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 Abstract 16 

 We have studied the relationship between the long term interannual variability in large scale 17 

meteorology in western North Africa - the largest and most active dust source worldwide – and Saharan 18 

dust export in summer, when enhanced dust mobilization in the hyper-arid Sahara results in maximum 19 

dust impacts throughout the North Atlantic. We address this issue by analysing 28-years (1987-2014) of 20 

summer averaged dust concentrations at the high altitude Izaña observatory (~2400 m.a.s.l.) in Tenerife 21 

Island, satellite and meteorological reanalysis data. Summer meteorological scenario in North Africa 22 

(aloft 850 hPa) is characterised by a high over the subtropical Sahara and a low over tropic linked to the 23 

monsoon. We measured the variability of this high-low dipole like pattern in terms of the North AFrican 24 

Dipole Intensity (NAFDI): the difference of geopotential heights anomalies averaged over the subtropic 25 

(30-32ºN, Morocco) and the tropic (10-13ºN, Bamako region) close to the Atlantic coast (at 5-8ºW). We 26 

focused on the 700 hPa standard level due to dust export off the coast of North Africa tends to occur 27 

between 1 and 5 km.a.s.l. Variability in the NAFDI is associated with displacements of the North African 28 

anticyclone over the Sahara and this has implications on winds and dust export. The correlations we 29 

found between the 1987 - 2014 summer mean of NAFDI with dust at Izaña, satellite dust observations 30 

and meteorological re-analysis data, indicates that increases in the NAFDI (i) results in higher wind 31 

speeds at the north of the Inter-Tropical Convergence Zone which are associated with enhanced dust 32 

export over the subtropical North Atlantic, (ii) influences the long term variability of the size distribution 33 



of exported dust particles (increasing the load of coarse dust) and (iii) are associated with enhanced rains 34 

in the tropic and northern shifts of the tropical rain band that may affect southern Sahel. Interannual 35 

variability in NAFDI is also connected to spatial distribution of dust over the North Atlantic; high NAFDI 36 

summers are associated with major dust export (linked to winds) in the subtropic and minor dust loads in 37 

the tropic (linked to higher rainfall), and vice versa. The evolution of the summer NAFDI values since 38 

1950 to present days shows connections to climatic variability (through the Sahelian drought, ENSO and 39 

winds) that have implications on dust export paths. Efforts to anticipate how dust export may evolve in 40 

future decades will require a better understanding on how the large scale meteorological systems 41 

represented by the NAFD will evolve. 42 

 43 
 44 



 1. Introduction 45 

 Desert dust aerosols influence global climate by scattering and absorbing radiation (Forster et al., 46 

2007), influencing rainfall (Creamean et al., 2013), and also by modulating ocean-atmosphere CO2 47 

exchange through the deposition of dust which supplies iron, a micronutrient for marine biota (Jickells et 48 

al., 2005). Ice core records show increased dust activity during glacial periods when CO2 was low 49 

(Martínez-García et al., 2009). Dense dust hazes often occur between tropical and mid-latitudes over the 50 

North Atlantic (Tanaka and Chiba, 2006), with implications also on air quality (Rodríguez et al., 2001; 51 

Pérez et al., 2008; Mallone et al., 2011; Díaz et al., 2012). Consequently, there is considerable interest in 52 

climate variability, the global distribution of dust  (Adams et al., 2012; Ginoux et al., 2012) and dust 53 

microphysical properties including particle size which modulates dust impacts (Mahowald et al., 2014), 54 

e.g. the interaction with radiation (Otto et al., 2007), iron solubility and supply to the ocean (Baker et al., 55 

2006), its role as cloud and ice nuclei (Welti et al., 2009), and health effects due to dust exposure (Pérez et 56 

al., 2008; Mallone et al., 2011; Díaz et al., 2012; Pérez et al., 2014). During atmospheric transport, dust is 57 

removed by precipitation and by dry deposition, the latter a process that is strongly size dependent. Dust 58 

size variability is observed over time scales of individual dust events (~ days) (Ryder et al., 2013) and in 59 

ice cores, over thousands of years, linked to changes in wind speeds, transport pathways and dust sources 60 

attributed to climate variability (Delmonte et al., 2004). 61 

 North Africa is the largest and most active dust source in the world (Ginoux et al., 2004; Huneeus 62 

et al., 2011; Ginoux et al., 2012). Dust mobilization experiences a marked seasonality. In winter, sources 63 

located in southern Sahara and the Sahel (<20ºN) are especially active linked to north-easterly dry 64 

(Harmattan – trade) winds which prompt dust export across the North African tropical coast (<15ºN) 65 

(Engelstaedter and Washington, 2007; Haywood et al., 2008; Menut et al., 2009; Marticorena et al., 66 

2010). In summer, the north-east trade winds and the Inter-Tropical Convergence Zone (ITCZ) shift 67 

northward, enhancing emissions from Saharan sources and increasing dust export at subtropical latitudes 68 

(20-30°N), concurrently the northward shift in the monsoon rain band to southern Sahel tends to decrease 69 

Sahelian dust emissions (Engelstaedter and Washington, 2007; Knippertz and Todd, 2010; Ashpole and 70 

Washington, 2013, and references therein). 71 

 There is a major scientific interest in understanding the links between long term variability in 72 

North African dust export and climate. Dust sources in part of the Sahel have a hydrological nature 73 

(Ginoux et al., 2012); their emissions are affected by the summer variability in rainfalls and also by the 74 

North Atlantic Oscillation in winter, and this has had consequences on dust impacts on the tropical North 75 

