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quality. This study investigates the spatio-temporal variability of 

Aerosol Optical Depth (AOD) ranging from seasonal to inter-annual time 

scales during the period 2003-2016 using satellite retrievals from MISR 

and MODIS, together with ground-based observations from the Aerosol 

Robotic Network (AERONET) available during the period 2003-2012 over the 

AP. The MODIS AOD (MISR AOD) observations exhibit 0.81 and 0.85 (0.71 and 

0.76) correlations with ground-based observations during the wet and dry 

seasons, respectively. The correlations were also found to be significant 

with respect to the surface monitoring station at Solar village in Saudi 

Arabia. Our observational analysis reveals higher (lower) concentrations 

of AOD during dry (wet) seasons over the AP.  The observed AODs indicate 

similar spatial distributions over annual and seasonal time scales, with 

high AODs over the Southern Red sea (SR), and the Northeast AP, and lower 

AODs over the central and southern end of the AP. It is also observed 

that the AOD exhibits year-to-year variations over different sub-regions 

of the AP. Analyses of the inter-annual variability over the AP reveals a 

significant relationship between the AOD and  El Niño-Southern 

Oscillation (ENSO) during the summertime. Furthermore, positive AOD 

anomalies over the AP can be closely linked with the intensification of 

the westerly jet at the Tokar Gap during La Niña phases. Enhanced monsoon 

associated heat low over the AP during La Niña phases further favors 
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Abstract 1 

Aerosol abundance from widespread deserts over the Arabian Peninsula (AP) plays an important 2 

role in the regional climate and air quality. This study investigates the spatio-temporal variability 3 

of Aerosol Optical Depth (AOD) ranging from seasonal to inter-annual time scales during the 4 

period 2003-2016 using satellite retrievals from MISR and MODIS, together with ground-based 5 

observations from the Aerosol Robotic Network (AERONET) available during the period 2003-6 

2012 over the AP. The MODIS AOD (MISR AOD) observations exhibit 0.81 and 0.85 (0.71 and 7 

0.76) correlations with ground-based observations during the wet and dry seasons, respectively. 8 

The correlations were also found to be significant with respect to the surface monitoring station 9 

at Solar village in Saudi Arabia. Our observational analysis reveals higher (lower) concentrations 10 

of AOD during dry (wet) seasons over the AP.  The observed AODs indicate similar spatial 11 

distributions over annual and seasonal time scales, with high AODs over the Southern Red sea 12 

(SR), and the Northeast AP, and lower AODs over the central and southern end of the AP. It is 13 

also observed that the AOD exhibits year-to-year variations over different sub-regions of the AP. 14 

Analyses of the inter-annual variability over the AP reveals a significant relationship between the 15 

AOD and  El Niño-Southern Oscillation (ENSO) during the summertime. Furthermore, positive 16 

AOD anomalies over the AP can be closely linked with the intensification of the westerly jet at 17 

the Tokar Gap during La Niña phases. Enhanced monsoon associated heat low over the AP 18 

during La Niña phases further favors greater uplift and saltation of dust from desert regions. 19 

 Key words:  Aerosol Optical Depth, Arabian Peninsula, ENSO, Tokar Jet  20 

 21 

 22 
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1. Introduction 23 

Atmospheric aerosols play a major role in the Earth's radiation budget, hydroclimate, air 24 

quality and human health (e.g., Charlson et al., 1992; Ramanathan et al., 2001; Lohmann and 25 

Feichter, 2005; Kosmopoulos et al., 2008). Aerosol particles can influence the radiative energy 26 

budget of the climate system through direct and indirect effects (e.g., Papadimas et  al., 2008; 27 

Pawar et al., 2015; Kolhe et al., 2016). Despite the aforementioned significance of aerosols, 28 

unraveling their feedback mechanisms is a challenging task because of their multitude of non-29 

spherical shapes and sizes, ranging from desert dust to urban pollutants (Kaufman et al., 2002). 30 

Therefore, a comprehensive knowledge of the spatial and temporal distribution of aerosols at  31 

global and regional scales is critical to our understanding of their influence on global and local 32 

climates. Recently, the Intergovernmental Panel on Climate Change assessment (IPCC, 2013) 33 

highlighted the crucial role of the desert dust in influencing the climate variability.    34 

The Arabian Desert is one of the largest source of  natural dust in the world,  accounting 35 

for more than half of the annual mean global dust emissions (e.g., Engelstaedter et al., 2006; 36 

Tanaka and Chiba, 2006; Ginoux et al., 2012). The ubiquitous presence of dust storms over the 37 

Arabian Peninsula (AP) has significant influence on human life, and these are either locally 38 

generated or remotely transported, or a combination of both (Tindale and Pease 1999; Alharbi, 39 

