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SAHARAN DUST AND PEDIATRIC ASTHMA: 
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ABSTRACT 

 
 
 Supervising Professor:  Thomas H. Brikowski, Chair 
 
 
 
 
Background: The annual seasonal intrusion of Saharan Dust to the Caribbean has been linked with 

asthma, a complex disease and a major cause of morbidity in the Caribbean and around the world. 

This first multinational, multiyear epidemiologic study of Saharan Dust in the Caribbean examines 

the risk of asthma emergency room (ER) visits on Saharan dust days (SDD). Saharan dust is the 

main source of aerosol pollution in the Caribbean, and its composition is determined by the mineral 

dust source and the interactions with pollutants picked up during transport. These include 

anthropogenic aerosols such as black carbon (BC) from biomass burning in sub-Saharan Africa 

and South America.  

 

Methods: We examined the associations between SDD and asthma ER visits on four islands from 

January 2015 to December 2017 among children between the ages of 1 and 15 years old. These 

islands extend from 15.50N, (Dominica) to 120N (Grenada), bracketing St. Lucia (13.30N) and St. 

Vincent (130N). Particulate exposure was estimated using bias-corrected MERRA-2 satellite-

based derived PM2.5 and PM10 (particulate matter <2.5 µm and <10 µm respectively) data and the 
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total black and organic carbon components (TCC) thereof. SDDs, as described in a previous 

Caribbean paper, were defined by days that occurred only during the dust season with PM10 

exceeding 35 µg/m3 (SDD10) or PM2.5 exceeding 11µg/m3 (SDD2.5). Multivariate analyses were 

performed using time-stratified (“filtered”) conditional (case-crossover) Poisson regression 

techniques with distributed lags constrained via spline smoothing. The primary analysis included 

all ER visits and secondary analyses were performed on sub-groups by year and by island.   

 

Results: Records used in this study describe a total of 6353 asthma ER visits. There was a 9% 

(95% CI: 1% - 18%) increased average (over lags 0-6 days) regional (over all islands) risk of 

asthma ER visits on SDD2.5 but no significant association with SDD10. Results by individual year 

and island were variable. There was an increased average regional risk in 2016 with exposure to 

SDD2.5 (12%, CI: 3-22%). Among the islands, Grenada had an increased average risk with SDD2.5 

(13%, CI: 4 - 24%), and similarly St. Lucia (11%, CI:1% - 22%). Grenada also had the highest 

TCC among the islands and St. Lucia the highest levels of local urban anthropogenic PM10. 

 

Conclusion:  SDDs defined by high PM2.5 concentrations, were positively associated with pediatric 

asthma ER visits. The findings suggest that, in the Caribbean, susceptible pediatric asthma patients 

are at an increased risk from Saharan dust, but its association is complex. Differing results between 

individual islands and years may be partially attributable to differing anthropogenic sources and 

other confounding factors including seasonal influenza infections. 
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CHAPTER 1 

INTRODUCTION 

The annual seasonal intrusion of Saharan Dust into the Caribbean is well described 

(Prospero et al., 2008; Engelstaedter et al., 2006; Viana et al., 2002) and has been linked with 

asthma, a significant cause of morbidity in the Caribbean (Monteil et al., 2008; Cadelis et al., 

2014). For reasons that are not clearly understood, the region has one of the highest rates of 

pediatric asthma cases in the world (Castro, 2019; IHME, 2018; Howitt et al., 1998), rates that 

surpass more industrial/urban regions (Castro, 2019) despite little anthropogenic contribution from 

local industrial activity or from nearby industrialized countries (Table 1). Distant sources of 

particulate pollution are significant, carried by the trade winds that regularly sweep over the small 

islands (Jury, 2017). Early suggestions were that the rate of asthmatic attacks in the Caribbean has 

increased since 1970 corresponding to an increase in the amount of Saharan dust reaching the 

islands (McCarthy et al., 2001; Prospero, 2014) though later regional studies have shown varying 

correlations with Saharan dust and asthma (Gyan et al., 2005; Prospero et al., 2008; Cadelis et al., 

2014). What is clear is that the concentration of particulate matter (PM) in the Caribbean during 

the Saharan dust days (SDD) consistently exceeds the World Health Organization (WHO) and 

other international organization’s guidelines for PM10 of 50 µg/m3 (Goudie and Middleton, 2001; 

Rodriguez et al., 2001; Prospero and Lamb, 2003).  If Saharan dust is shown to be a major cause 

of pediatric asthma, this would have serious implications for the health risk and the management 

for asthmatics in the region, i.e. mitigating the risk from exposure. The purpose of this first regional 

multinational study is to determine if there are regional and/or local temporal and spatial 
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correlations between the seasonal SDD and the number of pediatric asthmatic emergency room 

(ER) admissions in the Windward Islands in the Eastern Caribbean (Figure 1). 

Table 1. Comparison of the high prevalence rates of asthma in the Caribbean compared to 
and North America and Europe (IHME, 2018). 

 
Age categories Caribbean North America European Union 
1-4 years old 17.5% 10.8% 7.9% 
5-9 years old 14.5% 10.8% 6.1% 
10-14 years old 8.9% 6.9% 5.9% 

 

 

Figure 1. (Left) The Windward Islands Dominica, St. Lucia, St. Vincent and Grenada in the 
Caribbean study area are shown labeled in black. The other islands mentioned in the text but not 
included in the study area are labeled in blue. The base map from ArcMaps (2020) and the islands 
from Google Earth (2019). (Right) NASA satellite image showing dust reaching the Caribbean on 
June 22, 2020 from the Sahara/Africa (far right; NOAA/RAMMB, 2020). The yellow box 
surrounds the islands in the study region in the Eastern Caribbean and the Florida peninsula is 
shaded in yellow. 
 

ASTHMA-PARTICULATE CORRELATIONS 
 

Asthma is the most common non-communicable disease in the pediatric population around 

the globe (WHO asthma, 2017) and while it is relatively easy to diagnose, it is a complex disease 
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with multiple risk factors, triggers and types. Among the various risk factors, genetic 

predisposition and inhalation of environmental allergens and/or particles carry the greatest risk of 

developing asthma (WHO asthma, 2017). Once diagnosed, specific types of asthma have been 

described including allergic asthma, which may be triggered by indoor and outdoor allergens such 

as pollen, mold, mites, and both natural and anthropogenic atmospheric pollution and dust 

(Asthma, 2019; Inoue and Shimojo, 2013). Other types of asthma include exercise induced and 

viral infection associated asthma. Some individuals may have asthma that cannot be classified as 

a single type and/or may have multiple triggers or even a variable response to the same triggers, 

such as dust, at different levels of exposure and seasons (Asthma, 2019; WHO asthma, 2017). 

Regardless of the type or trigger, patients typically present with recurrent episodes of wheezing 

and shortness of breath and the treatment is similar in most cases (Asthma, 2019).  

Without knowing the exact cause, what is known is that the rate of asthma in the Caribbean 

is high despite the fact that the region usually has satisfactory air quality (Jury, 2017; Prospero et 

al., 2014). The main increases in aerosol dust load and decreased air quality are due to the seasonal 

dust transportation sourced from the Saharan Desert. During SDD, Saharan dust “is the major 

driver of PM10 concentrations” and is the main cause for exceedance of the WHO recommended 

PM10 concentrations on those days (Prospero et al., 2014).  Soot from biomass burning in sub-

Saharan Africa and sometimes from South America may also make a contribution (Prospero et al., 

2014). This makes the Caribbean a good place to study the effects of changing PM levels from 

North Africa on health and to quantify any correlation between pediatric asthma and SDD using 

aggregate numbers of cases.  
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Ambient air pollutants, especially fine anthropogenic PM with aerodynamic diameter of 

less than 2.5 μm (PM2.5; Chu et al., 2016; Dockery et al., 1993) and desert dust (Sprigg, 2016; 

Middleton, 2017; Lee and Lee, 2013; Karanasiou et al., 2012) are detrimental to human health 

(Klemm and Mason, 2000; Bell et al., 2011; Dominici et al., 2006). Statistically significant harmful 

associations of desert dust and human health are inconsistent among both international and 

regional studies for many reasons, including different definitions for dust days and different 

assessments of potential confounding factors such as ethnicity, age, dust particulate composition, 

density and particulate size.  In the few Caribbean studies that have examined the health impacts 

of Saharan dust, most of have focused on the effects on the pediatric asthmatic population (Cadelis, 

2014; Akpinar-Elci et a.l, 2015; Monteil and Antoine, 2009; Gyan et al., 2005; Prospero et al., 

2008). One of the first studies in the region was in Trinidad in 2005 (see Figure 1 for location). 

They found a 22.3% increase in the asthma admissions due to the Saharan dust events, using 

decreased atmospheric visibility as the criteria for determining dust days (Gyan et al., 2005). One 

of the first studies in the Eastern Caribbean to analyze the effects of specific particle size (PM2.5 

and PM2.5-10), was in Guadeloupe (Figure 1), where Cadelis et al., (2014) found a statistically 

significant association between asthma attacks and PM2.5 and PM2.5-10 during Saharan dust events. 

Others disagree with an adverse association between dust events and an increased rate of asthma 

attacks in the Caribbean, citing a more general lack of statistical significance over differing 

locations and time periods (Blades et al., 1998, Blades et al., 2004; Prospero et al., 2008, Prospero 

et al., 2009).  

Disagreements with respect to the seasonal pattern and lag time from dust exposure to onset 

of asthma (lag 0 = day of exposure) are also prominent, even among single-island studies that find 
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positive associations between SDD and asthma in Guadeloupe. Cadelis et al. (2014) found the 

effect was greatest on lag 0, while other studies have found it to be about two to three days (lag 2 

or lag 3; Johnston et al., 2011) or up to six days (Lee and Lee, 2013) after the maximum dust 

exposure. In Puerto-Rico, Jury (2017) found that the association with asthmatic hospital 

admissions occurred during the secondary Saharan dust season from March-April, which was also 

the time of the “lowest soil moisture, increased fire emissions and high pollen loading”, and not 

during the normally described peak summer dust season These studies suggest that SDD may not 

be the sole contributor to asthma related admissions, and that asthma prevalence is multifactorial. 

ORIGIN OF PARTICULATES 

The source and distribution of the dust to the Caribbean and the Americas is strongly 

seasonal and is well documented (Appendix B; Prospero, 2014; Engelstaedter et al., 2006; 

Chiapello et al., 2005; Prospero and Lamb, 2003). The Saharan dust originates in the Saharan and 

Sahel deserts in North Africa, which are located over 4800 km east of the Americas (right side of 

right frame, Figure 1), and are transported to the Caribbean on the northeasterly Trade Winds. The 

seasonal transportation follows the Intertropical Convergence Zone (ITCZ) resulting in a high dust 

peak at increased latitudes in the Boreal summer from May to September with smaller secondary 

spring and sometimes fall peaks (see Results section; Prospero and Mayol-Bracero, 2013). 

There are two main natural sources of dust reaching the Caribbean islands. The principal 

source is the Western Sahara from Mauritania and Mali during the summer. A smaller amount 

during the winter and spring originates from the Bodélé depression (the virtually dry Lake Chad, 

south-central Sahara) located over 9000 km from the Caribbean (Ben-Ami et al., 2012). Most of 
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the Trans-Atlantic dust sourced from the Bodélé depression is transported south of the Caribbean 

islands and impacts South America instead (Middleton, 2017; Buchard et al., 2017).  

