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Abstract 21 

We investigated aerosol optical depth (AOD) under background and polluted 22 

conditions using Aerosol Robotic Network (AERONET) and Visible Infrared Imaging 23 

Radiometer Suite (VIIRS) observations. The AOD data were separated into background, 24 

high, and median AOD (BAOD, HAOD, and MAOD, respectively) based on the 25 

cumulative AOD distribution at each point and then their spatiotemporal variations 26 

were analyzed. Persistent pollutant emissions from industrial activity in South Asia 27 

(SUA) and Northeast Asia (NEA) produced the highest BAOD values. Gridded-28 

BAODs obtained from VIIRS Deep Blue AOD products showed widespread high-level 29 

BAOD over the oceans associated with transport from dust and biomass burning events. 30 

The temporal variations in BAOD and HAOD were generally consistent with that of 31 

MAOD, but differences were found in seasonal variation as well as in long-term trends 32 

in some regions. Southeast Asia (SEA) and South America/South Africa (SAM/SAF) 33 

showed similar HAOD levels owing to biomass burning, but BAODs were higher in 34 

SEA than in SAM/SAF. In NEA, BAOD was lowest during the summer rainy season, 35 

as opposed to the peaks in MAOD and HAOD. Long-term trends of the AODs show 36 

clear regional characteristics. The AODs have decreasing trends in NEA, 37 

Europe/Mediterranean basin, and Northeast America but increasing trends in SUA, and 38 

in North Africa and the Middle East. The trend of HAOD in Northwest America and 39 

Australia was opposite to that of BAOD. The spatiotemporal patterns of the HAOD and 40 

BAOD provide detailed information on changes in aerosol loading compared to using 41 

only MAOD. 42 

 43 

Keywords: Background aerosol optical depth, AERONET, VIIRS Deep blue aerosol, 44 

linear AOD trend 45 
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 46 
1. Introduction 47 

Aerosols play an important role in the Earth’s energy budget as they interact 48 

with solar and infrared radiation and modify cloud microphysics (IPCC, 2013). 49 

Aerosols contribute to a cooling of the Earth’s surface temperature (Kaufman et al., 50 

2002), and their complicated chemical and physical properties lead to large 51 

uncertainties in projection of climate change. Various Earth-observing platforms have 52 

measured aerosol amounts and trends to quantify the impact of aerosol radiative forcing 53 

on climate change. Ground- and satellite-based remote sensing techniques have 54 

provided long-term data for aerosol optical depth (AOD) over the entire globe and have 55 

contributed to a better understanding of the spatiotemporal variability of aerosols. 56 

Producing accurate and reliable AOD data is a crucial step in assessing the 57 

impacts of aerosol on the climate and there have been numerous efforts to improve the 58 

quality of the datasets. In an AOD retrieval algorithm, separating surface and 59 

atmospheric contributions to the measured top-of-atmosphere (TOA) reflectance is 60 

essential. However, complex land surface properties make surface reflectance 61 

estimation a challenging issue. Recent studies have shown that when the algorithm 62 

relies on atmospherically corrected surface reflectance, considering background aerosol 63 

optical depth (BAOD) reduces the uncertainty in satellite-based AOD remote sensing 64 

(Kim et al., 2014, 2016, Knapp et al., 2005, Zhang et al., 2011, Zhang et al., 2016). For 65 

example, a single visible channel algorithm utilizing minimum reflectance method 66 

(Kim et al., 2016) showed a 7% overestimation in surface reflectance of 0.05, and 67 

ignored a BAOD of 0.05. The overestimation in surface reflectance led to an 11% 68 

underestimation in AOD of 0.45 (at 550 nm).  69 

Existence of the BAOD has recognized with non-zero aerosol loading under 70 

minimal anthropogenic activities. Previous studies have defined the BAOD as 71 
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minimum AOD value by measuring remote region (Halthore et al., 1998; Halthore and 72 

Caffrey, 2006; Holben et al., 2001). Other study described it as an AOD value during 73 

the small temporal variation (Kaufman et al., 2001). Thereafter, studies have defined 74 

the BAOD in various ways from a perspective of satellite-based aerosol remote sensing 75 

and have reported spatiotemporal variation. The Geostationary Operational 76 

Environmental Satellite (GOES) Aerosol/Smoke Product (GASP) algorithm adopted a 77 

constant BAOD of 0.02 and showed enhancement in surface reflectance estimation 78 

(Zhang et al., 2011). Kim et al. (2014) defined BAOD as the second minimum value of 79 

Aerosol Robotic Network (AERONET) direct measurements (Holben et al., 1998; 80 

http://aeronet.gsfc.nasa.gov/) in each month, and applied the monthly BAOD to 81 

AOD retrieval in the Hong Kong area. Kim et al. (2016) employed the gridded-BAOD, 82 

which was obtained from the Moderate Resolution Imaging Spectroradiometer 83 

(MODIS) level 2 aerosol product in the AOD retrieval algorithm over Northeast Asia. 84 

Zhang et al. (2016) estimated BAOD as the lowest 5th percentile of AOD measured at 85 

each AERONET site and interpolated the value at each 0.1° × 0.1° grid box using 86 

inverse distance weighting. BAOD can vary widely depending on natural emission 87 

phenomena and meteorological conditions. The studies investigating spatial BAOD 88 

distribution represented that anthropogenic activity (e.g., industrialization, population 89 

growth, and land-use change) results in the accumulation of pollutants in the 90 

atmosphere and consequently induces high BAOD near the source regions.  91 

Though previous studies established for the importance of BAOD, there is still 92 

a lack of comprehensive analyses of temporal and spatial variations in BAOD. Land 93 

use change, anthropogenic activity, and meteorological conditions are known to cause 94 

seasonal variations in aerosol loading, but current understanding of BAOD variations 95 

is limited. Understanding the spatiotemporal variation in BAOD is not only essential 96 
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for improving remote sensing products but is also helpful for monitoring air quality in 97 

relation to the accumulation of pollutants in source regions. Long-term variation in 98 