2009; Sultan et al. 2013). Regional dust storms are generally triggered by large-scale 40 

atmospheric instability and high surface winds over the AP, occurring more frequently over the 41 

eastern and southern parts of the AP during the spring and summer seasons (Mashat et al., 2008; 42 

Alharbi et al., 2013).  Previous studies reported that the variability of aerosol concentrations over 43 

the AP is closely associated with the frequency and intensity of dust storms. In particular, an 44 

increase in the atmospheric aerosol concentration is expected with an increase in the number or 45 
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intensity of dust storm events (Sultan et al., 2013; Nafiseh et al., 2014; Farahat et al., 2015; Xian 46 

et al., 2016). Our knowledge about the variability of AP dust storms remains, however 47 

essentially constrained due to the limited amount of in situ observations, despite the numerous 48 

studies that have effectively exploited available observational datasets (e.g., Mashat et al., 2008; 49 

Alharbi, 2009; Alharbi et al., 2013; Maghrabi et al., 2011,2017). Despite the uncertainties in 50 

satellite retrievals compared to ground-based observations, several studies have emphasized the 51 

importance of satellite remote sensing techniques for analyzing the temporal distribution of dust 52 

aerosols at regional and global scales (Liu et al., 2008; Israelevich et al., 2012; Kaskaoutis et al., 53 

2012; AbdiVishkaee et al., 2012). Moreover, satellite retrievals have considerably enhanced our 54 

understanding of dust storms including their generation mechanisms, detection and monitoring at 55 

regional scales (e.g., Tanre et al., 1997; Schmetz et al., 2002; Schepanski et al., 2012; 56 

Sannazzaro et al., 2014).  57 

Aerosol Optical Depth (AOD), is an optical measurement that describes the column-58 

integrated aerosol abundance in the atmosphere, which is commonly obtained from satellites and 59 

ground-based instrumentations (Goudie and Middleton, 2006). The Multiangle Imaging 60 

SpetroRadiometer (MISR) (Diner et al., 1998) and MOderate Resolution Imaging 61 

Spetroradiometer (MODIS) (Kaufman et al., 1997) are two widely used satellite-based 62 

instruments for measuring the AOD over land and ocean. The Aerosol Robotic Network 63 

(AERONET) provides the ground-truth support (Holben et al., 1998). Higher AOD 64 

concentrations over the desert regions generally correspond to greater atmospheric dust aerosols 65 

(Yu et al., 2013). A recent study by Maghrabi et al (2017) investigated the variability of the 66 

AOD and their trends over the Solar Village observation location (46.41°E, 24.91°N, 764m asl), 67 

Saudi Arabia. Their results revealed high AOD values during the spring season, which was 68 
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attributed to the effect of dust transport by northeasterly winds from arid and semi-arid regions. 69 

All earlier studies in the AP region focused primarily on AOD properties, but no attempts have 70 

been made to investigate the variability of AP AOD at various time scales and to infer the role of 71 

tropical climate drivers, such as El Niño-Southern Oscillation (ENSO), on the distribution of the 72 

AOD over the AP. The aim of this study is to provide new insights into the understanding of the 73 

AP aerosol variability ranging from seasonal to inter-annual time scales. We first validate the 74 

quality of the AOD values acquired from satellites, using available ground-based observations of 75 

AERONET at the Solar village (46.41°E, 24.91°N, 764m asl). We then examine the spatial 76 

distribution of the AOD at seasonal (dry and wet seasons), inter-annual scales, and their 77 

variability over the AP.  We further investigate the influence of the prominent large-scale climate 78 

driver ENSO on AOD distributions over the AP. This paper is organized as follows: section 2 79 

describes the data and methodology, section 3 focuses on the analysis of the results, followed by 80 

the summary and conclusions in section 4. 81 

2. Study region, Datasets and Methodology 82 

The study area is confined to arid regions of the AP mainly covered by large deserts, such 83 

as the Ad-Dahna in the eastern AP, An-Nafud in the northern part of the AP, and Rub’Al Khali 84 

in the southern AP, which are the main sources of aerosols over this region. The domain includes 85 

parts of Saudi Arabia, Oman, United Arab Emirates (UAE), and Yemen, located between the 86 

latitudes 12°N32°N and longitudes 30°E60°E. The climate of the AP is extremely hot and dry, 87 

which favors profound sand and dust activities (Shalaby et al., 2015).  88 

The datasets used in this study are: (i) 36-channeled MISR (Diner et al. 1998; Martonchik 89 

et al., 2004; Marey et al., 2011) level 3 products at 558 nm archived at a horizontal resolution of 90 