Atlantic detected during, at least, four decades (Prospero and Lamb, 2003; Chiapello et al., 2005). In 76 

addition, the increase in commercial agriculture over the last two centuries coupled with droughts has had 77 

an impact on Sahelian dust emissions (Mulitza et al., 2010). In contrast the Sahara is a hyper-arid 78 



environment (< 200 mm/yr) where natural non hydrological dust sources (i.e. not associated with annual 79 

hydrological cycles) prevail (Ginoux et al., 2012), and dust emission variability is mainly controlled by 80 

winds (Engelstaedter and Washington, 2007; Ridley et al., 2014). Conceptual model explaining 81 

interannual variability in Saharan dust export have been proposed for the winter (e.g. North Atlantic 82 

Oscillation by Ginoux et al., 2004; Chiapello et al., 2005), but not for summertime when the highest dust 83 

emissions occur in North Africa due to the enhanced activation of the subtropical Saharan sources 84 

(Prospero et al., 2003; Ginoux et al., 2004; Chiapello et al., 2005; Tanaka and Chiba, 2006; Engelstaedter 85 

and Washington, 2007; Mulitza et al., 2010; Knippertz et al., 2012; Ridley et al., 2014). Doherty et al. 86 

(2008) found that the trans-Atlantic dust transport of North African dust to the Caribbean is influenced by 87 

displacements in the Azores and Hawaiian anticyclones. In this study we have focused on the links 88 

between North African meteorology and dust export. 89 

 Starting in 1987 we have measured aerosols at the Izaña -Global Atmospheric Watch (GAW) - 90 

World Meteorological Organization (WMO) - high-mountain observatory (28°18’N, 16°29’E, 2367 m. 91 

a.s.l.) on Tenerife Island, which frequently lies under the main path of the high altitude Saharan dust 92 

outbreaks. At night, when mountain upslope winds cease, Izaña is within the free troposphere airflows, 93 

frequently within the dust-laden Saharan Air Layer (SAL) which in summer is typically located at 94 

altitudes between ≈1 to 5 km a.s.l. (Adams et al., 2012, Nicholson et al., 2013; Tsamalis et al., 2013). 95 

Here we report on long term measurements of summertime concentrations of total dust (dustT) (1987-96 

2014) and of dust particles < 2.5 µm (dust2.5) (2002-2014). Our 28 years observation evidence that there is 97 

a significant interannual variability in Saharan dust export in summer. Our research focuses on one key 98 

question: What is the relationship between long term inter-annual variability in Saharan dust export in 99 

summer and large scale meteorology in North Africa? For addressing this issue we also used (i) the UV 100 

Aerosol Index determined by the Total Ozone Mapping Spectrometer and Ozone Monitor Instrument 101 

satellite-borne spectrometers (Herman et al., 1997) for studying long-term and inter-annual spatial 102 

distribution of dust and (ii) gridded meteorological National Center for Environmental Prediction / 103 

National Center for Atmospheric Research (NCEP/NCAR) re-analysis data (Kalnay et al., 1996) for 104 

studying the variability of large scale meteorological processes. 105 

 In this article, we first perform a brief description of the typical meteorological scenario in 106 

western North Africa in the summertime. Then, the concept of the North African dipole is introduced as 107 

an approach to characterize how variability in large scale meteorology may influence Saharan dust export. 108 

We then assessed how the long term variability in the intensity of the North African dipole has influenced 109 

long term Saharan dust export to the free troposphere during 28-years and particle size distribution during 110 

13-years. Finally, we assess whether the North African dipole intensity can be used to connect Saharan 111 

dust export with climate variability. Here we present connections between dust export and large scale 112 



meteorology; further studies will be necessary for understanding the involved meteorological and dust 113 

processes. 114 

 115 
 116 
 2. Methods 117 

 2.1 In-situ dust measurements 118 

 We used in-situ dust concentrations data recorded between 1987 and 2014 at Izaña observatory. 119 

Here we present a brief description of the methods, details are included in section S1 of the online 120 

Supplement. 121 

 Dust concentrations were obtained by chemical analysis of aerosol samples collected on filter at 122 

the flow rate of 30 m3/h. Throughout the almost three decades of observations, several analytical methods 123 

have been used for determining soluble species (SO4
=, NO3

-, NH4
+ by ion chromatography and 124 

colorimetry), organic and elemental carbon (by TOT), elemental composition (INAA, IPC-AES and IPC-125 

MS) and the content of dust (by the ‘weight of the ash residue after 14-h heating at 500ºC’ method and by 126 

using the elemental composition data) in the aerosol samples; details of these methods and their use 127 

throughout the measurement period are included in Table S1 of the online Supplement. In order to 128 

facilitate data comparison with other studies, dust concentrations are reported to mean pressure at sea 129 

level (1013 hPa) and normalized in such a way that aluminum accounts for 8% dust (mean content of Al 130 

in soils). Here we report on dust concentrations in two size fractions: concentrations of total dust (dustT) 131 

from 1987 to 2014 and of dust particles with an aerodynamic diameter ≤ 2.5 µm (dust2.5) from 2002 to 132 

2014 (Rodríguez et al., 2012). 133 

 Dust concentrations were also calculated with a secondary complementary method based on 134 

number size distributions measurements (0.5 to 20 µm) performed with an Optical Particle Counter and 135 

an Aerodynamic Particle Sizer. These data were used for determining the aerosol volume concentrations 136 

and convert then to bulk aerosol mass concentrations using standard methods (Rodríguez et al., 2012). 137 

The good agreement (high linearity and low mean bias, 3-8%) between these two methods (based on 138 

chemical analysis and on size distributions) is due to the very low aerosol volume concentrations in the 139 

free troposphere during no dust events (typically < 1 to < 3 µg/m3; Rodríguez et al., 2009) and to the fact 140 

that the aerosol volume concentrations during dust events are by far dominated by dust, as evidenced by 141 

the chemical analysis (Rodríguez et al., 2011) and the ochre color of the aerosol samples (Fig. 1b). 142 