BAOD depends on changes in meteorological conditions, economic growth, and 99 

restrictions on pollutant emissions (Yoon et al., 2016).  100 

Ground-based AERONET stations are sparsely deployed over the ocean and 101 

remote regions that are affected by both long-range transport from continents and 102 

natural aerosol emission such as VOCs and sea salts. The sparse placement of 103 

AERONET sun-photometers over remote regions limits the ability of the network to 104 

measure BAOD with minimal anthropogenic effects. In this regard, we analyzed spatial 105 

and seasonal BAOD variations based on both AERONET direct measurements that 106 

have high accuracy but limited coverage, and VIIRS Deep Blue (DB) level 2 aerosol 107 

products that cover the entire globe and can therefore fill spatial gaps in the AERONET 108 

data (Hsu et al., 2019, Sayer et al., 2018a). We define BAOD as the average of the 109 

lowest 5% of AODs from a cumulative AOD distribution, as suggested by Zhang et al. 110 

(2016) and Yoon et al. (2016). High-AOD (HAOD) was also identified as the highest 111 

5%, and compared with BAOD and median AOD (MAOD).  112 

The remainder of the manuscript is organized as follows. Details of the datasets 113 

and methodology for AOD analysis are described in Section 2, and the analysis of 114 

AERONET- and VIIRS-based BAOD and HAOD are discussed in Section 3. In Section 115 

3.1, the global distributions of BAOD and HAOD are presented, and their temporal 116 

changes are shown in terms of seasonal variation. Global BAODs and HAODs obtained 117 

from VIIRS DB aerosol products are presented in Section 3.2. Long-term trends of the 118 

seasonal AODs that we obtained are discussed in Section 3.3. Section 4 summarizes 119 

and discusses our results, and conclusions are provided in Section 5. 120 

 121 
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2. Data and Methods 122 

2.1. AOD from AERONET sun-photometers 123 

AERONET has recorded >25 years of aerosol properties, and the number of 124 

sites has increased to >600 as of 2018 (Giles et al., 2019). The dataset from AERONET 125 

contains valuable information for understanding global aerosol properties even though 126 

the stations are not equally distributed in remote regions. An advantage of this ground-127 

based dataset is its higher accuracy in AOD measurements than other datasets. The 128 

uncertainty of a newly calibrated field instrument under cloud-free conditions is lower 129 

than ±0.01 for wavelengths longer than 440 nm (Eck et al., 1999, Giles et al., 2019). 130 

Recently, the AERONET algorithm has been updated to Version 3 with significant 131 

improvement in cloud screening and instrument anomaly quality control (Giles et al., 132 

2019). 133 

The AERONET AOD dataset is widely used as ground truth because it has a 134 

well-defined low level of uncertainty. This study employs the quality-assured Level 2.0 135 

daily-AOD provided by the AERONET Version 3 algorithm. In addition, daily 136 

averaged AOD products with a long time series were adopted to minimize the possible 137 

bias in low and high AOD measurements induced by instrument calibration error and 138 

cloud contamination, respectively. 139 

At each AERONET site, BAOD and HAOD are calculated by averaging the 140 

AODs below the lowest 5th and above the highest 5th percentile of a cumulative AOD 141 

distribution, respectively (Zhang et al., 2016, Yoon et al., 2016). An AERONET site is 142 

selected for analysis when there are valid AODs for >750 days over a period of 5 years 143 

or more. For seasonal analyses, AOD measurements of at least 90 days are compiled 144 

per season during the total data period to calculate seasonal BAODs and HAODs. To 145 
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assess long-term changes, BAODs and HAODs are calculated per season. Details of 146 

the trend analysis are given in Section 2.4. 147 

 148 

2.2. AOD from the VIIRS Deep Blue and SOAR algorithms 149 

The DB aerosol products from VIIRS cover all cloud-free and snow-free 150 

surfaces over land and ocean with ~6 km resolution (at nadir). The algorithm consists 151 

of two main algorithms: the DB (Hsu et al., 2019) for land and the Satellite Ocean 152 

Aerosol Retrieval (SOAR; Sayer et al. 2018a) for ocean. The SOAR algorithm has two 153 

processing paths for the full and backup algorithms, which cover 95% of water pixels 154 

and the remaining 5% shallow or turbid pixels, respectively. In a comparison with 155 

AERONET AOD for land products, 80% of matchups agreed within the expected error 156 

range of ±(0.05 + 20%) (Hsu et al. 2019); for ocean products, 66% of matchups fell 157 

within the expected error range of ±(0.03 + 10%) for the full and ±(0.03 + 15%) for the 158 

backup algorithm (Sayer et al., 2018b). The correlation coefficient and the median bias 159 

between VIIRS DB AODs and AERONET AODs are 0.82 and 0.005, respectively. 160 

Spatial patterns of the comparison show that the correlation coefficients are close to 1 161 

and the bias is generally ±0.02 over the Americas and Eurasia. The bias tends to be 162 

more negative in some biomass burning regions (Hsu et al., 2019). The AOD group 163 

lower than 0.2 has a positive bias of about 0.02 related to the calibration uncertainties 164 

and the surface reflectance model (Sayer et al., 2019). 165 

VIIRS Deep Blue Level 2 aerosol products are used in this study to fill the gaps 166 

in the BAOD estimation over oceans and remote regions where AERONET instruments 167 

are not available. We averaged the Level 2 AOD into a 0.25° × 0.25° grid to obtain 168 

daily AOD maps from March 2012 to February 2019. 169 

 170 
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2.3. BAOD and HAOD in the AOD distribution 171 

172 

 173 
Figure 1. Histogram of aerosol optical depth (AOD) at 550 nm obtained from sun-photometer 174 
measurement at (a) Mauna Loa from 1994 to 2019 and (b) Lahore from 2006 to 2015. The 175 
dashed orange line shows the cumulative percentile.  176 

 177 

Analyzing the MAOD from the uni-modal density distribution is a common 178 

approach to investigating the central tendency of temporal variations in AOD. In the 179 

present study, however, we employ low and high percentiles to present variations in 180 

