with sizes below 2.5 µm RUOA, UADY

Photoacoustic Extinctiometer, PAX  
(Droplet Measurement Technologies, Inc., USA)

Optical aerosol properties and equivalent black carbon 
(derived)

RAMA

8stage Micro-orifice uniform deposit impactor  
(MOUDI 100R and 100NR, MSP) ×2b

Collection of aerosol (by size) particles for chemical  
analysis and ice nucleation analysis

AA-CCA

IMM-CCA

Mini-Vol sampler (3380, Air metrics) and (TAS, Air metrics) ×3b Collection of aerosol particles (PM2.5 and PM10) for  
chemical analysis

AA-CCA

IMM-CCA

Biostage Impactor (Quick Take 30, SKC, Inc. USA) ×2b Collection of aerosol particles for detection of biological 
particles

Ab-CCA

IMM-CCA

Condensation particle counter (3010, TSI) ×2b Concentration of aerosol particles larger than 50 nm IMM-CCA

Optical particle counter (LasAir, 310A, PMS) ×2 and (LasAir 310C, PMS)b Size distribution of aerosol particles larger than 300 nm IMM-CCA

Ice-nucleating particle counter, UNAM- MOUDI-DFT Concentration of ice-nucleating particles IMM-CCA

Droplet freezing assay, UNAM-DFA Concentration of ice-nucleating particles IMM-CCA

Particle soot absorption photometer, (PSAP Radiance Research) Aerosol absorption coefficient IMM-CCA

Photoelectric aerosol sensor (PAS, 2000, EcoChem) Polycyclic aromatic hydrocarbons concentration IMM-CCA

Partisol (2525, Thermo Fisher Scientific, Inc.) Collection of aerosol particles for chemical analysis DU

Ultrafine particle monitor (3031, TSI, Inc.) Size distribution of fine and ultrafine particles (20–200 nm) DU
a ROUA: UNAM’s Network of Atmospheric Observatories; UADY: University of Yucatan; CCA: Center from Atmospheric Sciences at UNAM; DU: Dalhousie University; 

RAMA: Automatic Monitoring Network, Mexico City. Three groups from CCA-UNAM contributed instrumentation: Micro-Mesoscale Interactions (IMM); Aerobiology 
(Ab), and Atmospheric Aerosols (AA).

b This equipment was deployed in Sisal during the intensive observation periods during ADABBOY.
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Dry-season BB activities peak between March and May (Rios and Raga 2018, 2019; 
Trujano-Jiménez et al. 2021), so IOPs were carried out in April 2017 and 2018 to maximize 
the chances of sampling BB particles. Real-time satellite information, forecast aerosol plumes 
(e.g., www.nrlmry.navy.mil/aerosol/) and HYSPLIT back trajectories confirmed the origin of the 
BB emissions.

Easterly waves and tropical cyclones affect the region during the rainy season, with rainfall 
modulated intraseasonally by the Madden–Julian oscillation (MJO) and interannually by El Niño–
Southern Oscillation (ENSO). A relative minimum in precipitation is observed in July–August, 
known as the “midsummer drought,” which is associated with a strengthening of the Caribbean 
low-level jet accompanied 
by decreased probability 
of tropical cyclone land-
fall over Yucatan (Magaña 
et al. 1999; Karnauskas 
et al. 2013; Diaz-Esteban 
and Raga 2017; Perdigón-
Morales et al. 2019).

The Modern-Era Retro-
spective Analysis for Re-
search and Applications, 
version 2 (MERRA-2), is 
used to estimate a 17-yr 
climatology of the dust 
c o m p o n e n t  o f  P M 10. 
Figure 2 shows that dur-
ing July the largest mean 
concentrations are over 
the eastern Atlantic and 
that values near Yucatan 
are higher than over Cuba 
and southern Florida. 
Thus, IOPs were conduct-
ed in July 2017 and July 
2018 to maximize the 
chance of sampling AD 
plumes.

Fe w  s t u d i e s  h a v e 
quantified the presence 
of BB plumes in Yucatan. 
Korontzi et al. (2006) 
analyzed 3 years of MODIS 
data and Yokelson et al. 
(2011) reported evidence 
of smoke from fires over 
Yucatan obtained from 
aircraft measurements 
dur ing t he M IL AGRO 
campaign. Rios and Raga 
(2018, 2019) prov ide 
a 14-yr climatology of 

Fig. 2. Mean monthly PM10 concentration associated with dust derived from 
MERRA-2 over 2003–19, for June–September. The two sampling sites are rep-
resented by a single black dot due to their proximity.
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burned areas in tropical forests and agricultural lands, estimating their emissions and in-
terannual variability and showing that BB activities peak during March–May. However, the 
properties of particulate BB emissions have not been systematically studied before.