 These two dust databases (based on chemical and on size distribution methods) were used to 143 

assess the consistency of the observed year-to-year variability of dust. During the whole measurement 144 

period (25 July 1987 –31 December 2014, excluding the non-measurement period 11 October 1999 - 13 145 

February 2002), dust concentrations records are available for 8001 days, which lead to a data availability 146 

of 87.3%. This record of aerosol dust concentration is among the longest in the world (after Barbados – 147 



started in 1965, Miami – 1972 and American Samoa - 1983) and probably the longest in several aerosol 148 

size fractions downwind of a dust large source (Rodríguez et al., 2012). 149 

 150 

 151 

 2.2 Satellite dust observations 152 

 We used UV Aerosol Index (AI) data from the Total Ozone Mapping Spectrometer –TOMS- 153 

(1979-2001) and from the Ozone Monitor Instrument –OMI- (2005-2014) spectrometers onboard the 154 

satellites Nimbus 7 (TOMS 1979-1993), Earth Probe (TOMS 1996-2001) and Aura (OMI 2005-2014) for 155 

studying the spatial and temporal variability of dust. Because of the UV absorption by some minerals (e.g. 156 

hematite, goethite), AI has been widely used in dust studies. This is a semi-quantitative parameter; AI 157 

values > 1 are considered representative of an important dust load and the frequency of daily AI values > 158 

1 has been used for dust climatology (Prospero et al., 2002). In North Africa, the AI signal at the north of 159 

the summer tropical rain band is due to dust, whereas biomass burning aerosols transported from South 160 

Africa contribute to AI signal at the south of the tropical rain band (Prospero et al., 2002). We only 161 

analyzed and interpreted the variability in the frequency of daily AI > 1 at the north of the summer 162 

tropical rain band. The following data were used: 163 

• Level 3 TOMS data of the period 1979-2001. TOMS data for the period 2002-2005 were not used due 164 

to calibration problems (http://disc.sci.gsfc.nasa.gov/guides/legacy-guides/tomsl3_dataset.gd.shtml). 165 

• Level 3 OMI data of the period 2005-2014. Although this instrument has experienced the so called 166 

“row anomalies” since 2007 (http://www.knmi.nl/omi/research/product/rowanomaly-background.php 167 

), the affected data is not included in the level 3 datasets (http://disc.sci.gsfc.nasa.gov/Aura/data-168 

holdings/OMI/index.shtml#info ) 169 

Level 3 daily AI data of TOMS and OMI of summer (August) were downloaded from the 170 

Giovanni online data system of the NASA Goddard Earth Sciences Data and Information Services Centre 171 

(GES DISC) (http://disc.sci.gsfc.nasa.gov/). The consistency of the TOMS and OMI AI data set has 172 

already been shown (Li et al., 2009). Consistency between TOMS, OMI and our in situ dust 173 

measurements is analyzed in section S3 of the online Supplement (including Fig.S4 and S5). 174 

 175 

 176 



 2.3 Meteorological reanalysis data 177 

 We used gridded meteorological National Center for Environmental Prediction / National Center 178 

for Atmospheric Research (NCEP/NCAR) re-analysis data (Kalnay, et al., 1996) for studying the 179 

relationship between dust variability and large scale meteorological processes in summer (August). This 180 

analysis included geopotential heights, winds and rains used in equation 1 (shown below) and Fig.2, 4 and 181 

9. 182 

 183 

 184 

 2.4 Summer dust season 185 

 At Izaña, the summer dust season (impacts of the SAL) typically starts in the second half of July 186 

and ends at the beginning of September (section S2 of the online Supplement). The maximum frequency 187 

of dust events occurs in August (52% of the August-days as average; Fig. 1). This month is of high 188 

interest given that (i) the ITCZ is shifted to the North and consequently (ii) the SAL is exported at the 189 

northern most latitude (as evidence the highest frequency of dust impacts at Izaña; Tsamalis et al., 2013) 190 

and the maximum rainfall occurs in tropical North Africa (Nicholson et al., 2009). For this reason, we 191 

used the August dust averages for studying summer long term dust evolution in the boreal subtropic (Fig. 192 

1a). The study of the central month (August) of the summer dust season (excluding July and September) 193 

allows characterizing long term evolution in terms of intensity of dust export, avoiding the variability that 194 

could be linked to (i) shifts in the beginning (July) or end (September) dates of the dust season or (ii) 195 

variability in the location of the ITCZ from July to September. Our data analysis shows that the July to 196 

September dust average is dominated by the dust events occurring in August (Fig S3 of the online 197 

Supplement). In August 1987-2014, daily dust data were available during 761 days, i.e. a data availability 198 

of 94% (excluding the no-measurements period 11 October 1999 - 13 February 2002). In this study we 199 

analyze 1987-2014 time series of in-situ dust concentration at Izaña (determined by chemical methods) 200 

averaged in all (dust and no-dust) days of August (shown in Fig. 3a and analyzed below). We refer to 201 

August as summer. Results are presented in section 4; additional analysis is presented in section S3 of the 202 

online Supplement. 203 

 204 

 205 



 3. North African summer meteorological scenario 206 

 Meteorological scenario throughout western North Africa is influenced by the high pressures 207 

typical of the subtropical deserts and the so-called western African monsoon (Lafore et al., 2010). 208 

Additionally, the formation of the summer Saharan heat low (Lavaysse et al., 2009) in central western 209 