AOD over asymmetric distributions. The low-percentile AOD, defined as BAOD, 181 

reflects persistent aerosol loads rather than episodic events. For example, the AODs at 182 

Mauna Loa [19.54°N, –155.58°E], where there are minimal anthropogenic emissions 183 

and occasional aerosol inflows, retain a narrow range of variation with low-level 184 

BAOD in the right-skewed density distribution (Figure 1a). In contrast, persistent 185 

pollutant inflows from anthropogenic activity and dust transport from the Arabian 186 

Desert at Lahore, Pakistan [31.48°N, 74.26°E], shift the AOD density distribution and 187 

increase the BAOD due to particles accumulating in the atmosphere (Figure 1(b)). 188 

(b) 

(a) 
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The upper boundary of AOD, the HAOD, is related to severe aerosol events, 189 

whereas BAOD is affected by continuous aerosol emissions. Since HAOD can increase 190 

as a result of a few extreme aerosol events, remarkable spatial variation is unlikely. Its 191 

temporal variation in a given location, however, can indicate a heavy aerosol-emission 192 

event. HAOD can be biased by cloud contamination, even when using high-quality 193 

AOD measurement instruments. Therefore, we analyze the relative differences in 194 

HAOD variability assuming that biases occur randomly and thus do not change the 195 

tendency of spatial variation or long-term HAOD trends. 196 

 197 

2.4. Calculation of a long-term trend 198 

Because BAOD represents the accumulation of aerosol, long-term BAOD 199 

trends can be an indicator of changes in air quality. For example, efforts to reduce air 200 

pollutant emissions reduce the continuous load of particulate matter, thereby reducing 201 

BAOD. Meanwhile, the trend of the HAOD is related to air quality change associated 202 

with the intensity and frequency of severe aerosol events. Linear trends of seasonal 203 

BAOD and HAOD are analyzed here. In the trend analysis, BAOD or HAOD represent 204 

the average of the lowest or highest 5th percentile of daily AODs per season in a year 205 

for each AERONET site. To avoid a bias in the long-term change analysis caused by 206 

different temporal sampling, the AERONET sites to be used are selected using the 207 

following criteria. 208 

  209 

1. BAOD and HAOD are calculated when the number of observations exceeds 25 210 

days per season in a year.   211 

2. The seasonal dataset is composed of more than seven years of BAOD and HAOD 212 

values.  213 
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3. The dataset covers at least one year after 2016.   214 

 215 

Using these criteria, we identified AERONET sites at which AOD 216 

measurements were made for >8 years between 1995 and 2019 (Figure 2). Of the 100 217 

selected sites, 4 sites had <10 years of measurement, and 32 sites had >20 years of 218 

measurement. 219 

 220 

Figure 2. Locations of AERONET stations and length of data availability (years). The data 221 
period is denoted by the color scale.  222 
 223 

 The significance of the trend was determined based on the p-value test. When 224 

the p-value is less than 0.1, the trend is statistically significant at a 90% confidence 225 

level. 226 

 227 

2.5. Study regions 228 
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 229 
Figure 3. Assignment of AERONET sites to eight regions: Northeast Asia (NEA), Southeast 230 
Asia (SEA), South Asia (SUA), Europe/Mediterranean basin (EUME), North Africa/Middle 231 
East America (NAME), North America (NAM), South America/South Africa (SAM/SAF) and 232 
remote (REM) sites. 233 

 234 

In this study, the seasonal characteristics of BAOD and its long-term trends 235 

were analyzed by categorizing AERONET sites into eight regions (Figure 3). 236 

AERONET sites were assigned using geolocation based on similar surface and aerosol 237 

conditions with reference to Sayer et al. (2018b). Major sources of aerosol emissions 238 

in each region are summarized in Table 1. Considering the low concentration of 239 

aerosols at high elevations, AERONET sites located higher than 2500 m were 240 

categorized as remote (REM) regions. Considering the dust transport across the Atlantic 241 

Ocean toward the Caribbean basin and Mediterranean basin (Goudie and Middleton, 242 

2001), AERONET sites located near the Caribbean basin were combined with North 243 

Africa in this study. 244 

 245 

246 
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Table 1. Summary of major aerosol sources in the eight regions defined in this study. 247 

Region Sources Reference 

Northeast Asia (NEA) 

• Industry, automobiles and heating 
systems 

• Smoke from biomass burning 
• Dust transport 
• Smoke transported from boreal 

forest fires 

Jung et al. (2016) 
Kim et al. (2010) 
Yoon et al. (2010) 

Southeast Asia (SEA) • Smoke from biomass burning Huang et al. (2013) 
Lin et al. (2013) 

South Asia (SUA) 
• Smoke from agricultural burning 
• Anthropogenic pollution 
• Dust transport 

David et al. (2018) 

Europe/ 
Mediterranean basin 

(EUME) 

• Fine particle formation 
• Dust transport 

Kulmala et al. (2011) 
Nowak et al. (2010) 
Ma and Yu (2015) 
Zhao et al. (2018a) 

North Africa/Middle East 
(NAME) • Dust transport Goudie and Middleton (2001) 

North America (NAM) 

West 

• Wildfires over the 
northwest  

• Long-range dust and air 
pollutants  

• Locally emitted dust 

Heald et al. (2006) 
Tong et al. (2012) 

East • Fine particle formation 
Nowak et al. (2010) 
Paulot et al. (2014) 
Xiao et al. (2013) 

South America/ 
South Africa (SAM/SAF) • Smoke from biomass burning 

Castellanos et al. (2014) 
Mok et al. (2016) 

Roberts et al. (2009) 

Remote (REM) 
• Natural aerosol emissions (sea salt 

particles, dust, and volatile organic 
compounds (VOCs)) 

 