0.5° × 0.5° from the National Aeronautics and Space Administration (NASA), and (ii) combined 91 
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dark target and dark blue products from the MODIS Aqua (Ichoku et al., 2002; Levy et al., 2007; 92 

2010) Level 3 monthly data sets at 550 nm archived at 1° × 1° grid resolution for the period 93 

2003-2016. The satellite products were downloaded from the NASA website 94 

https://giovanni.gsfc.nasa.gov/giovanni/. The MISR non-spherical AOD fraction over the desert 95 

region is often referred to as the "fraction of the total AOD due to dust” (Marey et al., 2011). The 96 

passively derived aerosol information from the MODIS sensors have been used in several studies 97 

of aerosol and global aerosol distribution (e.g., Chin et al., 2002; Ichoku et al., 2004), radiative 98 

forcing (Yu et al., 2004), and aerosol influences on regional climate (Vinoj et al., 2014). It has 99 

been reported that MODIS Aqua dark blue AOD products generally provide better accuracy over 100 

the AP (Butt et al., 2017). Satellite retrievals of dust aerosol composition over the AP are 101 

generally complex due to the high reflectance (Misra et al., 2015), and therefore extensive 102 

validation with ground-based observations is warranted. 103 

AERONET, is a ground based remote sensing aerosol network which utilizes sun 104 

photometers and is universally regarded as a reliable ground-based aerosol monitoring system, 105 

which can be used to validate satellite retrieved products all over the globe (Safarpour et al., 106 

2014; Belle and Liu, 2016; Wei and Sun, 2016). AERONET data is available at three levels: 107 

Level 1.0 (unscreened), Level 1.5 (cloud screened) and Level 2.0 (quality assured) (Holben et al., 108 

1998). Due to the paucity of ground-based measurements and the unavailability of longer records 109 

for the AP, we considered Level 2.0 AERONET AOD from Solar village which spans a longer 110 

period record consistent with satellite retrieval periods. This dataset was also used for the 111 

validation of the satellite-retrieved products. We also utilized the multivariate ENSO index 112 

(MEI), which provides a complete and flexible description of the ENSO 113 

(http://www.esrl.noaa.gov/psd/ensp/mei; Wolterand Timlin, 2011), to investigate the role of 114 
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tropical climate drivers on the AP aerosol variability.  Circulation variables (zonal, meridional 115 

and vertical winds), surface air temperature, and sea level pressure (SLP) were obtained from the 116 

ERA-Interim data (Dee et al., 2011) available at 0.75° × 0.75° horizontal resolution. The 117 

validation of the satellite retrieved products with AERONET is presented in the following 118 

section. 119 

3. AOD analysis 120 

In this section, we present the validation of the MODIS and the MISR retrievals against 121 

ground based AERONET observations at the Solar Village, Saudi Arabia for the period 2003-122 

2012, followed by an analysis of the spatial variability of the AOD at seasonal and inter-annual 123 

time scales. Following Almazroui et al. (2013) and Athar (2015), we also consider the periods 124 

starting from November to April (June to September) as wet (dry) seasons in the following 125 

analysis. 126 

3.1 Validation of satellite retrieved AOD products using AERONET observations 127 

Aerosol retrieval algorithms from satellite measurements generally involve several 128 

assumptions, and thus their reliability should be evaluated before they are utilized for analysis 129 

(Hao et al., 2005). Several studies have used AERONET observations from the Solar Village to 130 

validate MISR, MODIS retrievals for shorter time periods over the AP (Yu et al. 2003; 131 

Martonchik et al. 2004; Kahn et al. 2005; Remer et al. 2008; Amanollahi et al. 2011; De Meij 132 

and Lelieveld, 2011). Here, we make use of the long-term data record available at the Solar 133 

Village, which almost completely coincides with the available satellite retrieval period.   134 

Monthly means of AOD computed using hourly observations from the ground-based 135 

AERONET database are compared with the monthly MODIS and MISR data products. The 136 

monthly mean AOD differences between AERONET and the satellite observations for the period 137 
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2003-2012 are shown in Figure 1a. Although the datasets are generally in close agreement, the 138 

MODIS data product is in better agreement with the AERONET data than the MISR data 139 

product. The annual cycle is comparable in all datasets (Fig.1b), although the MISR retrieved 140 

AODs exhibit significantly larger magnitudes during the dry season. For example, the monthly 141 

mean of the AERONET measured AODs at the Solar Village is 0.56 in May. This value is close 142 

to the MODIS AOD (0.51), compared to that of MISR (0.67). These minor differences are more 143 

evident in the correlations between the observed and the satellite retrievals, where the MODIS 144 

data is well correlated with AERONET (0.9), compared to the MISR data (0.7).   145 