Sahara has also implications on meteorological processes, not only related to the development of the wet 210 

western African monsoon season in tropical North Africa (Lafore et al., 2009), but also on mobilization, 211 

upward transport and export of dust to the North Atlantic at subtropical latitudes (Jones et al., 2003; 212 

Flamant et al., 2007; Knippertz and Todd, 2010). 213 

 In summer, the vertical structure of the atmosphere over the Sahara is characterized by the 214 

Saharan heat low at low levels (surface to 925Pa standard level at ~20ºN) with a confluence of surface 215 

‘northern dry desert Harmattan’ and ‘southern humid monsoon’ winds at its southern margin (Nicholson 216 

et al., 2013) in the so-called ITCZ, which in central western Sahara occurs between 18-20ºN (Lafore et 217 

al., 2010; Pospichal et al., 2010; ITCZ also known as Inter-Tropical-Discontinuity ITD). Monsoon 218 

rainfalls occur at southern latitudes (<15ºN), in a region we will refer as rain band (Nicholson et al., 219 

2009). The Saharan heat low, as a shallow hot depression, enhances subsidence processes due to 220 

compensatory downward movement in upper levels (Spengler and Smith, 2008; Canut et al., 2010). The 221 

African Easterly Jet (AEJ) forms at altitude between 2 and 6 km between 15 and 20ºN due to the thermal 222 

wind in the baroclinic zone between the ‘northern hot desert air’ and the ‘cool monsoonal southern 223 

airflow’ (Nicholson, 2009, 2013). 224 

 Emissions, upward transport and export of dust to the North Atlantic occur in this summer 225 

scenario. Dust emission processes occur in a range of scales (Knippertz and Martin, 2012) from (i) 226 

synoptic scale (e.g. Harmattan - trade winds, African easterly waves; Jones et al., 2003; Knippertz and 227 

Todd, 2010), through (ii) strong winds, convergence and high turbulence associated to the ITCZ (Flamant 228 

et al., 2007; Ashpole and Washington, 2013), low-level jets (Knippertz, 2008; Fiedler et al., 2013) and 229 

cold pools of mesoscale dry convective systems (particularly over the Sahel; Engelstaedter and 230 

Washington, 2007; Lavaysse et al., 2010a, and references therein) including ‘haboob’ storms (Marsham et 231 

al., 2008), to (iii) microscale dust devils and dusty plumes (Allen and Washington, 2013). As a 232 

consequence of convergence processes close to the ITCZ (Ashpole and Washington, 2013) and because 233 

of the convective boundary layer, huge amounts of dust are lifted up to ~ 5 km altitude (Cuesta et al., 234 

2009; Guirado et al., 2014). The easterly subtropical circulation at the south of the North African 235 

anticyclone typically present at the altitude of the 700 hPa level and aloft (Font-Tullot, 1950; UK 236 

Meteorological Office, 1962), coupled with the divergence linked to the Saharan heat low, and the AEJ 237 

(Lavaysse et al., 2010a) expands this dry dusty air mass over the North Atlantic free troposphere resulting 238 



in the previously described SAL (Prospero and Carlson, 1972; Tsalamis et al., 2013). Off the coast of 239 

North Africa, the summer SAL is found at altitudes between 1 and 5 km (Karyampudi et al., 1999; 240 

Immler and Schrems, 2003; Tsamalis et al., 2013; Andrey et al., 2014) due to the westward dust export 241 

occurs above the so-called ‘Atlantic inflow’, a layer of cool and stable sea-breeze like inflow present 242 

along the subtropical North African coast (Lafore et al., 2010). 243 

 This brief description illustrates how the presence of the dusty SAL over the North Atlantic is the 244 

net result of a set of complex and coupled processes which occur in a wide range of scales and which may 245 

also involve (i) feedback mechanisms (e.g. radiative, cloud and rain processes triggered by dust; Lau et 246 

al., 2009), (ii) interconnections between processes (e.g. influence of the AEJ-convection-monsoon 247 

connections on dust described by Hosseinpour and Wilcox, 2014), (iii) variability in dust emissions due to 248 

meteorologically driven variability in soil features (Prospero and Lamb, 2003) and (iv) dust microphysical 249 

processes (e.g. size dependent deposition and cloud and radiation interactions; Mahowald et al., 2014). 250 

 251 

 252 

 4. Results and discussion 253 

 4.1 The North African dipole 254 

 We aim to find a simple conceptual model for linking long term variability in Saharan dust export 255 

with variability in the large scale meteorology in western North Africa. Because it resemble a dipole, we 256 

will referee to the summer meteorological scenario of North Africa - characterized by high pressure in 257 

subtropical Sahara (27 - 32 °N over Algeria; Font-Tullot, 1950; UK Meteorological Office, 1962) and low 258 

pressure in tropical North Africa (< 15 °N) - the North AFrican Dipole (NAFD). The NAFD is illustrated 259 

in the height of the 850 hPa summer average geopotential in Fig. 2. The intensity of this dipole can be 260 

measured as the difference of the anomalies of the geopotential height over the subtropic and that over the 261 

tropic in North Africa. Because summer dust export to the Atlantic occurs between 1 and 5 km altitude 262 

(Prospero and Carlson, 1972; Immler and Schrems, 2003; Tsalamis et al., 2013), with a frequent 263 

maximum dust load between 2 and 3 km (Teschen et al., 2009; Cuevas et al., 2014), we paid special 264 

attention to the 700 hPa standard level (Nicholson, 2013) at 5 – 8 ºW longitude (i.e. close to the Atlantic 265 

coast). Thus, in this study we measured the intensity of the NAFD as the difference of the anomalies of 266 

the 700hPa geopotential height averaged over central Morocco (30-32°N, 5-7°W) and that over Bamako 267 

region in Mali (10-13°N, 6-8°W) by equation 1. Other parameterisations of the NAFD are plausible 268 

depending on the study subject. We calculated the NAFD Intensity (NAFDI ) with equation 1 using the 269 



average values of the 700 hPa geopotential heights in every month of August (31 days average) from 270 

1948 to 2014 obtained from the NCEP/NCAR re-analysis (Kalnay, et al., 1996): 271 

 272 

𝑁𝐴𝐹𝐷𝐼 = !
!"
( ∅!"