Most of the dust reaching the Eastern Caribbean islands is <10 μm in diameter, and during 

Saharan dust days the PM10 load consists primarily of mineral dust which originated from the 

African deserts (Prospero et al., 2014; Li-Jones and Prospero, 1998). Particles with sizes >70 μm 

are deposited close to the source and the remaining smaller suspended particles are carried by the 

Trans-Atlantic trade winds to the Americas (Yu et al., 2013; Prospero and Mayol-Bracero, 2013).   

 The final composition of the Saharan dust reaching the Eastern Caribbean is determined 

both by the source and the various interactions with pollutants and compounds picked up over the 

sea (Rodriguez et al., 2001). After the long-distance travel the dust is composed of crustal, 

anthropogenic, sea salt, microbial, and chemical particles (Caquineau et al., 1998; Perrino et al., 

2009). The main crustal components include coarser silt sized dust grains (~2 to 50 μm) consisting 

primarily of quartz, Na/K/Ca feldspars (plagioclase), carbonates, some iron contained in hematite, 

and finer grains consisting primarily of the clays, illite and kaolinite (Querol et al., 2019; 

Scheuvens et al., 2013; Journet et al., 2014, Ito and Wagai, 2015; Caquineau et al., 2002; Goudie 

and Middleton, 2001). Other components such as maritime sea salt, anthropogenic aerosols such 

as black carbon (BC) from biomass burning in sub-Saharan Africa and South America and biologic 

components such as bacteria, fungi and pollen can also be transported with the mineral dust to the 

Caribbean (Velasco-Merino, 2018; Trapp et al., 2010; Longo et al., 2009; Hamburger et al., 2013; 

Griffin et al., 2003; Prospero et al., 2005; Kellogg and Griffin, 2006). However, the biological and 

microbial content is not likely to pose a direct public health or asthma risk since few pathogens 

have been identified (Favet et al., 2013). 
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CHAPTER 2 

METHODOLOGY 

PATIENT DATA AND LOCATION 

Four Windward Islands were chosen for this study (black labels, Figure 1) specifically the 

English-speaking islands in order to ease medical record and sampling access. They are located on 

the eastern side of the Caribbean basin, and the only major land mass to their east is Africa. These 

islands were chosen to sample a range of latitudes, extending from 15.50N, (Dominica) to 120 N 

(Grenada), bracketing St. Lucia (13.30N) and St. Vincent (130N). This is the first study to use data 

from more than one country in the Caribbean islands to evaluate dust-asthma risk.  

The measure of daily asthma prevalence for this study was assessed using daily emergency 

patient records at the main hospital, which is located in the capital in each of the study islands. 

Asthma attendances were determined using the final diagnosis at discharge as documented in the 

emergency room (ER) records. Most of the islands do not have a central/national database of all 

patient diagnoses so individual hospital databases and paper patient records were examined for the 

required data. Data were collected covering the period January 1, 2015 to December 31, 2017. 

Daily attendances were collected for patients from age one up to age 15. Unfortunately, because 

of the devastating hurricane Maria that stuck Dominica in 2017, patient data after July 24, 2017 

were unavailable on that island.  

The pediatric population was chosen for the study because prior studies have shown an 

increase in asthma incidence in that population in the region (Howitt et al., 1998). Children are 

also more susceptible to external asthma triggers such as dust and mites than adults; adults usually 

have a higher rate of internal triggers such as cardiac or pulmonary problems. Also, parents are 
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generally more likely to seek medical attention sooner for their children (Prospero et al., 2008). 

The individual island populations were retrieved from Worldbank (2020) and used to plot ER visits 

per 1000 population. 

Institutional Review Board (IRB) permissions were obtained from the University of Texas 

at Dallas (UTD) as well as for each of the islands in the study (Supplement). The protocols varied 

among the islands with permission required from the government then the hospitals in Dominica 

and St. Vincent, and from a university-based ethics review board, then the respective Ministry of 

Health and finally the hospitals in Grenada and St. Lucia.  

DUST DATA 

To accurately characterize human exposure to PM it is important to correctly determine 

ground-level PM concentrations and, for short term (acute) studies like this one, to assess daily 

PM exposures (Dominici et al., 2006). Ground-based monitoring of surface PM concentrations 

remains the standard, but there are several limitations to using these sites in the Caribbean, 

primarily the sparse and disproportionate distribution of monitoring sites. The four islands for 

which we obtained medical records do not host any dust monitoring stations. The only ground-

based PM monitoring stations in the Eastern Caribbean with available data during the study period 

were in Martinique and Barbados (Figure 1). Measurements taken from these distant islands (in 

our case from Martinique) would not be representative of PM10 and/or PM2.5 concentrations on the 

four the islands in our study (Wang et al., 2013). In addition, the urban and peri-urban locations of 

some of these monitors on the other islands makes them unsuitable for the measurement of natural 

dust sources (Jury et al., 2017; Lee et al., 2011; Buchard et al., 2017). These ground-based stations 

often experience gaps in the record, thwarting epidemiologic studies of short term health effects 
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(Zhang et al., 2018; Jury, 2017). Dust monitoring in Barbados for example was only available for 

a few months in 2015 and for summer 2016 (Zuidema et al., 2019). Data from the relatively new 

François pointe Couchée station in Martinique, which is dedicated to monitoring Saharan dust, 

were only available beginning in August 1, 2016 (Figure 1 for location). 

This study follows the lead of researchers in other areas, using satellite data to estimate 

surface PM concentrations to overcome the limitations of ground-based stations (Madhavan et al., 

2017; van Donkelaar et al., 2010; Di Nicolantonio et al., 2009; Schaap et al., 2009; Liu et al., 

2004). The use of satellite derived dust measurements offers relatively continuous temporal and 

spatial data, albeit coarsely gridded (Figure 2), and is the only option for island-specific surface 

aerosol parameters for this study. Indeed satellite-based dust event forecasts could be used to 

provide advanced warning for asthmatics in the study area. 

One satellite-derived product, the Modern Era Reanalysis for Research and Applications 

version 2 (MERRA-2), uses advances in satellite data retrievals and assimilation to more 

accurately determine daily surface PM10 and PM2.5 concentrations. Ground-based monitoring PM 

data is not used in the assimilation. MERRA-2 combines aerosol, air chemistry and meteorology 

tools into a global assimilation system (Randles et al., 2017) which provides spatial and daily 

temporal coverage (see single-day example, Figure 2). It is based on the Goddard Earth Observing 

System Data Assimilation System version 5 (GEOS-5) weather and climate models which includes 

oceanic, land and atmospheric components (Che et al., 2018; Buchard et al., 2017). GEOS-5 is 

connected to the Goddard Chemistry, Aerosol, Radiation and Transport (GOCART) aerosol 

module that contains data on the source, sink and transportation of five distinct PM aerosols; dust, 
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Black Carbon (BC) and organic carbon (OC), sulphate and sea salt (Chin et al. 2002; Che et al., 

2018). 

This form of data assimilation has successfully determined the distribution of dust and 

aerosols in the Caribbean, and results have correlated well with the ground observations in the 

region (Buchard et al., 2017).  PM2.5 can be calculated using the MERRA-2 components 

[DUST2.5], [SS2.5], [BC], [OC], and [SO4], which are the GOCART concentrations of dust 2.5, 

sea salt2.5, BC, OC and sulfate ion, respectively. Similarly, PM10 can be calculated using dust and 

sea salt ([DUST] + [SS]), which are 10 µm  or smaller (Equation 1 & 2; Provençal et al., 2017; 

Song et al., 2018).  

PM2.5 = [DUST2.5] + [SS2.5] + [BC] + 1.8*[OC] + 1.375*[SO4] (1) 

PM10 = [DUST] + [SS] + [BC] + 1.8[OC] + 1.375[SO4] (2) 

MERRA-2 data download and processing 

The MERRA-2 data were downloaded from the NASA website (GMAO, 2015; GES DISC, 

2018), and converted to csv files using the ncdf4 package (Pierce, 2019) in R (R Core Team, 2018). 

Daily island-specific concentrations were obtained from the MERRA-2 values of grid cells 

containing each island.  For the two islands with land area falling within two grid cells (St. Lucia 

and St. Vincent; Figure 2), a simple average was used. These MERRA-2 derived PM values were 

further bias-corrected with ground measurements obtained from François pointe Couchée station 

in Martinique using the hyfo R package, scaling method (Xu, 2018). This package models the bias 

between the available ground-based PM data and the MERRA-2 derived PM data for Martinique. 

This bias factor was then applied to the MERRA-2 derived data for the other islands for the entire 

study period starting in January 2015. Bias correction is useful to limit the systematic errors that 
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exist in output data from models due to, for example limited spatial resolution (GCM,2014) and it 

has been shown to be useful in MERRA-2 derived PM2.5 data that was used in the analysis of air 

quality (Navinya et al., 2020). 

 

Figure 2. MERRA-2 raw dust concentration data for April 4, 2017. Squares illustrate satellite pixel 
size, and demonstrate a strong variability in uncorrected dust concentration across the study area 
on that day. 

Selecting Saharan Dust days 

In order to isolate Saharan dust effects from other asthma triggers, two quantitative 

indicators of Saharan Dust days (SDD) were defined for the study area. In this study, SDD were 

determined by events that met two criteria. The first criterion was that the events had to occur only 
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during the well documented dust season (March through October) including the primary summer 

peak (May to August), and the secondary peaks in spring (March and April) and fall (September 

and October; Prospero, 2014; Euphrasie-Clotilde et al., 2020). Sahara dust rarely reaches the 

Caribbean in late fall and winter months from November to February, and instead reaches South 

America during this time. The second criterion was that a threshold value for PM had to be 

exceeded, based on either PM10 or PM2.5. 

Various PM-based SDD thresholds have been used in other Caribbean studies. Prospero et 

al. (2014) and Euphrasie-Clotilde et al. (2020) described two different PM10 thresholds. Prospero 

et al. (2014), citing the WHO air quality guidelines for poor air quality, used 50 µg/m3 as the 

threshold above which they defined SDD. They found that 9.0- 9.2 % of all the days in their study 

met this criterion. In the present study, 10% of the days over the entire study period met this 

criterion. Euphrasie-Clotilde et al. (2020) selected a lower PM10 threshold, showing that 35 µg/m3 

should be used instead of 50 µg/m3 as the former would incorporate the truest dust events. They 

defined dust as an aerosol particle that met the satellite criteria of an aerosol optical depth >0.2 

and an Ångström exponent <0.6. Using these criteria, they found that defining SDD using >= 50 

µg/m3 threshold, missed 55% of events that met the satellite criteria. Therefore, we defined SDDs 

as days occurring within the Sahara primary and secondary dust season that had bias-corrected 

MERRA-2 PM10 (bcPM10) >= 35 µg/m3, which we denote SDD10. We assessed the effects of 

setting the threshold at >= 50 µg/m3 in a sensitivity analysis (Supplement). 