3.2 Spatio-temporal variability of AOD from MODIS and MISR  146 

To synthesize the AOD variability, we divide the study region based on their variability 147 

(standard deviations) into three sub-regions: (i) land region over the North-East AP (NEAP; 148 

24°N -32°N and 43°E - 54°E), (ii) Southern Red Sea region (SR; 13°N -20°N and 38°E - 44°E) 149 

and (iii) Northern Red Sea region (NR; 33°E - 40°E and 20°N -29°N) as shown in figure 4.  150 

We first analyze the annual means together with the annual cycle from the satellite-151 

retrieved datasets. Figure 2 plots the spatial distribution of the annual mean (Fig. 2a and 2b) and 152 

the annual cycle of the regionally averaged (encompassing the region covering 12°N-30°N and 153 

30°E-60°E) AOD (Fig. 2c) over the AP. High magnitudes of AODs are observed over the central 154 

and eastern AP, the SR, and northern Arabian Sea, while weaker magnitudes are noticeable over 155 

Sudan and the north-western part of the AP. The MODIS and MISR display similar spatial 156 

patterns with AODs are being smaller magnitudes (<0.2) over the Oman mountains. The annual 157 

cycle of the AOD over the AP (Fig. 2c) indicates that the AOD falls (rises) to a minimum 158 

(maximum) during the wet (dry) seasons. In general, the MODIS and MISR display similar 159 

annual cycles of AOD, with a correlation coefficient (CC) of about 0.9. The AOD magnitudes 160 
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generally start to increase from May and peaks in July with a mean value 0.57 (0.56) and a 161 

standard deviation of about 0.08 (0.06) for MODIS (MISR).  162 

The reanalyzed circulation patterns and spatial distribution of the AODs are shown in 163 

Figure 3 for the dry and wet seasons. The low-level winds display an anticyclonic circulation 164 

over the AP and the prevalence of the southerly winds over the Southern Red sea (SR) during the 165 

wet season, coinciding with lower AODs. The summertime circulation in the vicinity of the AP 166 

is typically composed of northerly winds in the northern AP and southwesterly winds from the 167 

Indian Ocean. During the dry season, the AP experiences strong northerly winds, which are 168 

associated with larger AODs. In addition, significantly high AODs of magnitude (0.5 to 0.7) are 169 

observed over the SR region and the regions extending from the northern Arabian Sea to the 170 

Arabian Gulf. The strong low-level northerly/northwesterly winds (Shamal winds) over the 171 

NEAP region tends to trigger dust saltation activity over the AP (Yu et al. 2013). It is also noted 172 

that strong westerly winds prevail over the Tokar Gap (Tokar Gap Jet; Jiang et al. 2009; Davis et 173 

al. 2015) during the summer, which also contribute to the high amount of AOD. Overall AOD 174 

displays prominent signatures of seasonality over the AP that is consistent with ambient 175 

circulation patterns. 176 

Figure 4 shows the spatial distribution of the standard deviations of the AOD for the 177 

period 2003-2016 from MODIS and MISR, for the dry and wet seasons over the AP and the 178 

adjoining oceans. A high variability of the AODs is clear during the dry season compared to the 179 

wet season. The standard deviations of the AODs are seen to be larger over the region extending 180 

from the central to the eastern AP, and also over the SR. Smaller deviations were observed over 181 

the northwestern part of the AP and Sudan. MODIS and MISR generally display similar patterns, 182 

with smaller AODs over the Oman Mountains (less than 0.1) and significantly larger values over 183 
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the northern part of the Arabian Sea. MODIS (MISR) data also displays larger (smaller) standard 184 

deviations over the Arabian Gulf region. The variability is less than 0.04 over the NEAP region 185 

during the wet season, while the variability of the AOD is large over the SR and the NEAP 186 

during dry conditions.  187 

Figure 5 plots the spatially averaged time series of the AODs for the sub regional 188 

northeastern part of the AP, NEAP, SR and NR. The results clearly indicate that the variability 189 

over these regions at different time scales are generally consistent in both satellite products. A 190 

clear distinction between the AODs over the northern and southern regions is visible, with higher 191 

AODs over the SR and remaining parts of the AP, and weaker AODs over the NR and NEAP. 192 

Figures 5(a-d) display the time series for these sub-regions for the 2003-2016 period. The AOD 193 

magnitudes inferred by the MISR and MODIS data during the wet season are reduced (below 194 

0.3), while the maximum AODs are observed during the dry season over the eastern part of the 195 

AP and SR.  The mean, standard deviations (SD) and the coefficient of variability (CV) of the 196 