 248 

3. Results: Understanding spatial and seasonal variations in BAOD and HAOD 249 

3.1. BAOD and HAOD from AERONET measurement 250 

3.1.1. Global distributions 251 

Figure 4 presents global distributions of BAOD, HAOD and MAOD. High MAODs 252 

are found in NEA, SEA, SUA, and Northwest Africa in Figure 4(a). The significant 253 

regional variation in BAOD demonstrates its importance in both AOD retrieval and 254 

assessing background air quality and the lower limit of radiative forcing (Figure 4(b)). 255 

The BAODs show higher values in SUA and are moderately enhanced in NEA and 256 

SEA. In eastern North America, Europe, and the SAM/SAF regions, BAODs remain at 257 

a lower level in contrast to the enhanced MAOD. The maximum BAOD of 0.177 is 258 
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found at Lahore, which is the second largest city in Pakistan. The city is affected by air 259 

pollutant emissions from nearby factories in the iron, chemical, textile, and automobile 260 

industries, as well as thermal power plants. Automobile emissions, dust, and biomass 261 

burning are also reported to be major sources of air pollution in Lahore (Alam et al., 262 

2012, Ali et al., 2014, Biswas et al., 2008). Aerosol properties are also affected by 263 

residential heating during the winter season and mineral dust during the pre-monsoon 264 

season (March to June; Ali et al., 2014). Similarly to the global BAOD distribution, the 265 

global HAOD distribution does not deviate widely from the MAOD distribution. 266 

However, the HAODs shown in Figure 4(c) are inconsistent with the MAOD in South 267 

Africa, South America, and boreal forest, where there is occasional intense biomass 268 

burning. 269 

 270 



 14 

271 

272 

    273 
 Figure 4. Distributions of (a) median AOD (MAOD) [550 nm], (b) background AOD (BAOD), 274 
and (c) high AOD (HAOD) obtained from AERONET direct measurement. BAOD and HAOD 275 
represent the average of AOD within the lowest 5th percentile and the highest 5th percentile, 276 
respectively.  277 

(b) 

(c) 

(a) 
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 278 

3.1.2. Variations in BAOD and HAOD by region 279 

3.1.2.1. Seasonal characteristics 280 

While the MAOD in Figure 4(a) represents an average condition for the entire 281 

data period, BAOD and HAOD are linked with specific meteorological events and/or 282 

emission activities by season. To assess the seasonal variation in BAOD and HAOD, 283 

the values in each region are compiled for four seasons (March–May, MAM; June–284 

August, JJA; September–November, SON; December–February, DJF) as shown in 285 

Figure 5. 286 

 287 
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   288 

 289 

 290 
Figure 5. Seasonal variations in (a) BAOD (b) MAOD and (c) HAOD in eight regions. Bars 291 
show the average AODs for each season in the order MAM (March, April, and May), JJA (June, 292 
July, and August), SON (September, October, and November), and DJF (December, January, 293 
and February). 294 

 295 

(a) 

(b) 

(c) 
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The seasonal changes in BAOD shown in Figure 5(a) are highly correlated with 296 

MAOD (Figure 5(b)) in most regions. Notable differences between MAOD and BAOD 297 

are found in NEA. In NEA, the highest value of BAOD is found during MAM, while 298 

high levels of HAOD and MAOD continue during MAM and JJA (Figure 5(b,c)). Dust 299 

transport from the Gobi and Taklamakan Deserts increases aerosol in the region during 300 

local spring. Forest fires in Siberia can also cause severe aerosol loading during MAM 301 

and JJA (Jung et al., 2016). Influenced by the stationary synoptic meteorological pattern 302 

during JJA, secondary aerosol formation and hygroscopic growth of particles under 303 

humid conditions lead to high MAOD (Kim et al., 2010, Liu et al., 2018, Yoon et al., 304 

2010). Under summer monsoon conditions, however, frequent precipitation washes out 305 

accumulated air pollutants and contributes to a decrease in BAOD.  306 

As shown in Figure 4(b) and Figure 5(a), BAODs in SUA are higher than in 307 

other regions throughout the year because of continual aerosol emissions from both 308 

anthropogenic and natural sources related to the high population density, a large 309 

number of emission sources, and seasonal dust transport (Krotkov et al., 2016, Singh et 310 

al., 2018). Dust blow from deserts in the Arabian Peninsula is largely responsible for 311 

the highest BAOD values during JJA. The peak BAOD is significantly higher than the 312 

values in other regions, whereas the HAODs stay at a similar level to the values in NEA 313 

and SEA.  314 

In the SAM/SAF and NAME regions, HAOD (Figure 5(c)) has more notable 315 

seasonal change than BAOD (Figure 5(a)). In SAM/SAF, massive biomass burning 316 

increases HAOD and MAOD during SON, but does not persist in other seasons. 317 

Biomass burning is a recurring problem in Southeast Asia (SEA) as well (Huang et al., 318 

2013, Lin et al., 2013). However, BAODs in SAM/SAF are relatively lower than SEA, 319 

consistent with the lack of continuous aerosol emissions from natural or anthropogenic 320 
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sources. In SEA, biomass burning results in synchronous increases in three AOD 321 

groups during MAM and SON, and continental air flow transports air pollutants and 322 

particles related to biomass burning from India or China under winter monsoon 323 

conditions between November and March (Sahu and Sheel, 2014). The diversity in 324 

aerosol sources leads to the higher BAOD in the region than in SAM/SAF. 325 

 326 

3.2. BAOD and HAOD from VIIRS DB aerosol product 327 

Satellite-based AOD products have the advantage of having higher spatial 328 

resolution than ground-based measurements. The VIIRS DB AODs cover both bright 329 

and dark surfaces, including the ocean, making them suitable for investigating the 330 

distributions of BAOD and HAOD for remote areas where anthropogenic contributions 331 

to the aerosol loads are limited.  332 

Figure 6 shows a global distribution of the VIIRS DB AODs categorized as 333 

BAOD (Figure 6(a)), mean AOD (Figure 6(b)), and HAOD (Figure 6(c)). The white 334 

pixels indicate missing data, corresponding to insufficient measurements (<5% of the 335 

total period) due to frequent cloud cover or continuous snow cover over high-latitude 336 

or high-altitude regions. The distribution of missing data for BAOD and HAOD (Figure 337 