SDDs defined using bias-corrected PM2.5 (bcPM2.5), which we denote SDD2.5, used a 

threshold of 11 µg/m3. This threshold was arrived at by regressing bcPM2.5 against bcPM10 for the 

study period, and finding the fitted value of bcPM2.5 that corresponded to bcPM10 = 35 µg/m3. This 
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bcPM2.5 value is comparable to the WHO air quality standard of 10 µg/m3 and the Environmental 

Protection Agency (EPA) annual standard of 12 µg/m3 for PM2.5 exposure. Sensitivity analyses 

assessing the effects using the WHO and EPA thresholds are also described in the supplement. 

WEATHER DATA 

Weather data for each of the islands were obtained from the weather archives on the 

Wunderground website (Virtual Crossing, 2019; Wunderground, 2019). The daily averages for 

temperature and precipitation were from a single station on each island but should be representative 

of the entire island given their small size e.g., the largest island Dominica is only 289 square miles. 

STATISTICAL ANALYSIS 

All statistical analyses were implemented in the R language (R Core Team, 2018). Statistical 

significance was determined by a 95% confidence interval that failed to contain the null value.  

This study sought to estimate the association between PM exposure and asthma ER visit 

case counts.  Since asthma has myriad and generally indeterminate causes, such correlation is 

difficult to establish. To better understand the nature of potential cause correlations with ER visits 

multivariate analyses were performed using time-stratified (“filtered”) conditional (case-crossover 

or internal-controls) Poisson regression techniques with distributed lags constrained via spline 

smoothing.  This approach has become a standard technique for estimation of health effect 

associations with acute environmental exposures (Janes, et al., 2005; Armstrong, et al., 2014; 

Rublee et al., 2020). 

Spearman non-parametric correlation 

As a preliminary exploration of the data, simple univariate analysis of the correlations 

between PM10, PM2.5, temperature, precipitation and asthma ER visits on SDDs were performed 
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using non-parametric Spearman Rank methods. Statistical significance was defined as null-

hypothesis p-values of <0.05. This simple analysis is useful for a broad overview of the data, and 

especially to indicate the nature of potential correlations between ER visits and individual 

environmental variables. 

Time and island stratified case-crossover conditional Poisson regression model 

The case-crossover design is commonly applied to analyze acute exposure to ambient air 

pollution that varies with time (Armstrong et al., 2014; Crooks et al., 2016) and therefore is highly 

applicable to our study of acute exacerbation of childhood asthma and exposure to ambient air 

during SDD. The case crossover design controls confounding factors that are independent of time 

by using the individual as both the case and the control in the analysis (Janes et al., 2005). Some 

of the factors that may be thus controlled include gender and geographic location. Using this design 

inherently removes the potential bias of choosing a non-comparable control group. It can also 

control for factors that vary slowly in time (e.g., age and asthma-related allergen sensitivity) by 

designing strata such that referent (control) days are close in time to the case day (Janes et al., 

2005; Lu and Zeger, 2007).   

In the present study we have population-level exposures and only limited data on the 

individual asthma patients, so we perform the case-crossover analysis on aggregated counts using 

a conditional Poisson (cP) model (Armstrong et al., 2014). This model is a common alternative to 

conditional logistic models (CLR), and is more suitable for situations where individual-level 

confounders are unknown or incomplete, or when the data are over-dispersed (showing 

unexpectedly high variance). The cP model may also be preferred to a Poisson time series model 

when the exposure is relatively rare. Model fitting was implemented using the generalized non-



 

15 

linear model (gnm) package (Turner & Firth, 2020) in R. This model allows for the analysis of the 

effects of SDDs on asthma ER visits across all four islands together while controlling for 

confounders.  

The foundation of the model is the Poisson regression model which is suitable for such 

nonlinear correlations but follows certain assumptions/criteria. Poisson is used for count data and 

acute responses such as the short-term association of specific health criteria and ambient air 

pollution including desert dust (Kloog et al., 2012; Zhang et al., 2016). To preclude prediction of 

negative counts, Poisson uses log λi2 rather than λi (the average number of occurrences, in this case 

pediatric asthma ER visits per unit time), as the function of the independent variable (Kianifard 

and Gallo, 1995). Using log also allows for the “increase in variance with an increase in mean” 

characteristic of Poisson distributions, so a separate error term (ϵ) can be omitted (Legler and 

Roback, 2019). Our data is count data and distribution is skewed to the right, which meets the 1st 

criterion. A quasi-Poisson model is used to accommodate for over-dispersion (where data variance 

is greater than that predicted by a standard Poisson model; Poisson regression, 2019). Initial 

assessment showed that our data exhibited overdispersion so ultimately conditional quasi-Poisson 

(cq-P) was used instead. cq-P uses a stratified version of Poisson regression and the stratification 

converts it to case crossover analysis (Armstrong et al., 2014).   

Model Implementation 

Distributed lag models were built using the dlnm R package (Gasparrini, 2011) to analyze 

both immediate and delayed health effects of dichotomous SDDs from lag 0-6.  Models explicitly 

controlled for temperature, precipitation, and time-of-year. Strata were defined by patient age 

group (1-5, 6-11 and 12-15 years old), gender, island, day-of-week, month, and year. This structure 
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automatically controlled for differences in risk between islands, differences in baseline risk by age 

and gender, as well as behavioral risk factors and competing exposures that vary by day of week, 

season, and year. 

Lagged (lags 0-6) associations with dichotomous SDD, either SDD10 or SDD2.5, were 

modeled as a smooth function of lag day using a natural spline with 3 degrees of freedom and 

logarithmically spaced knots using the crossbasis function in the dlnm package (Gasparinni, 2011). 

Lag days were related to the number of days until the ER visit after an SDD i.e. lag 0 was on the 

same day of exposure to an SDD, lag 1 was an ER visit one day later, etc. Lagged associations of 

asthma ER visits with temperature and precipitation were modelled with a non-linear spline 

function with 3 degrees of freedom for each of the lags 0 through 3.  

 To account for smooth sub-seasonal shifts in the baseline risk the model also included a 

smooth spline function over date with 7 degrees of freedom per year. The quasipoisson family 

was selected within the gnm function to account for potential overdispersion in the counts. 

Potential effect modifiers such as gender, age, island and year were then added to the model to 

determine the effects if any on the final result. 

 

 



 
 
 

17 

CHAPTER 3 

RESULTS 

ASTHMA EMERGENCY ROOM VISITS 

The asthma prevalence data for this study relies on records of ER visits in each of the four 

islands’ main hospitals. Records used in this study describe a total of 6353 emergency room (ER) 

visits for asthma for patients between the ages of 1 and 15 years old in St. Vincent, St. Lucia and 

Grenada from January 1, 2015 to December 31, 2017 and in Dominica from January 1, 2015 to 

July 24, 2017 (Table 2). These events affected more males than females with a M:F ratio of 1:0.72, 

similar to the findings of other studies in the region (Cadelis et al., 2014). The largest age group in 

these records was the 6 -11 years (43%), followed by the ≤5-year-old age group (39%). Three 

annual peaks for ER visits for asthma were found (Figures 3-4), the first in January coincides with 

a minimum in Saharan dust episodes, the second in May and a variable third in autumn. This third 

peak occurred in September in 2015, November in 2016 and October in 2017. The fewest number 

of visits occurred in July and August. There was also a spatial variation between the islands; 

Dominica for example had its highest peak and variance in October, St. Vincent in May, and 

Grenada in June (Figure 3). 

PM10 AND CARBON CONCENTRATIONS AND SAHARAN DUST DAYS 

The seasonal patterns of Saharan dust intrusions occurring during this study (Figure 4) 

resemble previously described patterns but there were inter-annual differences (Figure 5). The 

primary summer peak (May to August), and the secondary spring (March and April) and fall 

(September and October) peaks are present in all years at all islands. Closer inspection reveals 

important differences between the three years of this study. The lowest annual PM10 load for the 



 

18 

study area based on the MERRA-2 derived PM data was in 2016. There was a secondary spring 

peak in all three years and again the lowest was in 2016. The Saharan Dust event season was more 

prolonged in 2017, extending from March to October but with low concentrations in the summer, 

in contrast to 2015 and 2016 where the highest PM10 concentrations were in the summer (Figure 

5). There was an unusual rise in PM10 in December, 2017 but this was mainly due to increases in 

sea salt and this period was not modeled since it is not part of the Saharan dust season. 

Table 2. Emergency Room (ER) visit demographics. Note the total number in 2017 is significantly 
lower than the previous years, because of limited data availability Dominica for July-December, 
2017 after Hurricane Maria that year. 
 

ER visit DEMOGRAPHICS      
Number 
(%)    

Number 
(%)     

Country    Gender            

Dominica 1335 (21%) 
 Male 

3665 
(57.7%)   

St. Lucia 1123 (17%) 
 Female 

2664 
(41.9%)   

St. Vincent 2177 (34%)  Unknown 22 (<1%)   
Grenada 1718 (28%)      
TOTAL 6353  Age Male  Female All 
Year Number per year  1 to 5 1537 961      2498 
2015 2255              6 to 11 1582 1156 2738 
2016 2346  12 to 15 545 547 1092 
2017 1752  Unknown   25 
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Figure 3. Box and whisker plot of monthly emergency room asthma visits (ER visits) for 2015 – 
2017 per 1000 population by island. Bold line indicates mean for each island. Generally, there are 
a low number of visits from July and August and a higher rate from November to March with a 
variation between the islands. Dominica had its highest peak and variance in October, St. Vincent 
was in May and Grenada was in June (which was also the peak for SDD for the study period).  
 

 
 
Figure 4. Seasonal components for the regional ER visits and PM10bc. Thoughout the three year 
study period, ER visits have a tri-modal distribution (purple area) with one peak each year 
coinciding with the Saharan dust peaks (orange line graph). The other two ER visit peaks occur on 
non-dust days suggesting there are other factors besides Saharan dust that contribute to the asthma 
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attacks. The dark purple represents ER visits that occur during the Saharan dust season and the 
light purple for the non dust period over winter. This seasonal component was extracted using the 
bfast R package (Verbesselt et al., 2010). 
  

 

Figure 5. Simple daily average of the Bias Corrected PM10 concentrations for the four islands from 
January 2015 to December 31, 2017. The pattern between the three years is different with 2015 
showing the typically described summer peak with a secondary spring peak while 2017 appears to 
have moderate summer peaks but significant spring and fall events. There were two significant 
peaks in fall of 2016 but these were mainly due to a significant sea salt contribution rather than a 
dust contribution.  
 

During the study period, each island experienced on average 70 dust days annually, over 

which PM10 concentrations were doubled compared to non-dust days (Table 3). Using SDD10, 

Grenada and St. Vincent had the highest number of dust days (232 over three years) while 

Dominica had the lowest in part because ER data was only available to July, 2017 (Table 3). The 

average daily bcPM10 concentration throughout the study period in the region was 27.29 µg/m3; 

the average on SDD (45.35 μg/m3) was double that on non-dust days (21.8 µg/m3). The maximum 

concentration of bcPM10 was 121.99 µg/m3. During the normal Saharan dust season, a high 
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percentage of the PM10 consists of dust compared to the off-season episodes where most of the 

PM10 consists of sea salt. Similar concentration variations were found on SDD2.5 (Table 4). 