Even less research has identified the potential presence of AD in the Yucatan Peninsula. Sat-
ellite lidar observations (Adams et al. 2012) suggested that during June–August AD particles 
reach Yucatan within the boundary layer, between the surface and 2 km. Das et al. (2013), 
from a few surface samples at a single inland location, suggested that phosphorus in the soil 
was potentially associated with dry and/or wet deposition of AD. Given the paucity of obser-
vations in this region, ADABBOY provides valuable, in situ data on the arrival of AD plumes 
over northern Yucatan.

Aerosol particle characterization.
Physical ProPerties Annual average PM2.5 and PM10 concentrations in Merida for 2016–18 
are less than 9.7 and 24 µg m−3, respectively, close to the 10 and 20 µg m−3 recommended 
by the World Health Organization (Ramírez-Romero et al. 2021; Muñoz-Salazar et al. 2020). 
Average background number concentrations for particles >30 nm are <3000 cm−3 in Sisal and 
Merida (Muñoz-Salazar et al. 2020) and are significantly reduced upon the arrival of cold 
fronts (Ladino et al. 2019). Episodes of greatly enhanced concentrations (up to 55,000 cm−3) of 
ultrafine particles (20–200 nm) were observed in Merida, likely associated with new particle 
formation triggered by photochemistry (Muñoz-Salazar et al. 2020).

AD and BB aerosol plumes are sporadic events, lasting 1–3 days per event, and exhibit 
large interannual variability. During ADABBOY there were four AD and seven BB events in 
2017 and six AD and four BB events in 2018. PM10 in Merida increases significantly when AD 
plumes arrive, at times more than 300% above background (Ramírez-Romero et al. 2021). 
The PM10 24-h average observed during AD individual events in 2018 reached ~38 µg m−3, not 
exceeding the WHO guideline of 50 µg m−3. Hourly values can be much higher, such as the 
“giant” AD event from 23 to 27 June 2020 when PM10 values reached as high as 317 µg m−3 
(Mayol-Bracero et al. 2020). PM10 influenced by BB increases by as much as 200% above 
background (Ramírez-Romero 2019). These events deteriorate air quality but the interannual 
variability in duration and intensity modulates their health and environmental impacts.

The increase in total number concentration under BB and AD conditions is the result of 
large changes in number and volume particle size distributions. Neither BB nor AD plumes 
represent near-source, fresh emissions and the distributions have experienced processing in 
the atmosphere while advected into Yucatan. The number size distribution (Fig. 3a) shows 
that particles sampled during AD episodes dominate in the size range 0.05–0.3 µm, while 
BB-influenced are comparable to background. Since the size intervals increase with size, the 
size distributions are normalized by dividing the number or volume concentration in each 
size interval by the logarithm of that interval. The large concentration of small particles ob-
served during AD is consistent with measurements made by aircraft near Cape Verde in 2015 
(Liu et al. 2018); smaller AD particles with lower sedimentation rates are more likely to reach 
Yucatan. AD particles have larger concentrations than the background in all size ranges, 
but BB particles exceed AD concentrations for sizes above 0.3 µm. This is also evident in the 
volume size distributions (Fig. 3b) in which AD shows a bimodal distribution of comparable 
concentration, while BB volume dominates the size range from 1 to 5 µm. Volume size dis-
tributions are related to mass, assuming a nominal density for each aerosol type (MA, BB, or 
AD). Selected statistics are summarized in Table 2.

chemical ProPerties. The percentage elemental composition of particles under background 
conditions, i.e., under no influence of either BB or AD plumes, are shown for Merida (Fig. 4a) 
and Sisal (Fig. 4b). Sodium (Na) and chlorine (Cl) are ubiquitous due to proximity to the Gulf 
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of Mexico and Caribbean Sea (Córdoba et al. 2021). Calcium (Ca) is also part of the background 
composition since Cretaceous sediments form the Yucatan soil. Sulfur (S) observed in Sisal 
(Fig. 4b) is likely the result of dimethyl sulfide (DMS) emissions by phytoplankton; in fact, 
January samples in Sisal for marine background indicate that non-sea-salt sulfate makes 
up more than 50% of the composition (Córdoba 2019). Urban emissions in Merida modify 
the background composition indicating more S, associated with diesel fuel combustion for 
power generation and transport (Fig. 4a). Na, Cl, S, and Ca account for more than 70% of the 
composition of background samples.