6(a) and Figure 6(c)) is unlike that of the mean AODs in Figure 6(b). There are large 338 

amounts of missing data over the Amazon, Southeast Asia, south of the Sahara, the 339 

Tibetan Plateau, and the polar regions. 340 

 341 

342 
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 343 

    344 

345 

 346 
Figure 6. Distributions of (a) BAOD, (b) mean AOD, and (c) HAOD with 0.25° × 0.25° 347 
resolution obtained from VIIRS DB level 2 aerosol products from March 2012 to February 348 
2019.  349 

 350 

(b) 

(c) 

(a) 
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 351 

Figure 7. Comparisons between BAOD (blue filled circle), mean AOD (Gray x), and HAOD 352 
(red open circle) from AERONET and VIIRS in log scale. Solid gray line indicates 1:1 line. 353 

 354 

Figure 7 presents comparisons between BAOD, mean AOD, and HAOD from 355 

VIIRS and AERONET. For the comparison, BAOD, mean AOD, and HAOD of the 356 

pixel closest to the location of the AERONET site were collocated with the AERONET 357 

values.  The regression slope and correlation coefficient (r) indicate that the mean AOD 358 

comparison between AERONET and VIIRS products had the best agreement. VIIRS 359 

BAOD and HAOD tend to be overestimated and underestimated, respectively, 360 

compared with the AERONET values, but they correlate well with the AERONET 361 

values.  362 

As the VIIRS DB AODs are highly validated against AERONET measurements 363 

(Figure 7), the distributions of AODs are well matched with the distributions of 364 

AERONET AODs shown in Figure 4. The three kinds of AOD distribution in Figure 6 365 

show enhancement of AOD over known source regions including northern and central 366 

Africa, the Arabian Peninsula, India, and Southeast and Northeast Asia. BAODs are 367 
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differentiated from the mean and HAOD over northwestern North America, Russia, and 368 

Australia, which are influenced by episodic wildfires during regional dry seasons. 369 

Intense smoke injected into the upper tropospheric layer by wildfires significantly 370 

increases the AOD and is quickly spread by strong winds. Thus, episodic AOD 371 

enhancement increases the mean and HAOD values rather than BAOD. Accordingly, 372 

Figure 8 shows significant increases in HAOD during JJA owing to wildfires over the 373 

northwestern portion of North America and Russia (Figure 8(c)), compared with the 374 

weak seasonal variations in BAOD (Figure 9). In southern Africa, seasonal biomass 375 

burning activity induces a difference between BAOD and HAOD (Figure 6).  376 

 377 

378 

 379 
Figure 8. Maps of HAOD for the (a) DJF, (b) MAM, (c) JJA, and (d) SON seasons. The HAOD 380 
is calculated at each pixel that has >32 days AOD measurement for each season. 381 

 382 

The aforementioned seasonal BAOD patterns are shown in Figure 9 with more 383 

detailed spatial variation. Regions of higher BAOD follow the seasonal pattern of 384 

distinctive seasonal biomass burning in Africa, characterized primarily by a peak in the 385 

Sahel during DJF and major fires during JJA and SON in Southern Africa (Figure 9). 386 

(a) (b) 

(c) (d) 
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High levels of BAOD caused by dust transport are notable during JJA throughout North 387 

Africa, the Arabian Peninsula, and the Arabian Sea. Over Northeast Asia, the winter 388 

monsoon circulation enhances the long-range transport of dust and air pollutants, and 389 

results in higher BAOD crossing the Northwest Pacific Ocean during DJF and MAM. 390 

BAOD increases mostly depend on natural emission patterns, but continuous emissions 391 

throughout the year increase BAOD in all seasons over the Indo-Gangetic Plain region 392 

(IGP, northeastern part of India). 393 

 394 

   395 

     396 
Figure 9. Same as Figure 8 but for BAOD. 397 
 398 

The VIIRS BAOD map captures high levels of BAOD over both the known 399 

source regions described above, and also over ocean pixels neighboring inland source 400 

regions. Over the ocean, wind-driven sea-salt formation is a fundamental mechanism 401 

in the background aerosol loading. BAODs on open ocean areas show a homogeneous 402 

distribution in accordance with sea-salt formation. Near coastal areas, particle outflows 403 

from inland source regions are a major factor in enhancing background aerosol loadings. 404 

(a) (b) 

(c) (d) 
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Seasonal atmospheric changes in wind systems at different altitudes transport 405 

mineral dust from the Sahara Desert to Central America across the Atlantic Ocean, from 406 

the Arabian Peninsula to India across the Arabian Sea, and from the Gobi Desert and 407 

the Taklimakan Desert to the northwestern Pacific Ocean. Meanwhile, widespread 408 

smoke emissions from biomass burning activity over Africa, India, and Southeast Asia 409 

increase BAODs over the southern Atlantic Ocean, the Arabian Sea, and the western 410 

tropical Pacific Ocean, respectively. 411 

 412 

3.3. Long-term changes in BAOD and HAOD 413 

 414 

415 

 416 
Figure 10. Box-and-whisker plots of BAOD trend [%year–1] for each region in (a) DJF, (b) 417 
MAM, (c) JJA, and (d) SON.  418 
 419 
 420 
  421 

422 

(a) (b) 

(c) (d) 
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Table 2. Mean trends and mean AODs for the eight regions. Values in parentheses are the 423 
standard deviation of AOD trends in each region. 424 

Region N Season 
BAOD HAOD MAOD 

Mean Trend Mean 
AOD Mean Trend Mean 

AOD Mean Trend Mean 
AOD 

NEA 10 

DJF -2.18 (2.84) 0.08 -2.01 (2.40) 0.9 -2.21 (2.26) 0.23 
MAM -2.27 (1.79) 0.12 -1.93 (1.73) 1.24 -2.19 (1.12) 0.40 
JJA -1.12 (2.65) 0.07 -2.99 (1.13) 1.25 -2.75 (1.97) 0.36 