 
Table 3. The total number of SDD10 per island (column 2) with the mean/standard deviation for 
the bias corrected PM10 concentrations for 2015-2017 (column 3) and the mean/standard 
deviation non SDD10 during the Sahara season from March to October (column 4). The 
maximum and minimum bias corrected PM10 concentrations for the per island for 2015-2017 are 
in columns 4 & 5. The last three columns show just the total number of SDD10 per island per 
year.  
  Mean /Std deviation 

[PM10bc] on 
     

Island SDD10 
all years 

 
SDD10  

  
Non SDD10 

Max 
SDD10 

Min 
SDD10 

SDD10 
2015 

SDD10 
2016 

SDD10 
2017 

Dominica 160 46.9+/-10.7  21.2 +/- 7.6 107.2 35.0 76 50 34 

St. Lucia 222 47.4+/-12.3  21.1 +/- 7.5 122.0 35.3 96 57 69 

St. 
Vincent 

232 46.8+/-10.5  22.5 +/- 7.2 91.1 35.2 95 64 73 

Grenada 232 46.7+/-10.7  22.9 +/- 6.9 92.4 35.1 98 65 69 
 
Table 4. The total number of SDD2.5 per island (column 2) with the mean/standard deviation for 
the bias corrected PM2.5 concentrations for 2015-2017 (column 3) and the mean/standard 
deviation non SDD2.5 during the Sahara season from March to October (column 4). The 
maximum and minimum bias corrected PM2.5 concentrations for the per island for 2015-2017 are 
in columns 4 & 5. The last three columns show just the total number of SDD2.5 per island per 
year.  
 

  Mean /Std deviation 
[PM2.5bc] on 

     

Island SDD2.5 
all years 

 
SDD2.5 

  
Non SDD2.5 

Max 
SDD2.5 

Min 
SDD2.5 

SDD2.5 
2015 

SDD2.5 
2016 

SDD2.5 
2017 

Dominica 129 15.9 ± 4.4  6.4 ± 2.5 34.3 11.0 66 42 21 

St. Lucia 187 16.0 ± 4.8  6.9 ± 2.7 33.5 11.0 82 45 60 

St. 
Vincent 

186 16.0 ± 4.5  7.1 ± 2.7 32.1 11.1 79 47 60 

Grenada 193 16.1 ± 4.6  7.5 ± 2.6 35.6 11.1 83 55 55 
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Using the MERRA-2 data there was a latitudinal difference in the total carbon 

concentration (TCC; the sum of black carbon and organic carbon) on SDD. An inter-island 

comparison showed the southernmost island, Grenada, had the highest TCC. Dominica, the 

northernmost island, had the lowest concentration and St. Lucia and St. Vincent had similar 

intermediate total concentrations on SDD (Figure 6). 

 

Figure 6. Total concentration of black carbon & organic carbon from MERRA-2 during the 
Saharan dust season from March to October for each of the four islands by month. Grenada has 
the highest concentration (33% of the total) and Dominica has the lowest concentration (20%) of 
all the islands with St. Lucia and St. Vincent having 24% and 25 % respectively.  
 

SIMPLE SDD AND ER VISIT ASSOCIATIONS 

There was a higher daily average of patients seen in the ER during the Saharan dust season 

compared to the rest of the year on all the islands except Dominica, which saw a 7.4% decrease in 

the average daily ER visits with SDD10 exposure. Grenada saw the highest percentage increase of 
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33.61% and 37.4% on SDD10 and SDD2.5 exposure respectively, while St. Lucia had an 8.33% for 

both SDD10 and SDD2.5 exposure and St. Vincent had a 6.36% and 4.6% increase with SDD10 and 

SDD2.5 exposure respectively (Table 5 & 6).  

Table 5. Average daily percentage increase in ER visits on Saharan Dust days (SDD) 
compared to non-dust days (NDD) for each island using SDD10 defined as bias corrected 
PM10 ≥ 35 µg/m3. NDD10 are the days from November to February which are not part of the 
Saharan dust season.  

  Average ER visit per island per day   
  Dominica St. Lucia St. Vincent Grenada 
SDD 1.3 1.04 1.84 1.63 
NDD 1.4 0.96 1.73 1.22 
% increase -7.14 +8.33 +6.36 +33.61 

 

Table 6. Average daily percentage increase in ER visits on Saharan Dust days (SDD) 
compared to non-dust days (NDD) for each island using SDD2.5 defined as bias corrected 
PM10 ≥ 35 µg/m3 and PM2.5 >=11 µg/m3. NDD2.5 are the days from November to February 
which are not part of the Saharan dust season.  
 

  Average ER visit per island per day   
  Dominica St. Lucia St. Vincent Grenada 
SDD2.5 1.40 1.04 1.82 1.69 
NDD2.5 1.37 0.96 1.74 1.23 
% increase  + 2.19 + 8.33 + 4.60 + 37.40 

 
SPEARMAN (UNIVARIATE) ANALYSIS 

 
A quantitative correlation between asthma prevalence and individual causative factors can 

be made using non-parametric Spearman Rank correlation. This univariate analysis finds no 

significant regional correlation between ER visits and bcPM10 and bcPM2.5 on SDD for each of 

the years (Figure 7), but there is a significant positive association for both particle classes in 

Grenada for all years (p-value <0.001; Figure 8d). There was also an unexpected significant 

negative association in Dominica (p-value <0.05) for PM10 that is difficult to explain in this limited 
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analysis. Potential factors in that association are limited patient data for the end of 2017 and that 

Spearman correlation does not account for multiple (confounding) factors.  

Figure 7. Spearman correlation plots for all the islands by year; 2015 (top left – ERvisit15), 2016 
(top right – ERvisit16) and 2017 (bottom – Ervisit17) for ERvisits, PM10, PM2.5, temperature and 
precipitation. There is no statistically significant correlation between ER visits on SDD and PM10 
or PM2.5 for any of the years (top row in each figure). The temperature scale is in Fahrenheit and 
the very low values <300F, are anomalies. The islands are in the tropics with an annual average of 
850F and a low of 780F. Scale of p-values: ‘.’ = p-value <0.1, * = p-value <0.05, ** = p-value 
<0.01, *** p-value <0.001. 
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Figure 8. Spearman correlation plots for (a) Dominica (top left – ERvisitDom), (b) St. Lucia (top 
right – ERvisitSlu), (c) St. Vincent (bottom left – ERvisitSvg) and (d) Grenada (bottom right – 
ErvisitGnd). Dominica shows a negative correlation with PM10 (*<0.05) between ER visits and 
PM10. Grenada shows a statistically significant positive correlation between ER visits and both 
PM10 and PM2.5 (p-value <0.001). p-value scale in Figure 7. 

MULTIVARIATE ANALYSES OF SDD AND ASTHMA ER VISITS:  

Using a more robust statistical analytic method via the case crossover conditional quasi-

Poisson (cq-P) model and controlling for temperature and precipitation allows for a multi-variate 
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correlation between ER visits and SDD.  In general, there was a statistically significant association 

between SDD2.5 and ER visits and SDD10 and ER visits at lag 0 for all islands, all years, both 

genders and all pediatric age groups (Figure 9 & 10). The average association between asthma ER 

visits and SDD2.5 over lags 0-6 was positive overall, but this was not consistent across islands, 

years or age groups. The average association with SDD10 was not statistically significant overall 

or in any subgroup. Details of these correlations are described below and in Table A1.   

 

Figure 9. Association in the risk of asthma ER visits with exposure to SDD2.5. The association is 
statistically significant in the average risk over lags 0-6 (top panel; red points and lines) for the 
region (all islands and all years) but has a variable association between islands, years, and age 
groups (blue points & lines are not statistically significant). The association is statistically 
significant (p-value <0.001) at lag 0 in all the categories (bottom panel, red points & lines). The 
scale for p-values: * = p-value <0.05, ** p-value <0.01, *** p-value <0.001. 
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Figure 10. Association in the risk of asthma ER visits with exposure to SDD10. (leftmost bar 
represents combined risk of all islands, all years). The association is not statistically significant in 
the average risk over lags 0-6 (top panel; blue points & lines) in any of the categories; regional (all 
islands and all years), for each island, each year, by gender and by age group, but the association 
is statistically significant (p-value < 0.001) at lag 0 in all the categories (bottom panel, red points 
& lines). Whiskers show 95% CI: statistical significance is demonstrated by any CI that does not 
cross the relative risk =1.0 line. 
 
All islands and all years 

Using SDD2.5, we found the average asthma ER visit risk increased by 9% (95% CI: 

0%,18%, p=) over lags 0-6 (red dot, center of leftmost bar, top panel, Figure 9; whiskers show CI). 

The risk increased by 20% (CI: 10% - 30%) on the day of exposure (Figure 9) and by 3% (CI:0% 

- 6%) one day after exposure; however the association decreased by 7% (CI: -11%, -2%) two days, 

9% (CI: -14% - 4%) three days and 6% (CI: -9%, -3%) four days after an SDD, respectively (Table 

7).  

In contrast, using SDD10, we did not find a statistically significant association in the 

average risk over lags 0-6 between asthma ER visits for the region and SDD10 (Table 7, Figure 
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10).  The average increase in risk with SDD10 was 5% (CI: -3%, 13%), consistent with the null 

hypothesis of no change, i.e. the confidence interval (CI) spans across 1.0; a value of 1.0 means 

there is no change in the risk with exposure. Across individual lag days, asthma ER visits increased 

by 19% (CI: 10% - 29%) on the day of exposure and by 3% (CI: 0% - 6%) at lag 1 but decreased 

by 7% (CI: -11%, -2%), 9% (CI: -14%, -4%) and 6% (CI: -10%, -3%) two, three and four days 

respectively after exposure on SDD10.  

Variation by island 

For SDD10, we found a statistically significant association with asthma ER visits on the 

day of exposure (bottom panel, Figure 10) and the day following for each the islands (Table 7). 

The average risk over lags 0-6 was elevated for each of the islands though none were statistically 

significant (top panel Figure 10 & Table 7).   

For SDD2.5, statistically significant results were found on all islands on the day of exposure 

but the increased average risk over lags 0-6 was only significant for St. Lucia and Grenada. In St. 

Lucia, the average risk over lags 0-6 increased by 11% (CI: 1%, 22%) and at lag 0, the risk 

increased by 18% (CI: 9%, 29%).  Similarly, in Grenada, the average risk over lags 0-6 increased 

by 13% (CI: 4%, 24%) and at lag 0, the risk increased by 17% (CI: 7%, 27%). In Dominica, risk 

increased by 21% (CI: 11%, 32%) at lag 0, but decreased by 8% (CI: -13%, -3%), 10% (CI: -15%, 

-5%), and 7% (CI: -11%, -3%) two, three, and four days following the SDD2.5 exposure. St. Vincent 

yielded a similar pattern of lagged associations as Dominica (Table 7, Figure 9).  

Temporal Variation: 

For SDD2.5, statistically significant associations were observed in 2015 and 2016 but not 

in 2017. In 2015, the risk increased by 9% (CI: 0%, 18%) over lags 0-6, by 20% (CI; 10%, 30%) 
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on the day of exposure and by 3% (CI: 0%,6%) at lag 1 (Figure 9 & Table 7). The risk decreased 

by 7% (95% CI: -11%, -2%), 9% (CI: -14%, -4%), 6% (-9%, -3%) two, three and four days 

following. Similarly, 2016 yielded positive associations, with an average increased risk over lags 

0-6 of 12% (CI: 3%, 22%), an 18% (CI: 9%, 28%) increased risk on the day of exposure, and a 

3% (CI: 0%, 6%) increase at lag 1. In 2017, by contrast, the average risk over lags 0-6 was not 

significant, the risk increased by 21% (CI: 11%, 32%) on the day of exposure, and decreased by 

8% (CI: -13%, -3%), 11% (CI: -16%, -5%) and 7% (-11%, -4%) two, three and four days 

following; however, for SDD10, the increase in the average risk from lag 0-6 was not statistically 

significant for any of the years but the increased risk was statistically significant for all years on 

the day of exposure.  