! −< ∅ >!" − ∅!!
! −< ∅ >!" )      Equation 1 273 

 where, 274 

- ∅!"
!  is the mean geopotential height at 700hPa averaged in central Morocco region (30-32°N, 5-275 

7°W) in August of year ‘y’. 276 

- < ∅ >!"is the mean geopotential height at 700hPa averaged in central Morocco region (30-277 
32°N, 5-7°W) averaged in August months from 1948 to 2012. 278 

- ∅!!
!  is the mean geopotential height at 700hPa averaged in Bamako region (10-13°N, 6-8°W) in 279 

August of year ‘y’. 280 

- < ∅ >!" is the mean geopotential height at 700hPa averaged in Bamako region (10-13°N, 6-281 
8°W) averaged in all August months from 1948 to 2012. 282 

- !
!"

 is a scale factor. 283 

 284 

 The NAFDI (equation 1) is a measure of the inter-annual variability of the dipole intensity and, 285 

because of its relationship with the geopotential gradient, it is related with the intensity of the geostrophic 286 

North African outflow. 287 

 Fig 3a shows the time series of the summertime NAFDI values from 1987 to 2014, when it 288 

showed values between -3.19 and +2.29. In order to assess how large-scale meteorology changes with 289 

NAFDI values, we averaged some meteorological fields during high NAFDI summers and low NAFDI 290 

summers (Fig.4a and 4c-4e). The low NAFDI group includes the summers with the four lowest NAFDI 291 

values in the period 1987-2014: 1997 (NAFDI = -3.19), 1987 (-2.79), 1996 (-2.04) and 2006 (-1.54). The 292 

high NAFDI group includes the summers with the four highest NAFDI values in the period 1987-2014: 293 

2012 (+2.29), 2008 (+1.01), 2000 (+0.83) and 1988 (NAFDI= +0.68). Only summers for which satellite 294 

AI data are available were considered (i.e. 1993-1995 and 2002-2004 periods were not included in the 295 

selection). The spatial distribution of dust was assessed by determining the metric Major Dust Activity 296 

Frequency (MDAF): the number of days with AI values > 1 divided by the total number of days with 297 

available AI data in % (Fig.4b). 298 

 The NAFD is illustrated in Fig. 4a with the mean 700hPa geopotential height field during 299 

summers of low and of high NAFDI. The core of the northern Saharan anticyclone reinforces over the 300 

western Atlas Mountains (~30ºN) in high NAFDI summers (Fig.4a2), whereas it weakens and shifts 301 

southward to central Algeria (~28ºN) in low NAFDI summers (Fig.4a1). Conversely, at the tropical 302 



latitude of Bamako (~12N) geopotentials heights are higher during low NAFDI summers (Fig.4a1) than 303 

during high NAFDI summers (Fig.4a2). 304 

 305 

 4.2. Long term variability of Saharan dust export 306 

 At Izaña we observe a strong interannual variability in dust concentrations (Fig. 3a). In low dust 307 

years - 1987, 1997, 2006 and 2007 – mean concentrations were within the range 17 – 30 µg/m3; in high 308 

dust years - 1988, 2008, 2010 and 2012 – the range was 100 - 140 µg/m3. We associate this variability to 309 

the spatial variability of meteorological conditions over North Africa, specifically to the NAFD (Fig.4). 310 

The high value of the Pearson correlation coefficient (r) of mean summer dustT at Izaña with the NAFDI 311 

from 1987 to 2014 (r=0.72, Fig. 3a) indicates that the dust export is highly sensitive to the dipole intensity 312 

(Fig. 5a).  313 

 The mean wind fields and precipitation rates are shown along with MDAF for low and high 314 

NAFDI summers in Fig. 4. There is a significant variability in the spatial distribution of dust over the 315 

North Atlantic in high with respect to low NAFDI periods. Increases in the NAFDI are associated with a 316 

strengthening of the zonal (easterly) component of continental trade winds north of the ITCZ in a region 317 

we define as the subtropical Saharan Stripe (Fig.4c-4d). This strengthening of easterly winds was 318 

observed in all standard levels (only shown at 925 and 700 hPa for the sake of brevity) and is associated 319 

with a reinforcement of the tropical low to subtropical Saharan high pattern represented by the NAFD 320 

(e.g. at the level of 850 hPa, Fig S7 of the online Supplement). The subtropical Saharan Stripe region, 321 

which extends from Central Algeria to Western Saharan between 24 and 30 °N, includes important dust 322 

sources (Prospero et al., 2002; Schepanski et al., 2009; Rodríguez et al., 2011; Ginoux et al., 2012) which 323 

clearly exhibit a greater MDAF during summers with high NAFDI (Fig. 4b2). Long-term (1987-2014) 324 

summer mean values of NAFDI and of dustT at Izaña are highly correlated with the zonal wind in the 325 

subtropical Saharan Stripe (r= 0.6 to 0.9, Fig. 6a, where negative correlation indicates reinforcement of 326 

westward winds). These correlations reflect the net result of a wide range of dust-related processes 327 

(emission, vertical transport, advection to the Atlantic and size dependent deposition during transport). 328 