SON -1.50 (3.03) 0.07 -2.79 (2.30) 0.96 -2.54 (2.34) 0.25 

SEA 3 

DJF -0.59 (1.65) 0.07 -1.63 (1.15) 0.38 -0.63 (1.46) 0.15 
MAM 0.95 (0.80) 0.06 0.37 (1.85) 0.41 0.62 (0.54) 0.14 
JJA 1.53 (2.45) 0.05 -0.05 (1.83) 0.41 0.51 (1.49) 0.13 

SON 0.32 (2.34) 0.09 -0.10 (3.01) 0.74 -0.01 (2.53) 0.28 

SUA 4 

DJF 0.64 (3.09) 0.15 1.67 (4.19) 1.05 1.36 (1.57) 0.39 
MAM -2.37 (2.88) 0.17 -3.39 (3.11) 0.99 -2.15 (2.05) 0.44 
JJA 0.10 (2.65) 0.27 -0.19 (3.44) 1.35 0.70 (3.60) 0.61 

SON 0.81 (1.87) 0.19 1.47 (2.69) 1.13 1.58 (2.59) 0.46 

EUME 24 

DJF -1.88 (3.79) 0.04 -0.14 (4.13) 0.31 -1.84 (2.76) 0.09 
MAM -2.79 (2.38) 0.05 -1.68 (2.19) 0.45 -2.75 (1.81) 0.14 
JJA -1.32 (1.59) 0.06 -0.83 (1.92) 0.41 -0.45 (2.33) 0.15 

SON -1.73 (3.41) 0.05 -1.12 (3.50) 0.36 -1.54 (2.99) 0.12 

NAME 10 

DJF 0.06 (2.63) 0.07 2.27 (2.45) 0.56 -0.19 (1.78) 0.18 
MAM -0.63 (2.78) 0.08 -2.71 (2.01) 0.74 -0.94 (2.68) 0.20 
JJA 1.76 (3.98) 0.08 1.16 (1.89) 0.78 1.04 (1.94) 0.23 

SON 0.21 (3.67) 0.06 0.89 (2.98) 0.5 1.23 (2.33) 0.15 

NAM 30 

DJF -2.03 (2.55) 0.02 -2.96 (4.53) 0.16 -2.65 (2.45) 0.05 
MAM -2.33 (1.92) 0.04 -3.04 (1.97) 0.29 -2.69 (1.53) 0.10 
JJA -1.68 (2.23) 0.05 -0.49 (5.48) 0.51 -1.75 (2.86) 0.13 

SON -2.15 (2.42) 0.03 -0.33 (6.17) 0.32 -2.45 (3.24) 0.07 

SAM/ 
SAF 11 

DJF 0.17 (2.07) 0.04 0.26 (4.03) 0.29 0.02 (2.34) 0.10 
MAM -0.20 (2.47) 0.04 -0.12 (2.99) 0.23 -0.30 (1.83) 0.09 
JJA -1.90 (3.72) 0.05 -4.55 (2.67) 0.48 -3.01 (3.90) 0.12 

SON -1.67 (4.76) 0.07 -3.96 (3.78) 0.83 -2.62 (4.60) 0.24 

REM 8 

DJF -0.09 (2.23) 0.03 -3.10 (6.17) 0.24 -1.30 (3.43) 0.08 
MAM -0.20 (2.27) 0.03 -0.02 (3.14) 0.24 -0.65 (1.76) 0.09 
JJA 1.03 (4.31) 0.03 -0.73 (2.91) 0.27 0.76 (2.73) 0.09 

SON 0.61 (2.68) 0.04 -0.44 (4.06) 0.29 0.34 (1.42) 0.10 
 425 

To assess the impacts of anthropogenic activity and natural variation in aerosol 426 

emission on BAOD and HAOD, long-term changes in BAOD and HAOD must be 427 

investigated. Linear trends of AODs are regionally categorized and summarized in 428 

Figure 10 and Table 2. The seasonal BAOD and HAOD trends obtained from each 429 

AERONET site are displayed in Figure 11 and Figure 12. The averaged trends 430 
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summarized in Table 2 show that both BAOD and HAOD tend to decrease in most 431 

regions except SEA, SUA, and NAME.  432 

NAME, a typical desert region, shows neutral or weak positive change in 433 

BAOD for less than 2% year–1, except in MAM. The positive changes are also found 434 

in HAOD, especially over 2% year–1 in DJF. The increasing AODs can be influenced 435 

by decreasing precipitation over the Eastern Sahara (Pozzer et al., 2015, Yoon et al., 436 

2016). Boiyo et al. (2018) also showed an increase in AOD values between 2002 and 437 

2016 over East Africa, which is consistent with the reported increase in temperature 438 

and decrease in wind speed and precipitation. The increase in photochemical reactions 439 

and decrease in wet deposition associated with these meteorological conditions lead to 440 

the increase in AOD. However, both BAOD and HAOD showed negative trends in 441 

MAM, where dust transport is strong, and the seasonal change in HAOD is greater than 442 

the change in BAOD (Figure 10(b) and Table 2).  443 

In SEA, BAOD and HAOD show a neutral trend that fluctuates around zero 444 

change throughout seasons. However, the limited number of AERONET sites (3 sites) 445 

in the SEA region makes identifying the regional trends difficult. A notable change in 446 

BAOD and HAOD are found in JJA (1.53% year–1 increase) and DJF (1.63% year–1 447 

decrease), respectively, but the change is not more notable than other changes in 448 

different regions (Figure 11 and Figure 12).  449 

SUA is going through rapid industrialization, and the massive economic growth 450 

influences the positive AOD trend (Hsu et al., 2012, Lee et al., 2018, Zhang and Reid, 451 

2010). Accordingly, increasing trends are found in both BAOD and HAOD, except in 452 