Gender and age 

There was no difference in the association SDD10 or SDD2.5 with either gender; both males 

and females saw a statistically significant increased risk on the day of exposure (lag 0) with 

exposure to both SDD10 and SDD2.5 and neither gender had a significant association in the average 

risk over lags 0-6 (Figures 9a & b).  

There was an increase in the average risk over lags 0-6 for the 1 to 5-year-old group of 9% 

(CI:1%, 18%) with exposure to SDD2.5 but not with SDD10 exposure. As with the other categories, 

there was an increased association at lag 0 for both SDD10 and SDD2.5 exposure for all age groups. 

Sensitivity Analysis: Saharan Dust days defined by PM10 >=50 µg/m3 and PM2.5 >=17 µg/m3  

Using the more restrictive PM10 >=50 µg/m3 (after Prospero et al. 2008) and PM2.5 >=17 

µg/m3 (determined using the fitted values described above) yielded few SDDs and thus few 

statistically significant associations with ER visits (Table S1 in the supplement). Using this 
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definition did not show an association between Saharan dust intrusions and pediatric asthma in the 

region. 
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CHAPTER 4 

DISCUSSION 

OVERVIEW 

 This first Caribbean multinational, multiyear paper provides an intriguing look at the 

spatial and temporal variations in the risk of asthma ER visits with exposure to Saharan dust on 

SDDs. The findings indicate that in the Caribbean, susceptible pediatric asthma patients are at an 

increased risk to the PM content of Saharan dust but the interaction is complex. Specifically, we 

examined the associations between seasonal Saharan dust intrusions and pediatric asthma ER visits 

in the Eastern Caribbean from January 2015 to December 2017 using satellite derived PM data. 

The cumulative number of asthma ER visits was 10.3% more on SDDs than on non-dust days. The 

largest cumulative percent increase was in Grenada (33.6%), the southernmost island, with 

increases declining northward in the studied islands (Table 7). Using multivariate case crossover 

conditional Poisson analysis, there was a 9% (95% CI: 1%, 18%) increased average risk of asthma 

ER visits over all lags only on SDD2.5 exposure for the region; this statistically significant 

association was not observed with SDD10. Two islands, Grenada and St. Lucia, had an average 

increased risk only on SDD2.5 exposure over lags 0-6 of 13% (95% CI: 4%, 24%) and 11% (95% 

CI: 1%, 22%) respectively while the youngest pediatric age group had an average increased risk 

of 9% (95% CI: 1%, 18%) also only on SDD2.5 and not SDD10 exposure. 

 The statistically significant increased morbidity with PM2.5 exposure compared to PM10 

exposure in this study mirrors the findings in other studies and may be explained by where these 

PM are deposited in the respiratory tract (Liu et al., 2019; Kim et al., 2017). The abundance of 

evidence shows that the PM2.5 particles, being smaller, are able to go deeper into the lungs than the 
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larger PM10 particles (Liu et al., 2019; Kim et al., 2017). A metanalytic review found that the 

association with PM2.5 and mortality was stronger than the association with PM10 in most countries 

in that study (Lui et al., 2019) while another by Fan et al. (2016) showed a significant negative 

impact of ambient PM2.5 on individuals with asthma especially in the pediatric age group.   

ORIGIN OF PER-ISLAND DIFFERENCES 

 There was a clear difference in the association with SDD2.5 exposure between the islands 

in this study, which may be related to contributions from local and more distant anthropogenic 

sources during Saharan dust intrusions. Grenada, the most southern island in the study (120N), is 

the closest island to both South America and the twin island nation of Trinidad & Tobago. It 

exhibits the greatest SDD association and it has the highest TCC on SDDs when compared to the 

other islands in the study. Biomass burning pollutants originating in South America have been 

shown to contribute to the Caribbean’s atmospheric aerosols (Velasco-Merino, 2018; Trapp et al., 

2010), while Trinidad & Tobago has more industrial activity and vehicular traffic than the other 

islands. As was suggested by Gyan et al. (Trinidad, 2015), this exposure to urban aerosols may 

have contributed to their increased risk of asthma admissions on days with Saharan dust intrusion.  

St. Lucia (14 °N) also saw a significant increased average risk over lag 0-6 with SDD2.5 

exposure. This increase may be related to a higher level of local anthropogenic PM contribution; 

of the four islands in this study, St. Lucia has the highest mean urban PM10 concentration (74 

µg/m3; WHO, 2020). A regional study from Puerto-Rico has shown an exacerbated ER visit risk 

on SDD as it relates to exposure to urban particulate matter; Ortiz-Martinez et al. (2015) found an 

increase in hospital admissions for asthma on SDD but the rate was higher in the urban compared 

to the rural areas (see below). In contrast, the most northern island in the study, Dominica (15 °N), 
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which did not have a statistically significant association over lags 0-6 for SDD2.5 exposure, is 

farthest away from the possible South American pollutants, had the lowest total TCC (19%) and 

the lowest mean urban PM10 (34 µg/m3; WHO, 2020). St. Vincent (13 °N), which did not have a 

statistically significant association over lags 0-6 on SDD2.5, had a much lower urban PM10 

concentration of 56 µg/m3 when compared to St. Lucia, though the TCC of 25%, was only slightly 

higher than that of St. Lucia (24%). The difference in the response between the islands to SDD10 

on the day of exposure is more difficult to explain and may represent the effect of local factors 

such as transportation or individual patient susceptibilities to asthma triggers.  

ORIGIN OF DISPARITIES BETWEEN CARIBBEAN REGIONAL STUDIES 

 The disparity in the results seen between this and other regional studies may also be 

explained by the interaction with the Saharan dust and the surrounding environment/ambient 

pollutants. An interesting study in Puerto Rico showed there was an increased association between 

local anthropogenic factors, Saharan dust and the number of asthma cases and lung inflammation. 

They found that the presence of PM10 during Saharan dust episodes resulted in an inflammatory 

lung response, the effects of which were more significant in urban areas compared to rural area 

(Ortiz-Martinez et al., 2015). This suggests that while seasonal African dust events resulted in 

negative health outcomes, the presence of biological endotoxins, organic and inorganic 

components gathered during Saharan dust transportation, “uniquely interact in urban environments 

stimulating the secretion of proinflammatory cytokines in targeted cells” (Ortiz-Martínez et al., 

2015). The increased asthma visits may also be as a result of exposure to a period of higher aerosol 

levels locally during the dry season as described by Jury (2017) rather than the effects of Saharan 
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dust. Thus, the risk for asthma ER visits in the presence of Saharan dust intrusion would vary 

depending on its interaction with local urban particulates.  

ORIGIN OF DISPARITIES BETWEEN AGE GROUPS 

 The younger age groups may have a higher susceptibility to PM exposure (higher relative 

risk (Figure 9), and several reasons have been suggested. Younger children are more commonly 

mouth breathers thus by-passing the normal protective mechanism found in nasal breathers such 

as nasal ciliary hairs that remove larger particles. Also, they have smaller airways so irritants that 

cause inflammation and swelling as seen in asthma attacks make it harder for them to breathe 

(AAFA, 2020; Arcus-Arth and Blaisdell, 2007). Younger children also have a higher surface area 

of the lungs to volume ratio, meaning that there is twice the exposure to inhaled substances 

compared to adults and thus the deposition of aerosol pollutants (Saadeh and Klaunig, 2015; 

Ginsberg et al., 2001). They also have a less developed immune system than older children and 

adults (Bateson and Schwartz, 2007). As they get older, the airways and immune system of 

children become more mature and they are better able to handle the asthma triggers though this is 

not always the case (AAFA, 2020).  

EFFECT OF FLU SEASON 

The similarity in asthma prevalence between the dust and out-of-dust seasons indicates the 

importance of causative factors other than just Saharan dust. Of the three main annual seasonal ER 

visit peaks, only one corresponds to a seasonal Saharan dust peak in bias-corrected PM10 (SDD10; 

Figure 4). The high number of ER visits in the off season during the winter months are likely due 

to a higher incidence of other asthma triggers including the possibility of viral induced asthmatic 

episodes. Infections are a significant trigger of asthma and in the US, about 80% of asthma attacks 
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are triggered by cold and flu viruses (Cassata, 2019); individuals with asthma, who also become 

infected with the influenza virus, have a higher risk of hospitalizations (Asthma and Flu, 2020). 

The first and the third asthma ER visit peaks closely coincide with the annual Caribbean influenza 

season. The influenza season starts in September and extends to March the following year 

(Hospedales, 2019). The third seasonal peak in asthma ER visits coincides with the start of the 

Caribbean’s tourist season from North America and the start of their flu season (CDC Flu Season, 

2020; Hospedales, 2019).  

A stronger and more prolonged influenza season, resulting in an increased asthma 

prevalence, may be one possible explanation for the significantly increased risk of asthma ER 

visits in this study for 2016. There were many more cases of flu in 2016 in the study region when 

compared those for 2015 and 2017 (Weekly influenza report, 2020). Unfortunately, the details for 

each island were unavailable for further evaluation. Influenza-related asthma ER visits were 

controlled for in this study in several ways: directly by excluding November-February from the 

SDD definition (this is a low dust period; Euphrasie – Cloude et al., 2020) and by controlling for 

seasonally varying confounders through month as part of the stratum in the conditional Poisson 

models. Since the cause of asthma ER visits is rarely determined, it may be nearly impossible to 

adequately control for these influenza effects in the regression models in this study.  

POLLEN EFFECTS 

As with the influence of infections and local anthropogenic non-Saharan pm, pollen levels 

may contribute to asthma ER visits in the islands. While there are no established records and very 

little information about local pollen counts on each of the islands, an abstract presented by Blades 

(2002) suggests that that there is a sharp increase in grass pollen during September and October, 
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the elevation of which correlated positively with an increase in asthma visits at the local hospital 

in Barbados (Figure 1 for location). Without documented information, incorporating these 

variables into the models was not possible, but our time-stratified design and smooth control for 

time allowed for implicit adjustment for co-exposures varying on the timescale of weeks-to-

months, including seasonal pollen trends. 

IMPACTS OF MINERAL DUST COMPOSITION 

 The exact components in the Saharan dust that are responsible for inciting an asthmatic 

attack are not clear (Cadelis et al., 2014; Prospero et al., 2008; jury, 2017) but one consideration 

is the chemical and mineralogical composition of the dust. One of the main components of Saharan 

dust is quartz (60%) along with smaller amounts of clays, oxides and sometimes carbonates 

(Caquineau et al., 2002). Desert dust has been shown in some animal models to cause lung 

inflammation (Ghio et al., 2014; Mancino et al., 1984; Ichinose et al., 2008) and “desert dusts 

appear to have the same capacity for biological effect as, if not greater than, numerous ambient 

and emission source air pollution particles” (Ghio et al., 2014). Much more research is needed to 

determine which of the components from these sources are responsible for the association with 

asthma or if other components picked up along the route play a role.  