The elemental composition of BB particles depends on the type of fuel burned 
(Akagi et al. 2011). The red bars in Fig. 4c show the enrichment factor for each element associ-
ated with BB emissions, relative to the background samples in Merida. Such samples indicate 
the expected enrichment of potassium (K), a key plant nutrient released during the combustion 
of vegetation (Ackerman and Cicek 2017). There is good correlation between the time series 
of PM2.5 and K for the BB periods. (Pearson correlation coefficient, CCP = 0.6). Analysis also 
indicates increased S associated with BB. A large fraction of BB particle composition would 
be carbonaceous so selected samples from 2017 in Merida were analyzed for total carbon (TC 

Fig. 3. Particle (a) number and (b) volume concentrations as a function of equivalent optical diam-
eter (EOD) for particles larger than 50 nm stratified by air masses, normalized by the logarithm 
of the channel size intervals. The distributions are the result of combining measurements from 
the PMS LasAir with those from the TSI CPC. The volume distributions are computed assuming 
particle sphericity at the EOD. The sizing uncertainty is on the order of ±20%. The AD distribu-
tions (yellow) and the BB distributions (red) were obtained from selected individual plumes that 
affected Merida. The average background distribution (blue) was obtained from samples not 
affected by AD or BB in Merida. Vertical error bars indicate one standard deviation and are only 
shown in the postive direction for clarity.

Table 2. Statistics derived from the number and volume concentration distributions from samples  
affected by BB and AD compared to average background samples in Merida (samplers located at 
12 m above ground level).

Number concentration (cm−3) Volume concentration (μm3 cm−3)

Median 75th percentile 90th percentile Median 75th percentile 90th percentile

Background 450 750 1030 0.160 0.255 0.290

BB 480 680 890 0.280 0.365 0.430

AD 700 1060 1400 0.255 0.350 0.450
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=organic + elemental). A 
significant increase in TC 
(by ~70%–80%) is seen 
in samples of BB versus 
AD (Córdoba et al. 2021). 
Elemental components 
associated w ith fos-
sil fuel combustion in 
Merida do not exhibit 
seasonality, so the dif-
ference in TC between 
BB and AD samples is 
directly linked to differ-
ences in organic carbon, 
as would be expected 
from the combustion of 
vegetation.

The elemental com-
position of AD has been 
studied utilizing dif-
ferent methodologies 
and distances from the 
sources, e.g., near sourc-
es in Africa and down-
wind over Cape Verde 
(e.g., Kandler et al. 2011; 
Bozlaker at al., 2018; 
Liu et al. 2018), Barbados 
(Tr app  et  a l .  2010; 
Kandler et al. 2018), Miami (Prospero et al. 2010), and the Gulf Coast of Texas (Bozlaker et al. 2019). 
The arrival of AD over Yucatan in July is marked by the large increase in aluminum (Al), silicon 
(Si), and iron (Fe) as seen in Fig. 4c (yellow bars), compared to the background composition, 
and modest enrichment of magnesium (Mg) and titanium (Ti), all key elements in mineral 
dust (Linke et al. 2006; Marsden et al. 2019; Querol et al. 2019). During the AD period, there 
is excellent correlation between the time series of PM2.5 and Mg (CCP = 0.82), Al (CCP = 0.94), 
Si (CCP = 0.94), Ti (CCP = 0.89), and Fe (CCP = 0.88). Our results are consistent with the AD 
elemental profile reported by Bozlaker et al. (2018) from samples in Barbados. Moreover, 
Bozlaker et al. (2019) measured PM2.5 in Houston and Galveston, Texas, during an AD event 
between 17 and 25 August 2014 that led to mass doubling, which is also observed in our study. 
Enrichments of Mg, Al, Si, Ca, Ti, Mn, and Fe in our samples are consistent with their results.

Biological ProPerties. Maritime and continental microorganisms are ubiquitous in 
Yucatan since temperature and relative humidity favor their proliferation and survival 
(Ponce-Caballero et al. 2013). Culturable bacteria, fungal propagules and actinos (marine and 
continental actinobacteria) were detected during ADABBOY (Rodriguez-Gomez et al. 2020). 
The concentration of fungal propagules is ~3 times higher than of bacteria, both in Sisal and in 
Merida (Fig. 5). A threefold to fivefold increase in number concentration of bacteria and fungal 
propagules is observed between MA and AD, associated with African air masses. Nevertheless, 
the impact of the local meteorology in the concentration and diversity of bioparticles in the 
Yucatan Peninsula requires careful evaluation (Rodríguez-Gómez et al. 2020).