MAM (Figure 10(b) and Table 2). David et al. (2018) showed that the AOD 453 

enhancement in the IGP region was associated with dust transport from the Arabian 454 

and Thar Deserts by westerly wind in both MAM and JJA/September. Meanwhile, Sahu 455 
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et al (2014) showed an enhancement of fire counts in India during MAM. Considering 456 

that the decreases in BAOD and HAOD are strong only in MAM, the changes are 457 

determined to be related to the changes in biomass burning.   458 

Large decreases in both BAOD and HAOD are found in EUME and NEA, 459 

regardless of season. In those regions, strict environmental regulations have been 460 

applied to reduce anthropogenic pollutant emissions, and have resulted in a notable 461 

decrease in BAOD and HAOD. The European Environmental Agency reported a 462 

decrease in the main air pollutants between 1990 and 2016 as a result of restrictions on 463 

anthropogenic emissions (EEA, 2018), and many studies have reported decreasing 464 

AOD trends over Europe (De Meij et al., 2012, Hsu et al., 2012, Yoon et al., 2012). 465 

The negative trend in NEA is related to an improvement in life-related combustion 466 

systems for heating and power generation and the strengthening of pollutant emissions 467 

regulations (Zhao et al., 2018b). The tendencies of BAOD and HAOD agree with the 468 

MAOD trend, but BAODs are decreasing more rapidly than MAOD in both regions.  469 

Negative trends in BAOD and HAOD are also found in NAM, but HAOD has 470 

a wide standard deviation (up to 6.17% year–1) due to the opposite trends between the 471 

western and eastern part of NAM, in JJA and SON, in particular. While positive HAOD 472 

trends are dominant over the western part, negative trends are significant in the eastern 473 

part of NAM (Figure 12 (c), (d)).  474 

In SAM/SAF, the decline in the deforestation rate and biomass burning has 475 

reduced aerosol emission (Pope et al., 2019). Burning causes massive aerosol emissions 476 

in a relatively short time period, which mainly enhances HAOD rather than BAOD 477 

(Figure 5). Accordingly, the rate of decrease of HAOD is greater than that of BAOD. 478 

Both BAOD and HAOD show neutral change in DJF and MAM but they showed a 479 

negative trend in JJA and SON, when biomass burning is increased. The decreasing 480 
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HAOD is -4.55% year–1 and -3.96% year–1 in JJA and SON, respectively, whereas the 481 

BAOD changes are less than 2% year–1 (Table 2). 482 

Seasonal AODs obtained in REM stations showed a stagnant trend with a wide 483 

range (Figure 10 and Table 2). Inland sites over Australia revealed an increasing BAOD 484 

trend, while sites over the ocean showed stagnant trends (Figure 11 (b), (c)). Inland 485 

sites also have an opposite tendency for BAOD and HAOD in DJF, with HAOD 486 

decreasing, as opposed to the weak increase in BAOD. In the case of JJA, a large 487 

increase in BAOD appears unlike a weak change in HAOD. The results suggest that 488 

considering BAOD and HAOD in AOD trend analysis may be crucial for properly 489 

understanding trends. 490 

 491 

492 

 493 
Figure 11. Linear trend [%year–1] of BAOD in a season of (a) DJF, (b) MAM, (c) JJA, and (d) 494 
SON. 495 

(a) (b) 

(c) (d) 
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496 

 497 
Figure 12. Same as Figure 11 but for HAOD.  498 

 499 

Figure 13 shows an example of a locational p-value distribution obtained from 500 

the seasonal trend analysis in BAOD and HAOD. The figure shows that the BAOD and 501 

HAOD trends obtained from 36 and 31 of total 100 AERONET sites have p-value lower 502 

than 0.1. Higher than 0.1 p-value means the probability of observing a linear trend is 503 

higher than 10% when there is no linear trend. In Figure 14, percentage of the seasonal 504 

AODs trend having p-value lower than 0.1 among total site number is represented for 505 

each region. This figure shows that the trend analysis for each region contains at least 506 

2 statistically significant trends, except for SUA and SEA, where there are insufficient 507 

numbers of AERONET sites.  508 

509 

(a) (b) 

(c) (d) 
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 510 

  511 
Figure 13. An example of p-value distribution obtained from the (a) BAOD and (b) HAOD in 512 
JJA.  When the p-value is higher than 0.1, the value presented in gray.  513 
 514 

 515 

 516 
Figure 14. The percentage of AERONET sites that have statistically significant trends (p<0.1) 517 
at each region. 518 

 519 

4. Summary and Discussion 520 

In this study, global distributions and seasonal variations in BAOD and HAOD 521 

have been investigated using AERONET direct AOD measurements and VIIRS DB 522 

AOD products. BAOD was originally suggested to represent the minimal aerosol 523 

burden existing under background conditions without episodic emissions. Background 524 

aerosol loads result when continuous emissions accumulate more rapidly than the 525 

removal processes, and mainly depend on natural phenomena such as wind-blown sea 526 

salt or dust, and lightning-induced biomass burning. Air pollutants emitted from 527 

anthropogenic activity, such as agricultural burning and fossil fuel combustion, also 528 

increase persistent aerosol loading under background conditions. Accordingly, high 529 

(a) (b) 

(a) (b) 

(c) (d) 
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level BAOD values are found in regions with continuous anthropogenic activity as well 530 

as natural emission phenomena, such as NEA, SEA and SUA. 531 

In previous studies, mean AOD has been widely adopted to investigate changes 532 

in AOD distribution. However, discrepancies between BAOD, HAOD, and MAOD 533 

were found, particularly in NEA. High MAOD induced by gas-to-particle formation 534 

and/or hygroscopic growth during JJA did not increase BAOD because of frequent 535 

precipitation under the summer monsoon conditions. Enhancement of BAOD is 536 

associated with the accumulation of particles, and it has a large sensitivity to both 537 

continuity of emissions and efficiency of removal. Therefore, BAOD can be more 538 

sensitive to weather than MAOD. During the rainy season (JJA) in NEA, low BAOD 539 

was found to result from washing out of aerosol particles and high MAOD and HAOD 540 

from gas-to-particle formation and hygroscopic growth. Variations of precipitation on 541 

longer than seasonal time scales (e.g. interannual) will also affect the AOD patterns but 542 

do not have a significant impact on our trend analysis based on mostly over 10 years of 543 

data.  544 

In the comparison of regional variations in each AOD group (BAOD, HAOD, 545 

MAOD; Figure 5), BAOD and MAOD showed a remarkable elevation in SUA and 546 

NEA consistent with industrial and agricultural activity in those regions. High levels of 547 