These results are consistent with those of the back-trajectories analysis (Fig. S6 of the online Supplement) 329 

The portion of the SAL with a MDAF during more than 40% of the summertime extends from 330 

North Africa to 30°W during summers with a low NAFDI (Fig. 4b1); in contrast the region extends to 331 

55°W during high NAFDI summers (Fig. 4b2). In high NAFDI summers the SAL also expands northward 332 

over the subtropical North Atlantic domain (24 – 35 °N, 9 - 60 °W; Fig. 4b); because of this, the MDAF 333 

over the subtropical North Atlantic shows a significant correlation with the NAFDI (1979-2014 r = 0.73; 334 

Fig. 7a) and with dust records at Izaña (Fig.7b). The positive correlation of NAFDI with the MDAF in the 335 

North Atlantic subtropical band (24 – 35 ºN, Fig 6b) points to an association between summer-to-summer 336 



variability in zonal winds in the subtropical Saharan Stripe (Fig. 4c and 6a) and dust export at subtropical 337 

latitudes. Reinforcement of easterly winds during high NAFDI summers is also observed in the AEJ (Fig. 338 

4d), which plays a role in the trans-Atlantic dust transport (Jones et al., 2003). 339 

 340 

 341 

 4.3. Long term variability of dust size distribution 342 

 Our dust record in two size fractions was used to assess long term variability in dust size 343 

distribution. We found that the NAFDI is correlated with the interannual variability of dust size 344 

distribution. Our measurements show pronounced changes in the size distribution of dust particles that are 345 

apparently related to wind interannual variability driven by the NAFDI (Fig. 5b). Dust tends to be coarser 346 

during high NAFDI years than during low NAFDI years. Observe how the dust2.5 to dustT ratio tends to 347 

decrease with the NAFDI increase: ~ 30% in summers with a NAFDI < 0 and down to ~ 20% in summers 348 

with a NAFDI > 2 (Fig. 5b). The high amount of coarse (> 2.5 µm) dust during high NAFDI summers 349 

may be linked to the activation of dust sources closer to the Atlantic coast and/or faster atmospheric 350 

transport due to higher wind speeds. Both processes will reduce the loss rate of larger-size particles due to 351 

gravitational deposition during transport (Ryder et al., 2013). 352 

 353 

 354 

 4.4. Connection of NAFD to climate variability 355 

 In this section we assess if the NAFDI could be used for linking long term export of Saharan dust 356 

with climate variability during the last decades. Here we present some associations between NAFDI, 357 

tropical rains and ENSO that will require future investigations. 358 

 South of the ITCZ, NAFD is associated with the variability in the tropical monsoon rains. We 359 

found that from 1987 to 2014 the interannual variability of the NAFDI is moderately correlated with the 360 

precipitation rates over tropical North Africa (Fig. 6c) and with what we defined as Wet Sahel Portion 361 

(r=0.54, Fig.3d), i.e. the portion of the Sahel region (14-18°N to 17°W-22°E; Fig. 4e) that experienced a 362 

precipitation rate ≥ 3 mm/day. High NAFDI summers tend to be associated with enhanced precipitation 363 

rates in tropical North Africa and northern shifts in the rain bands that may affect southern Sahel (Fig.4e1, 364 

4e2 and 6c). Enhanced dust scavenging in high NAFDI summers may accounts for the negative 365 

correlation we observe between the 1987 to 2014 summer mean values of the NAFDI and the MDAF 366 

over the Sahel and tropical North Africa (Fig.6b), in a region where rainfall and mixing between the 367 

inland monsoon flow and the SAL may have an influence on spatial and temporal distribution of dust 368 

(Canut et al., 2010). The low MDAF in the Sahel and in the tropical rain band during high NAFDI 369 

summers, with respect to high NAFDI summers, is also clear in Fig. 4b1 and 4b2. This is consistent with 370 



the negative correlations between Sahelian rains and dust impacts in the Caribbean found by Prospero and 371 

Lamb (2003). The long term (1987-2014) correlation of dustT at Izaña with the Wet Sahel Portion 372 

(r=0.74, Fig. 3d) suggests that variability in the Saharan dust export in the subtropic and monsoon tropical 373 

rains have been influenced by a common meteorological / climatic mechanism. Observe how high dustT 374 

summers at Izaña have been associated with high Wet Sahel Portion in the last three decades (e.g. 1988, 375 

1999, 2010, 2012 and 2013, dustT= 75 – 140 µg/m3 and Wet Sahel Portions = 7-15%; Fig 3d) and vice 376 

versa (e.g. 1996, 1997, 2006, 2009, 2011, 2014, dustT= 17 – 45 µg/m3 and Wet Sahel Portions = 0.8 - 4.5 377 

%; Fig 3b). In a shorter time scale (days-to-weeks), this connection of dust export and monsoon rains was 378 

also observed by Wilcox et al. (2010), who found that the tropical rain band shifted northward by 1 to 4 379 

degrees latitude during westward dust outbreak events accompanied by an acceleration of winds in the 380 

northern edge of the EAJ. 381 

 We also compared the variability of the NAFDI with that of a set of teleconnection indexes and 382 

found that the Multivariate ENSO (El Niño Southern Oscillation) Index (MEI), -calculated with sea level 383 

pressure, zonal and meridional components of the surface wind, sea surface temperature, surface air 384 

temperature and total cloudiness fraction of the sky over the tropical Pacific Ocean - is moderately 385 

correlated with the NAFDI (r=-0.50) and with dustT at Izaña (-0.59) (Fig. 1a) (Table S2 of the online 386 

Supplement). Because variability in NAFDI is connected to wind at the north of the ITCZ (Fig.6a), these 387 

correlations suggest that MEI may be teleconnected to winds over the subtropical Sahara and this would 388 

have implications on Saharan dust export. In five of the eight intense ENSO years recorded from 1987 to 389 