Fig. 4. Percentage elemental mass concentration for background samples in 
(a) Merida and (b) Sisal. (c) Enrichment factors calculated for samples obtained 
under the influence of BB (red bars) and AD (yellow bars) plumes with respect 
to the background conditions sampled in Merida. The dashed horizontal line 
corresponds to enrichment factor equal to 1.
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While similar bacteria genera were 
observed during all IOPs, different 
species were present in MA and AD, 
e.g., Vibrio spp. were identified in 
samples of MA during cold fronts, 
typical of marine environments, 
while Microbacterium, Sphingomonas, 
Bacillus, and Streptomyces were isolat-
ed and identified during AD episodes, 
in agreement with Griffin (2007). 
Cladosporium and Penicillium were 
the dominant fungi under background 
conditions whereas during the influ-
ence of the AD plumes additional gen-
era, such as Alternaria, Fusarium, and 
Tricomona/Monillia, were identified by 
Rodriguez-Gomez et al. (2020).

Low concentrations of bacteria 
and fungal propagules were found 
during the BB period (Fig. 5), espe-
cially for fungal propagules, in agreement with 
Ponce-Caballero et al. (2013). BB activities in the 
tropics are dominant during the dry season with 
relatively lower relative humidity, a factor that limits 
the production of microorganisms.

ADABBOY highlighted the interannual variability 
of the AD plumes arriving in the Yucatan Peninsula 
that impacts the sampled microbiota (Fig. 5: Merida, 
AD17 vs Merida, AD18), supporting the hypothesis 
that African plumes may transport foreign microor-
ganisms onto Mexican territory.

ice-nucleating ProPerties associated with immer-
sion freezing. Since most of the precipitation over 
Yucatan forms in deep clouds at temperatures well 
below 0°C (Diaz-Esteban and Raga 2019) it is rel-
evant to determine the ice-nucleating abilities of 
MA compared with BB and AD particles. Figure 6 
summarizes the INP concentrations as a function 
of temperature and aerosol type. The BB particles 
do not activate at temperatures warmer than −15°C, 
consistent with other studies (Kanji et al. 2017). In 
contrast, MA and AD are ice active between −15° 
and 0°C. AD as INP have been extensively studied 
by airborne sampling in the eastern Atlantic near 
Africa (e.g., DeMott et al. 2003; Twohy et al. 2009; 
Price et al. 2018, among many others) and in the laboratory (Augustin-Bauditz et al. 2014; 
DeMott et al. 2015). At −15°C the AD plumes sampled in Yucatan contained higher INP 
concentrations than MA. Nevertheless, the most efficient particles were those collected 
during the passage of cold fronts under predominantly maritime conditions, with onset 

Fig. 5. Boxplots of the concentration [CFU m−3] of (a) bacteria and 
(b) fungal propagules. BB, AD, and MA refer to biomass burning, 
African dust, and marine aerosol IOPs during 2017 and 2018. 
Samples are exposed for 5 min and results are counts after 48 h 
(modified from Rodriguez-Gomez et al. 2020).

Fig. 6. INP concentration as a function of tempera-
ture for three distinct air masses: marine aerosol 
(MA, blue), biomass burning (BB, red), and African 
dust (AD, yellow) for particles with sizes ranging 
between 0.32 and 10 µm. The vertical black lines 
indicate the standard deviation (modified from 
Córdoba et al. 2021).
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freezing temperatures as warm as −3°C (Ladino et al. 2019) and higher active site densi-
ties (Córdoba et al. 2021). The activation fraction of most of the AD samples collected in 
Yucatan are slightly less efficient than airborne filter samples near Cape Verde reported by 
Price et al. (2018), with AD samples in Yucatan at −20°C about two orders of magnitude less 
in concentration. Below −20°C the highest INP concentrations were found in AD, followed 
by MA and BB particles. These results are in excellent agreement with results from other 
locations as summarized by 
Kanji et al. (2017). The AD was 
identified as the main source 
of INPs in the Yucatan Penin-
sula during the midsummer 
season, with a high potential 
to affect local and regional 
precipitation. Nevertheless, 
the MA particles are ubiqui-
tous all year-round, contribut-
ing significantly to INPs and 
precipitation development.