BAODs were also found in the SEA and SAM/SAF regions, which were affected by 548 

biomass burning. Along with local biomass burning, long range transport of air 549 

pollutants and biomass burning products emitted from India or China also contribute to 550 

enhancing aerosol loading in SEA. Accordingly, BAOD was higher in SEA than in 551 

SAM/SAF. 552 

In this study, VIIRS DB AOD products and AERONET station data were 553 

employed to analyze BAOD and HAOD distributions at a global scale. The global 554 
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distribution of VIIRS DB AOD showed seasonal enhancements of HAOD related to 555 

intense smoke injection by wildfires over the northwestern part of North America, 556 

Russia and Australia, and enhanced BAOD throughout the year in IGP in India and 557 

NEA. The BAOD map captured the enhancement in BAOD over oceans adjoining 558 

source regions. The gridded global BAOD distribution showed that massive aerosol 559 

emissions and transport not only increased the values over source regions, but also 560 

induced high levels of BAOD over oceans that adjoin Southern Africa and Asia. In 561 

Africa, the VIIRS BAOD map revealed that values reached 0.3 around Central Africa 562 

during DJF due to biomass burning. 563 

The long-term variation in statistical AOD distribution has mainly been 564 

analyzed based on its mean or median value. However, the three AOD groups showed 565 

different variations in each region and season. The trend analyses indicate simultaneous 566 

decreases of BAOD and HAOD in NEA and EUME. In EUME, the long-term negative 567 

trends of BAOD, HAOD and MAOD varied between similar ranges since regulations 568 

for pollutant emissions have successfully reduced the total aerosol burden. The strong 569 

decrease in BAODs in NEA may be evidence for the success of social efforts to raise 570 

awareness about air pollution problems. Dust transport is a major reason for heavy 571 

aerosol loads in NEA in MAM, but the HAOD decrease, which is relatively lower than 572 

in other seasons (Table 2), indicates that dust transport has not changed significantly. 573 

Negative trends of BAOD and HAOD were also dominant in NAM, but HAODs in the 574 

northwest of the region showed an increasing trend related to changes in wildfire 575 

activity during JJA and SON. In SAM/SAF, the decrease in HAOD was significantly 576 

greater than the decreases in BAOD, particularly during JJA and SON. The HAOD 577 

trend indicated that the reduction in biomass burning associated with deforestation 578 

significantly contributes to changes in aerosol loading. The linear trends of HAOD 579 
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(Figure 12) are correlated with the BAOD variations in general (Figure 11), but show 580 

notable differences in the northwest portion of North America and Australia that are 581 

affected by wildfires.  582 

The significance of AOD trends were assessed using p-value in this study. 583 

Although most regions contain statistically significant trends in all seasons, the number 584 

of cases is limited in some regions and seasons. Because the trend analysis was 585 

conducted based on seasonal AODs obtained from 8 to 28 years of measurement 586 

(Figure 2), the time series for the linear trend calculation consists of fewer than 28 data 587 

points. The trend analysis that has insufficient data points could be biased due to an 588 

outlier.  This weakness could be modified in a future study by the accumulation of 589 

measurements for a longer period. AERONET sites that are not evenly placed spatially 590 

increase uncertainty even in regional trend comparisons. Regionally averaged AOD 591 

trends listed in Table 2 may not have the same representability due to having different 592 

numbers of cases (i.e, AERONET site).  For example, the trend in SEA was averaged 593 

from only 3 AERONET sites while the value in EUME was averaged from 24 sites. 594 

The regional imbalance in number of cases can be modified by adopting satellite-based 595 

AOD products that accumulate long-term measurements, such as MODIS. While 596 

employing satellite data increased the number of locations and datasets, the significance 597 

of detected trends will need to be further analyzed by adopting the false discovery rate 598 

(FDR; Wilks, 2016). The FDR procedure has been adapted to the climate context and 599 

will identify significance at the point by controlling the expected proportion of false-600 

positives when multiple tests are conducted. 601 

 602 

5. Conclusions 603 
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This study has investigated spatial and temporal variations in BAOD and 604 

HAOD in order to obtain a better understanding of aerosol loads. Compared to MAOD 605 

and HAOD, BAOD showed notable enhancement over the regions influenced by 606 

diverse emissions from natural phenomena and industrial activity. Over EUME, where 607 

decreasing anthropogenic pollutant emissions have been reported, there was a 608 

significant decrease in BAOD despite the low BAOD level. The results support the use 609 

of BAOD as an indicator to represent changes in the anthropogenic contribution to 610 

aerosol burden. Investigating the relation between BAOD and the anthropogenic 611 

contributions will be a further step in this study. We have investigated relative spatial 612 

and temporal variations in BAOD and HAOD rather than analyzing absolute values in 613 

a quantitative manner, given the uncertainties and limitations of AOD measurement. 614 

Low AOD values measured by remote sensing instruments are greatly affected by the 615 

calibration of the instruments. We obtained BAOD data using VIIRS measurement, but 616 

those values may be biased due to calibration issues and uncertainties in 617 

parameterization of surface reflectance. The quantitative values of BAOD and HAOD 618 

should be analyzed with other aerosol optical properties such as particle size 619 

distribution and radiative absorptivity. Results of the present study imply that further 620 

studies of BAOD analysis should adopt information about particle size and absorptivity 621 

under background conditions. In addition, merging ground-based and satellite-based 622 

BAODs will be necessary if BAOD is to be used as an input parameter in aerosol remote 623 

sensing algorithms. 624 
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