2014 (green arrows on the top of Fig 3) dustT concentrations at Izaña were low (1987, 1997, 2006, 2009 390 

and 2014, 17-32 µg/m3; Fig.3a) coupled with rather low zonal winds at 925 mb and 700 mb along the 391 

Subtropical Saharan stripe (Fig. 3b and 3c), whereas in the other three intense ENSO years dustT 392 

concentrations were moderate (1991, 1993 and 2002, 47-61 µg/m3; Fig.3a). In the 1987 - 2014 time 393 

series, we can observe that many of the peak dustT summers are associated with correlated increases in 394 

NAFDI and MEI·(-1) (e.g. 1988, 1998 and 2008); however we also observe some peak dustT summers 395 

associated with MEI peaks but rather low NAFDI values (e.g. 2002 and 2010, Fig 3a) and vice versa, i.e. 396 

peak dustT summers associated with NAFDI peaks but rather low MEI values (e.g. 2012). This suggests 397 

that NAFDI and MEI may be tracing the dependence of different processes involved in dust export on 398 

climate variability (e.g. regional variability in source activation, spatial distribution of dust or altitudinal 399 

and latitudinal shifts of the SAL). Observe how long term summer mean dustT at Izaña exhibits higher 400 

linearity with NAFDI + MEI·(-1) (Fig. 5d, R2=0.60) than with either NAFDI (Fig. 5a, R2=0.52) or MEI 401 

(Fig. 5c, R2=0.34). The 1987 - 2014 summer mean dustT at Izaña exhibited a higher correlation with 402 

NAFDI + MEI·(-1) (r=0.77) than with NAFDI (r=0.72) or MEI·(-1) (r= 0.50). Teleconnections of dust 403 

with several large scale systems were also observed by Doherty et al. (2008), who found that trans-404 



Atlantic transport of dust was teleconnected to displacement of both the Azores and Hawaiian 405 

anticyclones. Deficits in the North African tropical rains have also been linked to ENSO (including 406 

summer Palmer, 1986; Bhatt, 1989; Janicot et al., 1996; Rowell, 2001), consistent with the correlation 407 

found between NAFDI and precipitation rates over tropical North Africa (Fig. 6c) and with the low Wet 408 

Sahel Portions we observe in low NAFDI and MEI·(-1) summers (Fig. 3a and 3d). Interannual variability 409 

in dust transport in subtropical Asia (Abish and Mohanakumar, 2014) and dust mobilization in sources 410 

affected by land use and ephemeral lakes (Ginoux et al., 2012) has also been linked to ENSO. 411 

 The increase in the concentrations of dust transported to the tropical North Atlantic - at Barbados 412 

- since the mid 1970s has been linked to Sahelian droughts (Prospero and Lamb, 2003). Fig. 8a shows the 413 

summer NAFDI values from 1950 to 2014. Values of NAFDI were persistently higher prior to the onset 414 

of the Sahelian drought – from 1950s to mid 1960s - than since mid 1970s, with the lowest values 415 

observed during the most severe part of the drought - from 1980 to 1990 (Fig. 8a). Similarly, summer 416 

mean values of zonal wind at 925 mb in the subtropical Saharan Stripe were persistently higher prior to 417 

the Sahelian drought (Fig. 8b). This suggests that the meteorological change which occurred in the mid 418 

1970s, did not only occur in the Sahel, but also in the subtropical Sahara. Particularly, the high wind 419 

speeds in the subtropical Saharan Stripe between mid 1950s and mid 1960s (Fig. 9a) – e.g. compared to 420 

the 1980-1990 period (Fig.9b) - may have enhanced dust mobilization in central Sahara (north of the 421 

ITCZ, including the subtropical Saharan Stripe). Further studies should address what have been the 422 

implications on dust transport paths and impacts over the North Atlantic of such meteorological changes. 423 

 424 

 5. Conclusions 425 

 The analysis of the 1987 to 2014 summer mean values of dust concentrations at Izaña observatory 426 

(~2400 m.a.s.l. in Tenerife), satellite and meteorological reanalysis data shows that summer Saharan dust 427 

export is highly dependent on the variability of the large scale meteorology in North Africa, which is 428 

characterised by a high over the subtropical Sahara and a low over tropic linked to the monsoon (at 850 429 

hPa and aloft). We referred to this high-low dipole like pattern as North AFrican Dipole (NAFDI) and, in 430 

this study, we parameterized its variability in terms of the NAFD Intensity (NAFDI): the difference of 431 

geopotential heights anomalies averaged over the subtropic (30-32ºN, Morocco) and the tropic (10-13ºN, 432 

Bamako region) close to the Atlantic coast (at 5-8ºW longitude). Because summer dust export off the 433 

coast of North Africa tends to occur between 1 and 5 km.a.s.l., we determined the NAFDI at 700 hPa 434 

standard level. Other parameterisations of the NAFD are plausible depending on the study subject. 435 

 We observe significant summer-to-summer variability in the NAFDI, which is associated with 436 

shifts in the Saharan high that have implications on winds over the Sahara and on the outflow from North 437 

Africa and dust export. Increases in the NAFDI values (i) results in higher wind speeds at the north of the 438 



Inter-Tropical Convergence Zone which are associated with enhanced dust export over the subtropical 439 

North Atlantic, (ii) influences the size distribution of exported dust particles (increasing the load of coarse 440 

dust) and (iii) are associated with enhanced rain in the tropic and northern shifts of the tropical rain band 441 

that may affect southern Sahel. Variability in NAFDI is also connected to spatial distribution of dust over 442 

the North Atlantic; high NAFDI summers are associated with major winds and dust export in the 443 

subtropic and minor dust presence in the tropic (linked to rainfall scavenging), and vice versa. 444 