AOD over the aforementioned regions are shown in Table 1. Higher mean values (0.67/0.64) and 197 

SDs (0.08/0.08) are seen for both MISR/MODIS data during the dry season, while the mean 198 

value is 0.31/0.28 and the SD is 0.04/0.03 for the wet season. An overall analysis of the spatial 199 

patterns at annual and seasonal scales along with the annual cycle of the AOD over the AP 200 

essentially indicates similar features from both the MISR and MODIS datasets.  201 

A scatter plot between the satellite retrievals and AERONET AODs during the dry and 202 

wet seasons over the AP region is shown in Figure 6. The MODIS and MISR respectively 203 

indicate maximum correlations of 0.85 and 0.75 with AERONET over the AP region for the dry 204 

season. The MODIS and MISR suggest maximum correlations of 0.8 and 0.7 during the wet 205 

season, respectively. In addition, the deviations from the least-square fit line is lower for 206 
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MODIS. Although less in number, the deviation of high values from the observed values would 207 

also contribute more to the scatter. Despite the stronger correlation, MODIS data is generally in 208 

better agreement with the ground-based observations than the MISR data product on a seasonal 209 

scale. This analysis is corroborated by earlier studies by Butt et al. (2017), which suggests that 210 

the MODIS AOD is well suited to represent aerosol concentrations over warm surfaces and the 211 

AOD variability over the AP. 212 

3.3 Interannual variability of AOD  213 

Figure 7 outlines the inter-annual variations of the AOD during the period 2003 - 2016 214 

over the AP, NEAP, SR and NR regions. The AOD anomalies were computed by removing the 215 

means of the dry and wet seasons. The AOD exhibits year-to-year variations in all sub-regions of 216 

the AP during the dry and wet seasons. Negative AOD anomalies are noticeable all over the AP 217 

during all seasons from 2003 to 2007, followed by positive anomalies. These year-to-year 218 

variations of the AOD are significantly higher during the dry seasons (Coefficient of Variability 219 

(CV) 15.9%) than during the wet seasons (CV 12.9%). These changes are generally associated 220 

with year-to-year variations in the aerosol (AOD) loading and this phenomenon needs to be 221 

further analyzed with respect to the variations of large scale flow patterns and their related 222 

climate drivers. We consider the ENSO to assess the changes in large scale circulations and 223 

associated aerosol loading as one of the highly studied climate drivers over the AP region.  224 

The ENSO phenomenon is a potential tipping element for the inter-annual variability of 225 

regional climate (e.g., Raitsos et al., 2015; Dasari et al., 2017; Attada et al., 2018). In this study, 226 

we assess the role of the ENSO on the AOD variability over the AP during the dry season. 227 

Higher contributions of dust loading suggest the summer as an obvious choice for this purpose. 228 

The correlations between the monthly MEI index and the AOD anomalies (Fig. 8) show a 229 
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significant negative correlation of -0.35 at the 95% confidence level. This indicates that the 230 

positive phase of the ENSO (El Niño) contributes to smaller AOD variability over the AP region, 231 

while the negative phase of the ENSO (La Niña) contributes to a larger AOD variability. We 232 

further conducted a composite analysis for the El Niño (2004, 2009, 2015) and La Niña (2008, 233 

2010, 2011) years and presented the results in Figure 9. The spatial distribution of the AOD and 234 

the low-level (850 hPa) winds during the El Niño (Fig. 9a) and La Niña (Fig. 9b) conditions are 235 

presented. While we agree that the limited number of years constrains any definite results, the 236 

composite analysis provides an indication of the major changes in the atmospheric conditions 237 

that can create significant year-to-year variations in the AODs over the AP. The AOD 238 

distributions are much larger in magnitudes (greater than 0.6) over the eastern AP, SR and the 239 

Northern Arabian Sea during the La Niña phase. The composite differences (Fig. 9c) show a 240 

prevalence of northerly winds over the entire AP, and a strong Tokar jet over the west coast of 241 

the Red Sea. This suggests that the low-level intensified Tokar gap jet during the La Niña phase 242 

tends to advect the aerosol concentrations from East Africa, resulting in higher AODs over the 243 

AP. Hickey and Goudie (2007) also reported that the Tokar Gap region is one of two major 244 

source regions for dust storms. Another interesting feature is the aerosol uplift, which was 245 

favored by the intensified shallow cyclonic circulation over the AP, and the associated wind 246 

convergence during the La Niña phase. Although the Shamal winds appeared to weaken during 247 

the La Niña phase, higher AODs (Fig. 9b) were mainly due to the Tokar Gap jet, while the 248 

locally induced AODs over the AP resulted from the thermal convection. Overall, the southern 249 