Seawater around Yucatan 
is a large source of airborne 
particles, as a result of bubble 
bursting and wave breaking 
at the surface, including salts, 
microorganisms and exudates. 
Water samples were obtained 
from the sea surface microlayer (SML) and from the bulk-surface water (BSW) near the Gulf of 
Mexico coast. The ice-nucleating abilities of water samples from the SML and the BSW were 
determined using the UNAM-Droplet Freezing Assay. Surface layer waters contain ice active 
material (Fig. 7), with INP concentrations ranging between 6.0 × 101 and 1.1 × 105 L−1 water 
at temperatures below −16.5°C (Ladino et al. 2021).

Microorganisms are good INPs (Maki and Willoughby 1978; Yankofsky et al. 1981) and 
airborne microorganisms were sampled and identified during ADABBOY. Analysis of the 13 
bacteria species isolated from air samples—firmicutes, actinobacteria, beta-proteobacteria 
and gamma-proteobacteria phylum—indicate that they are inefficient INPs (onset freezing 
temperatures < −18°C) compared to other bacteria, such Pseudomonas syringae (Yankofsky 
et al. 1981; Wex et al. 2015).

Summary and outstanding questions
ADABBOY identified sources of aerosol particles in the Yucatan Peninsula, documented 
their properties, and evaluated the impact on local air quality of regional BB emissions and 
long-range transport of African dust, sporadic sources with different seasonality, revealing 
significant differences:

• Under the influence of BB and AD plumes, PM10 mass concentrations increase up to 200% 
and 300% above background, respectively.

• The BB number concentrations are comparable to the background at sizes smaller than 
0.3 µm while AD concentrations are a factor of approximately two higher than BB and 
background in the size range from 0.05 to 0.3 µm.

• BB volume concentrations dominate in the size range 1–5 µm while AD volume size dis-
tributions are bimodal.

Fig. 7. Frozen fraction curves for the sea surface microlayer (SML, red line) 
and bulk surface water (BSW, blue line) samples collected at the Gulf of 
Mexico. The solid black line denotes the homogeneous freezing curve 
and the shaded areas denote the standard deviation for each sample type 
(modified from Ladino et al. 2021).
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• Background aerosol composition is dominated by Cl, Na, and S.
• BB particles are enriched in K and S, as well as in total carbon and significantly correlated 

with PM2.5.
• AD particles are highly enriched in Al, Si, Fe, Mg. and Ti and significantly correlated with 

PM2.5.
• Alternaria, Fusarium, and Tricomona/Monillia were identified in AD while Cladosporium 

and Penicillium are dominant fungi genera in background.
• BB particles are inefficient INP at temperatures warmer than −20°C whereas both AD and 

MA are active INP below −10°C.

Data collected during ADABBOY will help constrain models of emission and transport of BB 
and AD. The temperature dependency of INPs is important for validating current parameteriza-
tions of ice crystal formation in tropical regions as a precursor to mixed-phase precipitation in 
weather and climate models. The broad range of bacteria, fungi, and actinobacteria, known 
sources of INPs, suggests that they might play a role in cloud formation and precipitation in 
this region.

This study significantly expands the existing dataset of particle properties in this region 
and raises several issues to be addressed in future studies:

• Evaluate mitigation measures for anthropogenic BB activities that degrade air quality and 
threaten sensitive ecosystems in natural protected areas.

• Analyze the interannual variability of AD intrusions related to regional air quality.
• Assess the role of AD related nutrients on biogeochemical processes with expanded sam-

pling of bulk deposition in the Yucatan.
• Evaluate the role of endemic microorganisms versus those transported to Yucatan by cold 

fronts, tropical cyclones, and AD plumes.
• Evaluate the role of regional phytoplankton blooms as INPs.

ADABBOY has documented the near-pristine environment that is polluted yearly by emis-
sions from BB and AD intrusions. BB is an anthropogenic activity that can and should be 
mitigated in the future. AD events may increase as climate changes and desertification in 
Africa expands (Liu and Xue 2020). Given that Yucatan is representative of much of the west-
ern Caribbean and Central America, in that BB is a common practice and AD also reaches 
those other areas, long-term monitoring at one or more sites in the region will provide in situ 
evidence of the future evolution of BB and AD. This first detailed study of particle properties 
in this region provides a valuable baseline for future studies.
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