CASE HARVESTING 

Inspection of the lag-specific results for SDD2.5 and SDD10 could be interpreted to indicate 

that there is an immediate detrimental effect of dust PM on asthma, followed by a statistically 

significant “protective” effect at later lags (Table 7). This is a phenomenon called “harvesting” 

(Gasparini and Leone, 2014) in which an adverse health effect that would have happened in the 

absence of acute exposure is brought forward in time due to the occurrence of that exposure. Thus, 
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the early adverse response removes susceptible individuals from the data pool that will be used at 

the later lag times. Thus, “harvesting should not be interpreted as a true protective association at 

longer lags, but rather as an artifact” (Gasparini and Leone, 2014; Gasparini et al., 2011). We were 

unable to investigate the significance of the increased risk at lag 6 but it may be related to the 

harvesting that occurred at earlier lags. One solution to address these findings may be to reassess 

using a larger study population. Because of the relatively small population sizes in each of the 

islands, to obtain this larger sample size would require either using data from more islands or using 

a region outside of the Caribbean. 

STRENGTHS AND LIMITATIONS 

This study has a number of important strengths. To our knowledge, this is the first 

multinational multiyear study that has examined the effects of Saharan Dust on pediatric asthma 

ER visits in the Eastern Caribbean. Our study of 6,353 patients over a three-year period has 

established variations in the association of ER visits and SDD between islands as well as between 

years. Other regional studies only assessed the dust effects for individual islands and over one to 

two years. For example, the study in Barbados (Prospero et al., 2008) looked at 15,742 pediatric 

patients 18 years and younger over a two-year period from 1996 while the study in Guadeloupe 

only examined the effects over one year (Cadelis et al., 2014). They looked at 836 children between 

the ages of 5-15 years but they were the first study to use PM10 for the analysis.  Second, we used 

a multivariate case-crossover model to control confounding factors that are independent of time. 

We accounted for the missing seasonal pollen and influenza trends by using case crossover 

conditional quasiPoisson, which allowed us to control for seasonal differences and individual 

patient confounding factors. Third, we were able to use surface PM concentration data that was 
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specific to each island, which would otherwise not be possible due to the lack of ground-based 

monitoring stations in the study areas. This allowed us to make inter-island comparisons on the 

association with Saharan dust. Lastly, we were able to use the components of the MERRA-2 

derived PM data, i.e. the TCC, to explore which aspects of the PM2.5 and PM10 may be contributing 

to the associations.  

One major, and at this point insurmountable, hurdle to conducting atmospheric PM related 

epidemiological studies in the region, is the lack of ground-based PM monitoring stations or data 

on pollen and influenza counts on any of the study islands. Few areas in the world have sufficient 

placement and density of ground monitoring stations, and for budgetary reasons correlation to only 

ground-based PM values may never be possible in the Caribbean.  We used the surface derived 

PM values available on Martinique to bias correct the MERRA-2 derived PM10 and PM2.5 values 

and then to extrapolate the bias factor to determine the PM surface values for the other islands 

under the assumption that the error would be minimal because of the relatively short distances 

between the islands. 

The limitations to using MERRA-2 in this study include the possible seasonal 

underestimation of MERRA-2 derived surface PM data. This error was reported to be worse in the 

winter months but had better correlation to ground measurements in summer (Che et al., 2018; 

Buchard et al., 2017). The error was reduced in our study region because not only does the 

Caribbean have a year-round warm tropical climate, we only modeled during the Saharan dust 

season from March to October, the warmer periods each year. We also used bias-correction to 

partially reduce this error.  Another drawback with MERRA-2, is that it does not account for PM 

species such as nitrate and ammonium aerosols, that may otherwise contribute to the PM10 and 



 

39 

PM2.5 values in the air in the Caribbean. However, Prospero (2009) suggests that there is little 

anthropogenic contribution to the PM levels in the region.  

CONCLUSION 

This is the first multinational, multiyear study to evaluate the risk of asthma ER visits 

during Saharan dust intrusions in the Caribbean. Satellite derived MERRA-2 data for bias-

corrected PM10 and PM2.5 determination was used to assess the risk in four islands in the Eastern 

Caribbean primarily because of the lack of ground-based monitoring stations. Fine particulates 

seem to be most important, since we found a significant regionally cumulative increased risk for 

lags 0-6 days only with PM2.5 exposure but not with PM10 exposure. Many confounding factors 

are active, indicated by a notable variability by island and year; the islands with the highest 

anthropogenic particulate exposure had a statistically significant increased risk of asthma during 

Saharan dust intrusions. A major anthropogenic contributor is particulate carbon, which decreases 

northward (away from South America) in this region. This suggests that while there is an 

association of asthma ER visits and Saharan dust intrusions the interaction is complex; the final 

outcome with the Saharan dust exposure may be related to other known and unknown confounding 

factors including influenza infections and local and regional anthropogenic PM. More research 

needed in the area to clarify these dynamic interactions, but it is clear that Saharan dust is a major 

seasonal contributor to pediatric asthma prevalence in the Windward Islands. The associations in 

this study should strengthen commitment in the region to warn and shelter a vulnerable population 

during SDDs, and bodes ill if Sahara dust transport and local urban development increases.   
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APPENDIX A  

ASSOCIATED RISK ON SDD 

Table A1. Summary of the cumulative risk for all lags and the risk at lags 0 through to 6 for 
the region and for each of the modifiers for Saharan days defined as bcPM10 >=35 µg/m3 
(SDD10) and bcPM2.5 >= 11µg/m3 (SDD2.5). The modifiers highlighted in red, show a 
statistically significant increased correlation with PM10 (left) and PM2.5 (right) on Saharan 
Dust days. St. Lucia, Grenada, 2015, 2016 and age group 1-5 years old show a statistically 
significant cumulative positive correlation with PM2.5 on dust days. The values in blue italics 
show a statistically significant negative correlation with PM2.5 for the region and various 
modifiers.  

SDD10 = bcPM10 >= 35 SDD2.5 = bcPM2.5 >= 11 

   Confidence 
Interval 

    Confidence 
Interval 

 

  
Relat
ive 
Risk 

2.5
% 

97.5% p-values 
 

Categ
ory 

Relat
ive 
Risk 

2.5% 97.5
% 

p-
value 

All all 1.05 0.97 1.13 0.26 All all 1.09 1 1.18 0.05 
 

Lag 0 1.19 1.1 1.29 0.00004 
 

lag0 1.2 1.1 1.3 0.000
03 

 
Lag 1 1.03 1 1.06 0.05 

 
lag1 1.03 1 1.06 0.05 

 
Lag 2 0.93 0.89 0.98 0.01 

 
lag2 0.93 0.89 0.98 0.01 

 
Lag 3 0.91 0.86 0.96 0.0007 

 
lag3 0.91 0.86 0.96 0.001 

 
Lag 4 0.94 0.9 0.97 0.0001 

 
lag4 0.94 0.91 0.97 0.000

3 
 

Lag 5 1 0.97 1.03 0.77 
 

lag5 1.01 0.98 1.04 0.7 
 

Lag 6 1.08 1 1.16 0.06 
 

lag6 1.1 1.01 1.19 0.02 

Dominica all 1 0.92 1.1 0.95 Dominica all 1.06 0.96 1.16 0.27 
 

lag0 1.21 1.11 1.32 0.0001 
 

lag0 1.21 1.11 1.32 0.000
02 

 
lag1 1.02 1 1.05 0.09 

 
lag1 1.03 1 1.06 0.08 

 
lag2 0.92 0.87 0.97 0.002 

 
lag2 0.92 0.87 0.97 0.003 

 
lag3 0.89 0.84 0.95 0.0002 

 
lag3 0.9 0.85 0.95 0.000

4 
 

lag4 0.92 0.89 0.96 0.00002 
 

lag4 0.93 0.89 0.97 0.000
2 
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SDD10 = bcPM10 >= 35 SDD2.5 = bcPM2.5 >= 11 

   Confidence 
Interval 

    Confidence 
Interval 

 

  
Relat
ive 
Risk 

2.5
% 

97.5% p-values 
 

Categ
ory 

Relat
ive 
Risk 

2.5% 97.5
% 

p-
value 

 
lag5 0.99 0.96 1.02 0.48 

 
lag5 1 0.97 1.03 0.92 

 
lag6 1.08 1 1.17 0.04 

 
lag6 1.1 1.02 1.19 0.01 

St. Lucia all 1.06 0.97 1.16 0.18 St. Lucia all 1.11 1.01 1.22 0.03 
 

lag0 1.18 1.09 1.29 0.0001 
 

lag0 1.18 1.09 1.29 0.000
1 

 
lag1 1.03 1 1.06 0.04 

 
lag1 1.03 1 1.06 0.04 

 
lag2 0.94 0.89 0.99 0.03 

 
lag2 0.94 0.89 0.99 0.03 

 
lag3 0.92 0.87 0.97 0.004 

 
lag3 0.92 0.87 0.98 0.006 

 
lag4 0.94 0.91 0.98 0.002 

 
lag4 0.95 0.91 0.99 0.006 

 
lag5 1 0.97 1.03 0.89 

 
lag5 1.01 0.98 1.04 0.54 

 
lag6 1.07 0.99 1.16 0.07 

 
lag6 1.09 1.01 1.18 0.03 

St.Vincent all 1.04 0.96 1.12 0.4 St.Vincent all 1.06 0.97 1.15 0.18 
 

lag0 1.2 1.11 1.31 0.00002 
 

lag0 1.22 1.12 1.32 0.000
007 

 
lag1 1.03 1 1.06 0.06 

 
lag1 1.03 1 1.06 0.06 

 
lag2 0.93 0.88 0.98 0.004 

 
lag2 0.92 0.88 0.97 0.002 

 
lag3 0.9 0.85 0.95 0.0003 

 
lag3 0.9 0.85 0.95 0.000

1 
 

lag4 0.93 0.9 0.96 0.00004 
 

lag4 0.93 0.9 0.96 0.000
03 

 
lag5 0.99 0.96 1.02 0.68 

 
lag5 1 0.97 1.03 0.9 

 
lag6 1.08 1 1.17 0.05 

 
lag6 1.1 1.02 1.19 0.01 

Grenada all 1.08 1 1.18 0.06 Grenada all 1.13 1.04 1.24 0.005 
 

lag0 1.17 1.08 1.27 0.0003 
 

lag0 1.17 1.07 1.27 0.000
4 

 
lag1 1.03 1 1.06 0.03 

 
lag1 1.03 1 1.06 0.02 

 
lag2 0.95 0.9 1 0.06 

 
lag2 0.96 0.91 1.01 0.08 

 
lag3 0.93 0.88 0.98 0.01 

 
lag3 0.94 0.88 0.99 0.02 
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SDD10 = bcPM10 >= 35 SDD2.5 = bcPM2.5 >= 11 

   Confidence 
Interval 

    Confidence 
Interval 

 