AP shows a significantly larger AOD than the northern AP and the northern RS regions during 250 

La Niña period. The mean values of the AOD during these two phases for different regions are 251 

shown in Table 2. It can be clearly seen that the mean AOD is larger by approximately 0.65 252 
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compared to the SR. Moreover, the mean value is significantly higher during the La Niña (0.72) 253 

phase and lower during the El Niño (0.63) phase. However, the relative difference is found to be 254 

higher by about 15% over the NEAP region.  255 

 The zonal mean (averaged over longitudes between 35°E and 60°E) of the AOD during 256 

the El Niño and La Niña phases clearly shows a latitudinal variation over the AP. Essentially, 257 

larger AODs are noticed at 19°N, which can be attributed to the presence of the Tokar gap jet. 258 

Smaller AODs are observed north of 28°N and this value tends to be higher during the La Niña 259 

phase compared to El Niño phase. On the other hand, the meridional distribution of the AOD is 260 

smaller than the mean during the El Niño phase. This suggests a potential effect of the ENSO on 261 

the AOD changes over the AP. This is particularly important for the larger AODs during the La 262 

Niña phase. To further understand this variability, a composite analysis of temperature, sea level 263 

pressure (SLP), vertical velocities and radiation was performed.  Figure 11(a-c) shows the spatial 264 

distributions of the vertical velocities at 500 hPa during the El Niño and La Niña phases. The 265 

composite difference in the vertical velocities between the two phases suggest high vertical 266 

motion prevailed over the southwestern and Eastern AP. This strong ascent, triggered by thermal 267 

convection, uplifts dust particles. The SLP distribution shown in Figure 11(d-f) reveals the 268 

monsoon associated low-pressure over the Arabian Gulf, and high-pressure system over the 269 

North of the AP during both the El Niño and La Niña periods. The thermal low is enhanced 270 

during the La Niña period compared to the El Niño phase, which suggests that the La Niña 271 

conditions cause an intensification of the low-pressure system over the AP. 272 

 The composite analysis of the surface temperature (at 2m height) plotted in Figure 12 (a-273 

c) shows lower temperatures over the southwestern parts of the AP and increased temperatures 274 

over the Eastern and central AP during the El Niño and the La Niña periods. The composite 275 
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difference of the 2m air temperatures (Fig. 12c) between the La Niña and El Niño phases 276 

indicate high temperatures over the eastern AP, north and northeastern AP, in addition to low 277 

temperatures over the southwestern AP and Sudan. Therefore, La Niña enforces higher 278 

temperatures over the eastern AP. The total shortwave radiation composites during the La Niña, 279 

El Niño, and the difference between the two (Figure 12(d-f)), also indicate the presence of 280 

significantly high shortwave radiation over the Red Sea, Arabian Gulf and Arabian Sea (above 281 

330 W m
-2

) during the La Niña phase. Over the AP, the radiation level is approximately 280 282 

Wm
-2

, but the composite difference in the shortwave radiation indicated higher levels over the 283 

AP, Arabian Gulf and Iran region during La Niña phases compared to El Niño phases. Our 284 

analysis reveals that the enhanced AODs are due to the cool tropical eastern Pacific sea surface 285 

temperature (La Niña). This suggests that the negative phase of the ENSO (i.e. La Niña) is an 286 

important contributor of the interannual variability of the AOD over the AP region during 287 

summer.  288 

3.4 Synthesis of physical processes 289 

The previous section highlighted significant impact of the ENSO on the interannual 290 

variability of the AOD over the eastern and northeast AP and the SR regions, particularly during 291 

the La Niña periods, which exhibit higher (positive anomalies) AOD. Higher amounts of AOD 292 

over the SR and the southwestern AP are attributed to the intensification of the Tokar Gap jet. 293 

This was due to steep pressure gradients, which favored Saharan dust transport through the East 294 

Africa region to the southern Red Sea. Higher AOD over the NEAP, and the eastern AP are due 295 

to locally induced AOD from the desert, which occurs in conjunction with the vertical velocities 296 

and the SLP, as previously discussed. Interestingly, the Shamal winds are weaker over the 297 

NEAP, but exhibit higher AODs during the La Niña phase because of the locally induced dust 298 
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that dominates over this region. The intensified shallow low-pressure system during La Niña 299 

triggers the regional convergence of winds and the associated ascent, which enhances the AOD 300 

in the lower troposphere. The mid-tropospheric anticyclone distributes the suspended AOD 301 

towards the NEAP region, which results in higher AOD values. In addition, the AOD absorbs the 302 

radiation and warms the atmosphere over the NEAP. This is reflected by the shortwave radiation 303 

and surface temperature values. Furthermore, the southwestern AP exhibits a much lower AOD 304 

during La Niña, which is attributed to the wet scavenging mechanisms (Pandey et al., 2017).  305 