 We found connections of NAFDI and dust at Izaña to climate variability. El Niño periods (e.g. 445 

1987, 1997, 2006, 2009 and 2014) are generally associated with moderate to low summer mean values of 446 

the NAFDI, wind speed at the north of the ITCZ and dust at Izaña, and vice versa during La Niña 447 

summers (e.g. 1988, 1998, 1999 and 2010). The 1987 - 2014 summer mean dust records at Izaña showed 448 

a higher correlation with NAFDI + MEI·(-1) (r=0.77) than with either NAFDI (r=0.72) or MEI·(-1) (r= 449 

0.50). These correlations evidence the need of understanding the processes that links dust with climate 450 

variability in the subtropics and tropics. 451 

 Further studies are necessary to understand how the variability of the summer NAFDI since 1950 452 

to present days - associated with high wind speeds over subtropical Saharan dust sources prior to the 453 

Sahelian drought and low wind speeds over the subtropical Saharan during the severe part of the drought 454 

– may have influenced on the multi-decadal evolution of the dust export paths. 455 

 456 
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Figure 1. Saharan dust observations in Izaña. A) Frequency of dust events (> 10 µg/m3) in Izaña in the 700 

period 1987-2014. B) Batch of filters with aerosol samples collected at Izaña for illustrating their 701 

typical ochre colour due to dust. 702 

Figure 2. Mean height of the 850 hPa geopotential over North Africa in summer (August). 703 

Figure 3. Long term evolution (1987-2014) of summer dust and meteorology. Summer mean values of 704 

dustT concentrations at Izaña (black dot, A-D), MEI (green line, A), NAFDI (red triangle, A), zonal wind 705 

at 925 mb in the Subtropical Saharan stripe (25-28 ºN, 7ºW - 2ºE, B), zonal wind at 700 mb averaged in 706 

the Subtropical Saharan stripe to Tenerife corridor (25-28 ºN, 16ºW - 2ºE, C) and Wet Sahel Portion (blue 707 

dot) from 1987 to 2014. Green and red arrows highlight moderate and intense ENSO and La Niña 708 

summers, respectively  (http://www.cpc.ncep.noaa.gov). 709 

Figure 4. North African dipole and spatial distribution of dust and meteorological fields averaged in low 710 

and high NAFDI summers. Low NAFDI group includes the summers with the four lowest NAFDI values 711 

in the period 1987-2014 (1987, 1996, 1997 and 2006 = -2.79, -2.04, -3.19 and -1.54, respectively). High 712 

NAFDI group includes the summers with the four highest NAFDI values in the period 1987-2014 (1988, 713 

2000, 2008 and 2012 = +0.68, +0.83, +1.01 and +2.29, respectively). Only summers for which satellite AI 714 

data are available were considered for this Low and High NAFDI summers selection (i.e. 1993-1995 and 715 

2002-2004 were not included). A) height of 700hPa geopotential highlighting the location of the two 716 

regions used for determining the NAFDI. B) MDAF at the north of the rain band (data at the south of the 717 

tropical rain band is due to biomass burning aerosols from Southern Africa) (Prospero et al., 2002). Mean 718 

winds at (C) 925hPa (≈800 m.a.s.l.) and (D) 700hPa (≈3000 m.a.s.l.). E) mean precipitation rates. The 719 

location of the Inter-Tropical Convergence Zone (ITCZ), the Subtropical Saharan Stripe (SSS), the 720 

African Easterly Jet (AEJ) and the Subtropical North Atlantic (SNA) are highlighted. 721 

Figure 5. Scatter plot of dust versus NAFDI and MEI. Summer mean dustT at Izaña (1987-2014) versus 722 

NAFDI (A), MEI (C) and NAFDI + MEI(-1) (D), and summer mean dust2.5-to-dustT ratio (B, 2002-2014) 723 

versus NAFDI. Different symbols are used for the summer mean data of 2002 (black triangle), 2010 (grey 724 

triangle) and 2012 (white filled symbol) for exampling how some data may have different associations 725 

with NAFDI and MEI. 726 

Figure 6. Influence of the NAFD strengthening on zonal winds, spatial distribution of dust and 727 

precipitation rate. Correlation coefficient between long term (1987-2012) summer NAFDI and (A) zonal 728 

wind (B) MDAF and (C) precipitation rate. The Inter-Tropical Convergence Zone (ITCZ) and the 729 

subtropical Saharan Stripe (SSS) are highlighted. Arrows indicate (A) zonal wind direction and (B) 730 

relevant airflows for dust mobilization. 731 

Figure 7. Scatter plot of summer dust activity in the subtropical North Atlantic versus the NAFDI. 732 

MDAF in the Subtropical North Atlantic (SNA) versus the NAFDI (A) and versus dustT at Izaña (B). 733 



Measurements of the TOMS (red circle) and OMI (blue dot) satellite borne sensors were used. The R2 734 

coefficient of the linear fitting is included. 735 

 736 

Figure 8. Summer mean values of NAFDI (red triangle, A), dustT at Izaña (black dot, A) and zonal wind 737 

at 925 mb in the Subtropical Saharan stripe (25-28 ºN, 7ºW - 2ºE, B). Period of plentiful rains and severe 738 

drought in the Sahel are highlighted according to Lucio et al. (2012). 739 

Figure 9. Mean winds at 925hPa (≈800 m.a.s.l.) in the 1957-1967 (plentiful rains in the Sahel) and the 740 

1980-1990 (severe Sahelian drought) decades 741 
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