  
Relat
ive 
Risk 

2.5
% 

97.5% p-values 
 

Categ
ory 

Relat
ive 
Risk 

2.5% 97.5
% 

p-
value 

 
lag4 0.95 0.92 0.98 0.01 

 
lag4 0.96 0.93 0.99 0.02 

 
lag5 1 0.97 1.03 1 

 
lag5 1.01 0.98 1.04 0.47 

 
lag6 1.07 0.99 1.15 0.1 

 
lag6 1.08 1 1.17 0.05 

2015 all 1.05 0.97 1.13 0.27 2015 all 1.09 1 1.18 0.05 
 

lag0 1.19 1.1 1.3 0.00005 
 

lag0 1.2 1.1 1.3 0.000
03 

 
lag1 1.03 1 1.06 0.05 

 
lag1 1.03 1 1.06 0.05 

 
lag2 0.93 0.89 0.98 0.01 

 
lag2 0.93 0.89 0.98 0.007 

 
lag3 0.91 0.86 0.96 0.001 

 
lag3 0.91 0.86 0.96 0.001 

 
lag4 0.94 0.9 0.97 0.0001 

 
lag4 0.94 0.91 0.97 0.000

4 
 

lag5 1 0.97 1.03 0.77 
 

lag5 1.01 0.98 1.04 0.7 
 

lag6 1.08 1 1.17 0.06 
 

lag6 1.1 1.01 1.19 0.02 

2016 all 1.06 0.98 1.15 0.14 2016 all 1.12 1.03 1.22 0.01 
 

lag0 1.18 1.08 1.28 0.0001 
 

lag0 1.18 1.09 1.28 0.000
1 

 
lag1 1.03 1 1.06 0.04 

 
lag1 1.03 1 1.06 0.03 

 
lag2 0.94 0.9 0.99 0.02 

 
lag2 0.95 0.9 0.99 0.03 

 
lag3 0.92 0.87 0.97 0.003 

 
lag3 0.92 0.88 0.98 0.006 

 
lag4 0.94 0.91 0.98 0.001 

 
lag4 0.95 0.92 0.98 0.004 

 
lag5 1 0.97 1.03 0.89 

 
lag5 1.01 0.98 1.04 0.5 

 
lag6 1.07 0.99 1.16 0.08 

 
lag6 1.09 1.01 1.18 0.03 

2017 all 1.02 0.93 1.11 0.7 2017 all 1.04 0.95 1.14 0.39 
 

lag0 1.2 1.11 1.31 0.00002 
 

lag0 1.21 1.11 1.32 0.000
01 

 
lag1 1.03 1 1.05 0.09 

 
lag1 1.02 0.99 1.05 0.12 

 
lag2 0.92 0.88 0.97 0.003 

 
lag2 0.92 0.87 0.97 0.001 
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SDD10 = bcPM10 >= 35 SDD2.5 = bcPM2.5 >= 11 

   Confidence 
Interval 

    Confidence 
Interval 

 

  
Relat
ive 
Risk 

2.5
% 

97.5% p-values 
 

Categ
ory 

Relat
ive 
Risk 

2.5% 97.5
% 

p-
value 

 
lag3 0.9 0.85 0.95 0.0002 

 
lag3 0.89 0.84 0.95 0.000

1 
 

lag4 0.93 0.89 0.96 0.00003 
 

lag4 0.93 0.89 0.96 0.000
03 

 
lag5 0.99 0.96 1.02 0.59 

 
lag5 1 0.97 1.03 0.98 

 
lag6 1.08 1 1.17 0.05 

 
lag6 1.1 1.02 1.19 0.01 

male all 1.05 0.97 1.13 0.26 male all 1.08 1 1.18 0.06 
 

lag0 1.19 1.08 1.31 0.0003 
 

lag0 1.21 1.1 1.33 0.000
1 

 
lag1 1.03 1 1.06 0.09 

 
lag1 1.03 1 1.06 0.06 

 
lag2 0.94 0.89 0.98 0.01 

 
lag2 0.93 0.89 0.98 0.006 

 
lag3 0.91 0.86 0.96 0.001 

 
lag3 0.91 0.86 0.96 0.001 

 
lag4 0.94 0.9 0.97 0.001 

 
lag4 0.94 0.9 0.97 0.001 

 
lag5 1 0.96 1.03 0.82 

 
lag5 1 0.97 1.04 0.85 

 
lag6 1.08 1 1.17 0.06 

 
lag6 1.1 1.01 1.19 0.02 

female all 1.05 0.97 1.13 0.26 female all 1.08 1 1.18 0.06 
 

lag0 1.19 1.08 1.31 0.0003 
 

lag0 1.21 1.1 1.33 0.000
1 

 
lag1 1.03 1 1.06 0.09 

 
lag1 1.03 1 1.06 0.06 

 
lag2 0.94 0.89 0.98 0.01 

 
lag2 0.93 0.89 0.98 0.01 

 
lag3 0.91 0.86 0.96 0.001 

 
lag3 0.91 0.86 0.96 0.001 

 
lag4 0.94 0.9 0.97 0.001 

 
lag4 0.94 0.9 0.97 0.001 

 
lag5 1 0.96 1.03 0.82 

 
lag5 1 0.97 1.04 0.85 

 
lag6 1.08 1 1.17 0.06 

 
lag6 1.1 1.01 1.19 0.02 

1-5 yrs all 1.05 0.97 1.13 0.25 1-5 yrs all 1.09 1 1.18 0.05 
 

lag0 1.19 1.1 1.29 0.00005 
 

lag0 1.19 1.1 1.3 0.000
04 

 
lag1 1.03 1 1.06 0.05 

 
lag1 1.03 1 1.06 0.05 
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SDD10 = bcPM10 >= 35 SDD2.5 = bcPM2.5 >= 11 

   Confidence 
Interval 

    Confidence 
Interval 

 

  
Relat
ive 
Risk 

2.5
% 

97.5% p-values 
 

Categ
ory 

Relat
ive 
Risk 

2.5% 97.5
% 

p-
value 

 
lag2 0.94 0.89 0.98 0.01 

 
lag2 0.94 0.89 0.98 0.01 

 
lag3 0.91 0.86 0.96 0.001 

 
lag3 0.91 0.86 0.96 0.001 

 
lag4 0.94 0.9 0.97 0.0001 

 
lag4 0.94 0.91 0.97 0.000

5 
 

lag5 1 0.97 1.03 0.77 
 

lag5 1.01 0.98 1.04 0.7 
 

lag6 1.08 1 1.16 0.06 
 

lag6 1.1 1.01 1.18 0.02 

6-11 yrs all 1.05 0.97 1.13 0.26 6-11 yrs all 1.08 0.99 1.17 0.07 
 

lag0 1.19 1.1 1.29 0.00004 
 

lag0 1.19 1.1 1.3 0.000
04 

 
lag1 1.03 1 1.06 0.05 

 
lag1 1.03 1 1.06 0.06 

 
lag2 0.93 0.89 0.98 0.01 

 
lag2 0.93 0.89 0.98 0.01 

 
lag3 0.91 0.86 0.96 0.001 

 
lag3 0.91 0.86 0.96 0.001 

 
lag4 0.94 0.9 0.97 0.0001 

 
lag4 0.94 0.91 0.97 0.000

3 
 

lag5 1 0.97 1.03 0.77 
 

lag5 1.01 0.97 1.04 0.75 
 

lag6 1.08 1 1.17 0.06 
 

lag6 1.09 1.01 1.18 0.02 

12-15 yrs all 1.04 0.95 1.14 0.44 12-15 yrs all 1.1 0.99 1.21 0.05 
 

lag0 1.2 1.09 1.31 0.0001 
 

lag0 1.18 1.08 1.3 0.000
4 

 
lag1 1.03 1 1.06 0.06 

 
lag1 1.03 1 1.06 0.05 

 
lag2 0.93 0.88 0.99 0.01 

 
lag2 0.94 0.89 1 0.04 

 
lag3 0.91 0.85 0.97 0.002 

 
lag3 0.92 0.86 0.98 0.01 

 
lag4 0.93 0.89 0.97 0.001 

 
lag4 0.95 0.91 0.99 0.01 

 
lag5 0.99 0.96 1.03 0.71 

 
lag5 1.01 0.98 1.04 0.61 

 
lag6 1.08 1 1.17 0.06 

 
lag6 1.09 1.01 1.18 0.03 
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APPENDIX B  

GEOLOGY OF SAHARAN DUST 

A brief review of the likely elemental and mineralogical components of Saharan Dust  
 

during Saharan Dust Days in the Eastern Caribbean 
 
 
INTRODUCTION 
 

The Sahara and Sahel deserts, located over 4000 miles from the Americas, are two of the 

main sources of global atmospheric dust (NASA Satellite, 2015) and it is estimated that each year, 

about 28% or 50.7 million tons of dust are transported from the Saharan Desert to the Americas 

(Engelstaedter et al., 2006; Griffin et al., 2001; Figure B1). The sources, transportation and 

distribution are well documented (Engelstaedter et al., 2006; Prospero and Nees, 1981; Prospero 

et al., 2008; Middleton and Goudie, 2001; Chiapello and Moulin, 2002; Engelstaedter and 

Washington, 2007; Schepanski et al., 2009; Adams et al., 2012; Gläser et al., 2015; Tegen and 

Schepanski, 2018). The dust originates from topographic lows and playa lake beds (Formenti et 

al., 2011; Prospero et al., 2002) and is initially picked up into the atmosphere by low to mid-level 

easterly winds over the desert. The heavier particles greater than 70 μm are deposited near the 

source (Formenti et al., 2011; Mahowald et al., 2014; Schepanski, 2018), while the remaining dust 

consisting of fine and coarse grains remain suspended.  For example, the mean size of the dust 

reaching Barbados were about 2.7 µm (Arimoto et al., 1997) with 90% of the particles being less 

than 10 µm (Li-Jones and Prospero, 1998).  

The Trans-Atlantic trade winds carry the Saharan dust to the Caribbean (Propero and Nees, 

1981; Coudé-Gaussen et al., 1987; Prospero and Lamb 2003; Chiapello et al. 2005), the southern 
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United States and South America (Prospero et al., 2010; Yu et al., 2013) with an average transit 

time of about 5-7 days (Petit et al., 2005; Prospero et al., 2014; Van Der Does et al.,2016). The 

Intertropical Convergence Zone (ITCZ) dictates the route and direction of the Trade Winds and 

therefore the dust plumes across a range of latitudes (Adams et al., 2012; Tegen and Schepanski, 

2018; Formenti et al., 2011). The ITCZ lies at its lowest latitude during the Boreal winter; 

therefore, the lowest dust load to the Caribbean is usually in the winter months from November to 

February as the bulk of the dust originating in Africa is now transmitted to South America and 

supplies the Amazon forest (Prospero et al., 2014). The highest dust loads occur in the summer 

from May to August and travel from the African west coast to the Caribbean, Central America and 

occasionally reaches North America (Prospero et al., 2014; Figure B1). Sometimes there is a 

secondary dust peak to the region in spring and/or fall (Euphrasie-Clotilde et al., 2020; Prospero 

et al., 2014).  