4. Summary and Discussions 306 

This study investigated the Aerosols Optical Depth (AOD) variability over the Arabian 307 

Peninsula (AP) at seasonal and interannual time scales and also studied the influence of large 308 

scale climate drivers such as ENSO on the AOD variability using the ground-based 309 

measurements (AERONET: for the period 2003-2012) and satellite observations (MODIS and 310 

MISR: for the period 2003-2016). A strong correlation of 0.85 (0.81) between the MODIS and 311 

AERONET observations was obtained for the dry (wet) period. Higher AODs are typically 312 

observed over the regions of the eastern AP, northeast AP (NEAP) and Southern Red Sea (SR) 313 

regions during the dry season. The spatial distribution of AOD was generally consistent and 314 

similar in both MODIS and MISR products, and indicates larger (weaker) AOD magnitudes over 315 

the central and eastern regions of the AP and over SR, northeast regions of the AP and Sudan. 316 

The AOD is much weaker (< 0.3) during the wet period, while  a large variability is observed 317 

during the dry season.  318 

 The results are also suggested that the ENSO phenomenon has a negative relationship 319 

(correlations of -0.35 at 95% significance level) with  AOD variations. In particular, the negative 320 

phase of the ENSO (La Niña) tends to favor enhanced AODs over the AP. Positive AOD 321 
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anomalies tend to prevail during the La Niña phases in association with higher AODs over the 322 

eastern AP, northeast AP and SR regions. Higher AODs are primarily due to the intensified 323 

Tokar  jet resulting from the strong pressure gradient arising from the thermal contrast between 324 

the Red Sea and the interior Sudanese land mass. This facilitates the advection of aerosol 325 

concentration to the western shore of the Red Sea and over the AP. Larger AODs over the 326 

northeastern AP and eastern AP are locally induced from the desert during La Niña periods. It is 327 

also interesting to note that higher AODs values are noticed over the eastern regions of the AP, 328 

despite the weaker Shamal winds (important regulators of summer dust activity) over the 329 

northeast AP. Our analysis also indicates that the intensified shallow low pressure system during 330 

the La Nina phases shows a tendency to trigger the local convergence and associated updrafts. 331 

This favors lifting of the aerosols into the lower troposphere where the mid-tropospheric 332 

anticyclone supports the suspended aerosols more towards the northeast AP, resulting in higher 333 

AOD during the La Niña than El Niño phases. Furthermore, the aerosols absorb short wave 334 

radiation leads to warmer atmospheric conditions over the northeastern AP and eastern AP. The 335 

significant amounts of orographic induced rainfall over southwestern AP leads to smaller AOD 336 

due to the rain washout mechanism during the La Niña phases. This study also indicates that  337 

higher AODs over the AP region are not associated with the northerly winds, but resulting are 338 

frequently from mesoscale unstable weather systems, which advect the dust from the dry regions 339 

to the eastern deserts of the AP.   340 

In summary, the La Niña phase of the ENSO cycle (the cold phase) favors rising 341 

frequency of dust storms over the AP region, which is supported by positive anomalies over the 342 

AP. However, during the El Niño phase (the warm phase) the opposite effect prevails. The 343 

increased surface temperatures generally enhance the soil dryness and dust entrainment during 344 
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the La Nina phase, whereas opposite conditions prevail during the El Niño phase. During the 345 

summer associated with the La Niña phase, the lower geopotential heights over the AP favors the 346 

required horizontal gradient for dust transportation from the surrounding regions. These 347 

conditions also  intensifies of north-westerly and north-easterly winds, and the Tokar jet which 348 

leads to enhanced dust transportation over the AP. Therefore, dry conditions during the La Niña 349 

phase are favorable to subsequent increased soil dryness (less soil moisture and more soil 350 

temperature) and thereby enhancing dust activity over the region. This study provides new 351 

insights into the physical mechanisms associated with the variability of the AOD during the 352 

ENSO episodes. In addition, it also serves as a roadmap towards understanding the spatial and 353 

temporal distribution of dust variations over the AP.  354 
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 578 

List of Tables 579 

 Mean Values SD(CV)  

 

 

Dry Season Wet Season Dry Season Wet Season 

 MISR MODIS MISR MODIS MISR MODIS MISR MODIS 

SR 0.676 0.645 0.314 0.281 0.089 

(13.1) 

0.083 

(12.8) 

0.044 

(14.1) 

0.032 

(11.3) 

NR 0.393 0.345 0.235 0.221 0.058 

(14.7) 