    
(a)                                                                       (b) 
Figure B1. (a) Screen shot showing the aerosol load in June 2015 using the MODIS Aqua satellite 
data. The main trajectory is from northwestern Africa to the Caribbean and Central America. (b) 
In comparison, the image taken from January 2016 (Boreal winter) shows most of the dust 
originating from the Bodélé depression in Western Chad and the pathway is towards South 
American and the Amazon Forest (NASA NEO, 2020).  
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COMPOSITION AND IDENTIFICATION OF DUST SOURCES 

Though the dust originates from various regions (called source areas/regions) in the Sahara 

and Sahel deserts, the main components are quartz, feldspars, carbonates and clays (kaolinite, illite, 

palygorskite and smectite) (Caquineau et al., 2002). The exact proportions of these components 

depend on the source or origin (Figure 1 in Scheuvens et al., 2013). Silica (Si), the most abundant 

element is found mostly in quartz, feldspars and clays. The next most abundant element is 

aluminum (Al) and it occurs mainly as aluminosilicates (feldspars and clays) (Prospero et al., 

2002). Iron (Fe) is responsible for the red color of the dust and is found as oxides (hematite) and 

oxy-hydroxides (goethite) but may also be found in palygorskite (Scheuvens et al., 2013). Calcium 

(Ca) is usually found as carbonate and is used as a tracer along with Al for identification of specific 

source areas (Scheuvens et al., 2013).   

Prospero et al. (2002) described six particulate source areas (PSA) of dust in Northern 

Africa of which three (PSA 2, PSA 3, and PSA 5) have relevance to the Caribbean (see Figure 1 

and PSA description from Scheuvens et al., 2013). The central regions and some other areas in the 

Saharan desert are not included as sources because they mainly contain sands that are too heavy 

for long range transport. 

Accurately identifying the main sources or “hot spots” for Saharan dust emission requires 

the use of multiple techniques including satellite data (Figure B1), modelling techniques such as 

back trajectory and isotopic and element/mineral ratios (Euphrasie et al., 2020; Caquineau et 

al.,2002; Prospero et al., 2002; Schepanski et al., 2009. Back trajectories from Guadeloupe have 

shown that though the majority (62.8%) of the annual dust originated in the northwestern Africa 
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mainly during the summer months (PSA 2 & PSA 3), an additional 28% originated near the Sahel 

region (PSA 5) in the fall (Euphrasie-Clotilde et al., 2020). 

The mineralogical and elemental profiles for the likely source regions producing Caribbean 

dust change as one moves from northwestern Africa to a more southeastern regions near Western 

Chad and the Bodele Depression (Caquineau et al., 2002). The dust sourced from PSA 2 originates 

near the alluvial deposits of the Atlas Mountain foothills on the western coast and in large areas of 

northwestern Sahara and Mauritania. It has a high illite:kaolinite (I/K) ratio, high levels of calcite 

and may have palygorskite. These finding are similar to those found in samples analyzed in 

Barbados (Trapp et al., 2010). The (Ca+Mg)/Fe ratio is also high in samples from this region. The 

dust sourced from PSA 3 covers an area of Southern Algeria and Northern Mali. Dust from this 

region has also been documented to travel across the Atlantic Ocean. The amount of calcite in the 

soils varies within the region but because high levels are also found in other regions it may not be 

a good predictor. (Ca+Mg)/Fe ratios was 0.6 to 0.9 from that region (Trapp et al., 2010). The PSA 

5 is located in Western part of Chad of which Bodélé depression, an area with one of the highest 

rates of dust production, is also located (Euphrasie-Clotilde et al., 2020; Prospero, 2014). It also 

has very little, if any, carbonates, so it has a low (Ca+Mg)/Fe ratio (<0.75). It also has little 

palygorskite and the lowest I/K ratio compared to the other PSA areas discussed (Caquineau et al., 

2002). 

Some elements are used as markers to identify mineral types that are common in desert 

dust while their ratios have been used to determine the origin of the dust. Calcium is used to 

identify carbonates (dolomite and calcite) and to a lesser degree, Ca plagioclase and gypsum. For 

example, high levels of carbonates are found in the source area PSA 3 in northern Mali and 
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southern Algeria (Chiapello et al., 1997). Aluminum, which is used as a marker for alumino-

silicates, is used in the Ca/Al elemental ratio, and has been described as a method for 

discriminating between the source region PSA5 and the Bodélé depression (PSA 5) where the 

Ca/Al ratio reaches 4 (Formenti et al., 2011; Todd et al., 2008). This can be compared to other 

source regions where the ratio is about 2.3 (Chiapello et al., 1997; Formenti et al., 2001a, 2003, 

2008) and the variability between most other source regions is usually too low to be useful for 

discrimination (Chiapello et al., 1997; Formenti et al., 2001a, 2003, 2008; Reid et al., 2003b; Rajot 

et al., 2008). The Ca/Al ratio for the northwest is 0.6-0.92 and is “probably correlated with the 

higher carbonate contents in source sediments in the Atlas region” and is less in the east because 

of decreased soil content of carbonates (Formenti et al., 2011) and for the north central area it is 

0.36 - 0.4 (Bergametti et al., 1989; Chiapeloo et al., 1997) but it is 0.4 for the Chad (Formenti et 

al., 2008) and makes it a better tool for identification than Fe/Al and K/Al. The Fe/Al, K/Al ratios 

did not show enough “variability from one source to the other” and is therefore not a useful 

identifier between Saharan regions (Formenti et al., 2011).  

In addition to elemental and isotope ratio, the identification of different clays and clay 

ratios have also been used as source determinants (Caquineau et al., 2002; Kiefert and McTainsh, 

1995; Caquineau et al., 1998). In the case of the I/K ratio, the general trend is a high I/K ratio in 

the north-western Africa and a low I/K ratio in the southeastern region including the Bodélé 

depression. The I/K ratio changes from west to east Africa decreasing from high values of 2.3 in 

the northwestern Sahara to lowest value of 0.1 in the central Sahel (Caquineau et al., 2002). The 

I/K ratio for a north western African source was >1.6 (Caquineau et al., 2002; Kandler et al., 2009) 

and 0.3 to 0.7 to the east of this in Mali and southern Algeria and as low as 0.0 to 0.4 in Southern 



 

50 

Chad (Mounkaila et al., 2006). The carbonate content followed a similar trend decreasing from 5-

70 in NW to 0-55 NC to very low in S Chad (Kandler et al., 2009; Mounkaila et al., 2006; Kihiri 

et al., 2004). The I/K ratio is not affected by the long-range transportation (Caquineau et al., 2002). 

Chlorite/kaolinite ratio was not useful to identify unique sources as the ratio for both the northwest 

and north central regions were similar (0.0 to 0.8 and 0.2 to 0.9 respectively) and it was not 

determined in South Chad (Caquineau et al., 2002; Kandler et al., 2009; Mounkaila et al., 2006; 

Formenti et al., 2011). Palygorskite, a Mg rich clay mineral has also been used as a marker to 

identify dust originating in the northwestern region (Formeti et al., 2011).  

Mineral / Elemental composition in Caribbean Samples 

Analysis of several dust samples collected in Barbados in 2000, showed that the dust 

closely resembled crustal components and contained the three main Saharan dust components of 

quartz, feldspar and clays (Caquineau et al., 2002; Scheuvens et al., 2013). Clays in the samples 

were in a higher proportion in comparison to the original composition pre-transport (Caquineau et 

al., 2002) with the I/K ratio remaining relatively constant despite the long distance travelled 

(Caquineau et al., 1998). The dust in Barbados was very well mixed and homogenous over the 

study period and it was suggested that the mixing may have occurred near the origin where dust 

from different sources from a wide area between 10–15° of latitude north mix while in transit 

across the African continent (Scheuvens et al., 2013; Trapp, Millero, & Prospero, 2010). 

The samples from Barbados though were only taken during the summer (June to August) 

(Trapp et al., 2002) the primary Saharan dust peak (Prospero and Lamb, 2003; Prospero, 2014). 

The samples from Barbados fit the pattern of dust originating in Northwestern Sahara (PSA 2) and 

Central and Southern Sahara (PSA 3) but these were only summer samples (Euphrasie-Clotilde et 
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al., 2020; Scheuvens et al., 2013; Prospero et al., 2002). About 28% of the Saharan dust that arrives 

in the Caribbean during the winter/spring usually originates from the northeastern region of Africa, 

mainly the Bodélé Depression, (Euphrasie-Clotilde et al., 2020). Dust from this time period has 

not been assessed mineralogically in the Caribbean.   

SAMPLING DURING SAHARAN DUST DAYS IN ST. LUCIA 2018 

Dust samples were collected in St. Lucia during Saharan Dust days in St. Lucia using the 

Casella Dust detective. Unfortunately, the flow rate was at a maximum of 5L/minute, which is 

much less than the rate of larger scientific samplers. The samplers in Barbados processes high 

volumes of air (nominal 1 m3/min) through 20 cm × 25 cm Whatman‐41 (W‐41) cellulose filters. 

This collects about 99% of the dust and is very efficient (Li‐Jones & Prospero, 1998). Despite 

purchasing the sampler in 2017, we were unable to collect samples until 2018 because of the 

logistics of getting it to the Caribbean. Our samples were not sufficient for detailed bulk analysis 

but we were thus far able to perform scanning electron microscopy (SEM) analysis on four samples 

(Table B1, Figures B2-B8).  

Table B1. Samples collected using the Casella Dust Detective in St. Lucia in 2018. 
 

Date Sample Identification Weather Conditions 
6/29/2018 Slu_SAH_003 Sunny 
7/8/2018 Slu_SAH_005 Sunny 
7/23/2018 Slu_SAH_010 Sunny  
7/24/2018 Slu_SAH_011 Sunny 

 



 

52 

 

 
Figure B2. SEM of sample retrieved on July 24, 2018. Sample was analyzed on July 21, 2020. 
The polyvinyl chloride (PVC) filter is shown as the “honey comb” pattern, while the dust 
particles are the whiter spots (zoomed image).  
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Figure B3. Elemental maps of one area of the sample from July 8, 2018 which was analyzed on 
July 21, 2020. Most of the grains in this field of view were sodium chloride from sea salt.  
 

BES20 µm C K20 µm

Na K20 µm O K20 µm

Cl K20 µm Al K20 µm
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Figure B4. Elemental maps of one area of the sample from June 29, 2018 which was analyzed on 
July 20, 2020 likely showing a clay mineral. 

BES20 µm C K20 µm

Al K20 µm O K20 µm

Si K20 µm K K20 µm
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Figure B5. A detailed photograph of the area in Figure 5 of one area of the sample from June 29, 
2018 which was analyzed on July 20, 2020. 
 

 
Figure B6. SEM analysis of a clay particle from the sample taken on July 24, 2018. This thoracic 
sized particle is less than 10 µm in diameter (PM10) are easily inhaled and enter the respiratory 
tract. 
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Figure B7. A very small calcite particle less than 2.5 µm in diameter. These very small fine 
particulate matter (PM) are respirable i.e. they are able to enter deep into the lungs. 
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Figure B8. A more complex dust particle with a quartz grain (point 001) and a clay particle 
(point 002) and maybe some calcite (pointe 003).  
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CONCLUSION 

The Sahara and Sahel deserts contribute significant quantities of dust to the Caribbean each 

year. Studies have shown that the main sources regions are in the northwestern regions of Africa 

which tend to have a high illite:kaolinite ratio and high calcite levels, findings which are similar 

to the dust samples analyzed in Barbados during the summer months. The samples collected in St. 

Lucia in 2018, contained most of the minerals commonly found in Saharan dust including quartz, 

clays, sodium chloride from sea salt and very small amounts of carbonates. More work is needed 

though to determine the effects these components have if any, on human health and asthma in the 

Caribbean. 
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