0.042 

(16.8) 

0.028 

(11.9) 

0.023 

(10.4) 

NEAP 0.477 0.408 0.308 0.338 0.073 

(15.3) 

0.075 

(18.4) 

0.048 

(15.9) 

0.055 

(16.3) 

AP 0.516 0.446 0.274 0.255 0.071 

(13.8) 

0.061 

(15.9) 

0.038 

(13.9) 

0.033 

(12.9) 

 580 

Table 1. presents the mean, standard deviations (SD) and coefficient of variability (CV) over 581 

different region of the Arabian Peninsula for different (dry and wet) seasons. 582 

 583 

 584 

 Mean La Nina El Nino Diff Rel. Diff (%) 

SR 0.645 0.722 0.629 0.093 12.88 

NR 0.345 0.379 0.351 0.028 7.38 

NEAP 0.405 0.483 0.409 0.074 15.32 

AP 0.444 0.503 0.433 0.07 13.91 

 585 

Table 2: Mean values of El Nino, La Nina and the difference between La Nina and El Nino. 586 

Also, relative difference (%) was calculated with respect to La Nina  587 

 588 

 589 
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List of figures 593 

 594 

Figure 1: (a) Comparison of AOD from AERONER with both MISR and MODIS satellite 595 

retrieved products for the period 2003-2012. (b) Climatological cycle along with their standard 596 

deviations (shown as error bars) of AOD is calculated for the above period for ground based 597 

stations and MODIS satellite products over the Solar Village (see Figure 2 for the location), 598 

Saudi Arabia.  599 

 600 

 601 
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 602 

Figure 2: Annual mean of the Aerosol Optical Depth (AOD) over the Arabian Peninsula during 603 

the period 2003-2016. (a) MISR, (b) MODIS and (c) annual cycle of the AOD for both satellite 604 

products averaged over the indicate box (12-30°N to 30-60°E). Blue color lines indicate the 605 

MISR data and the red lines indicates the MODIS data.  Location of the solar village is indicated 606 

by the star in subplot (a).  607 
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 608 

Figure 3: Seasonal distribution of the AOD over the AP during 2003-2016. (a) and (c) are wet 609 

seasons, and (b) and (d) are for dry seasons from both MISR and MODIS satellite products. 610 

 611 
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 612 

Figure 4: Spatial distributions of the standard deviations (SD) of the AOD over the Arabian 613 

Peninsula during 2003-2016. (a) and (c) are for wet seasons, and (b) and (d) are  for dry seasons 614 

from both MISR and MODIS satellite products. Regions are indicated in the figure with (e) AP, 615 

(f) NEAP,(g) SR and (h) NR.  616 

 617 
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 628 

 629 

Figure 5: Time series of the AOD over the Arabian Peninsula (a), North East Arabian Peninsula 630 

(b), South Red Sea (c),  and Northern Red Sea (d). 631 
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 642 

 643 

 644 

 645 

 646 

 647 

 648 

Figure 6: Scatter plots for the correlations coefficients (CC) with the AERONET AOD with 649 

respect to the MODIS and MISR satellite products. CCs were calculated from the monthly 650 

values of three datasets for dry (June to September) and wet (November -April) seasons. Blue 651 

color indicates CC between AERONET and MODIS and red color indicates AERONET and 652 

MISR products. 653 

 654 

 655 

 656 

 657 

 658 



 31 

 659 

 660 

 661 

 662 

 663 

Figure 7: Interannual variations of the AOD anomalies over different regions of the Arabian 664 

Peninsula during the dry period over the 14 years (2003-2016). 665 
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 684 

Figure 8: Time series of the Multivariate ENSO Index (MEI) with AOD (MODIS) anomaly 685 

averaged over the Arabian Peninsula (12-32°N; 35:60°E) for the period 2003-2016. 686 
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 692 

Figure 9. The composite mean of AOD and winds for (a) El Nino episodes, (b) La Nina episodes 693 

during the 14 years duration of the study, and (c) difference between La Nina and El Nino 694 

episodes. Winds are represented by arrows. 695 
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 703 

 704 

Figure 10. Zonally averaged (longitudes between 35°E and 60°E) AODs for the composite mean 705 

of El Niño (red) and La Niña (blue) along with the mean (green).  706 
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 716 

 717 

Figure 11: Composites of vertical velocities at 500 hPa and sea level pressure during La Niña (a 718 

and d), during El Niño (b and e), difference between La Niña and El Niño (c and f). 719 
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 727 

Figure 12: Composites of 2m height temperature and total shortwave radiation during La Niña (a 728 

and d), during El Niño (b and e), difference between La Niña and El Niño (c and f).  729 
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