
Accepted for publication in Aerosol and Air Quality Research (IF 2.6) 1 

Differentiating between local and remote pollution over Taiwan 2 

Pavel Kishcha1*, Sheng-Hsiang Wang2, Neng-Huei Lin2, Arlindo da Silva3, Tang-Huang 3 
Lin2, Po-Hsiung Lin4, Gin-Rong Liu2, Boris Starobinets1, Pinhas Alpert1 4 

 5 

1 School of Geosciences, Tel-Aviv University, Tel-Aviv, Israel  6 

2 Department of Atmospheric Sciences, National Central University, Taoyuan, Taiwan 7 

3 Goddard Space Flight Center, National Aeronautics and Space Administration, Greenbelt, 8 
Maryland, USA  9 

4 National Taiwan University, Taipei, Taiwan 10 

 11 

Abstract 12 

In this study, an approach has been developed for differentiating between local and remote 13 
pollution over Taiwan, based on homogeneity perspective (variations of the standard 14 
deviation) of both AERONET measurements and NASA MERRA aerosol reanalysis (version 15 
2, MERRA-2) over a 15-year period (2002 – 2017). The analysis of seasonal variations of the 16 
standard deviation of aerosol optical depth (AOD) measurements at six AERONET sites and 17 
MERRA AOD data in Taiwan showed that, in spring when remote aerosols dominate, the 18 
standard deviation is almost three times lower than that in autumn, when aerosols from local 19 
sources dominate. This finding was supported by MERRA AOD over the open ocean area: 20 
total AOD data were used to differentiate between local and remote pollution over both 21 
Taiwan and the open ocean area in the vicinity of Taiwan. Over Taiwan, MERRA total AOD 22 
showed a primary maximum in spring and a secondary one in autumn. Over the open ocean 23 
area, where there are no local sources of anthropogenic aerosols, MERRA total AOD showed 24 
only one maximum in spring and no maximum in autumn. This suggests that, in Taiwan, the 25 
maximum in autumn is attributed to local air pollution, while the pronounced maximum in 26 
spring is mainly caused by air pollution from continental Asia. The analyses of spatial 27 
distribution of 15-year monthly mean MERRA winds confirmed the above-mentioned results. 28 
Furthermore, similar to total AOD, MERRA sulfate AOD peaked in autumn over Taiwan, but 29 
not over the oceanic area: this indicates the contribution of local emissions of anthropogenic 30 
aerosols from the industrial sector. The standard deviation of MERRA sulfate AOD in spring 31 
is two-three times lower than the standard deviation in autumn: this is additional evidence 32 
that, in spring, sulfate aerosols from remote sources are predominant; while in autumn sulfate 33 
aerosols from local sources dominate.  34 
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INTRODUCTION 37 

Aerosols are an important factor in the atmospheric hydrological cycle and radiation budget, 38 

affecting cloud formation, precipitation processes, and climate, including atmospheric 39 

processes and climate in the area of Taiwan (Tu and Chou, 2013). Regional air quality is 40 

influenced by air pollution from local and remote sources. Differentiating between local and 41 

remote pollution is essential to the understanding of their effects. This topic of differentiation 42 

between local and remote pollution of similar chemical composition and optical properties 43 

was investigated mainly by using the modeling approach (e.g. Bollasina et al., 2014, Cowan 44 

and Cai, 2011, Kishcha et al., 2016). 45 

Taiwan is a suitable region for the exploration of this topic. This is because this region is 46 

characterized by significant intrusions of anthropogenic aerosols (including emissions of bio-47 

mass burning) transported from Indochina, on the one hand, and by pollution from local 48 

industrial and transportation activities (Chen et al., 1999, Lin et al., 2005, Yen et al., 2013, 49 

Provensal at al., 2017, Wang et al., 2016). During certain periods or days in spring, Taiwan is 50 

also impacted by the advection of dust originating from the Gobi desert (Chen et al., 2004, 51 

Lin et al., 2007, Wang et al., 2012). Sea salt aerosols, which come from the surrounding sea 52 

areas, noticeably contribute to air quality in this island (Li et al., 2016).  53 

Taking into account the above-mentioned significant intrusions of air pollution from remote 54 

sources into the Taiwan region as well as the presence of local pollution, it is reasonable to 55 

suggest that the air pollution in Taiwan seasonally changes in view of differences in its origin. 56 

In the current study, an approach based on homogeneity perspective has been developed to 57 

differentiate between local and remote pollution contributing to seasonal variations of aerosol 58 

content over Taiwan. This was carried out using 15-year (from July 2002 to June 2017) 59 

aerosol optical depth (AOD) measurements from the local network of AERONET 60 
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sunphotometer stations, as well as AOD data from NASA MERRA aerosol reanalysis 61 

(version 2, MERRA-2) based on the up-to-date GEOS-5 model with aerosol data assimilation.  62 

 63 

METHODOLOGY AND DATA 64 

Method 65 

As mentioned, in order to differentiate between contributions from local and remote pollution 66 

to seasonal variations, we used AERONET AOD monthly data from six monitoring 67 

sunphotometer stations located in Taiwan (Table 1 and Fig. 1) together with AOD data from 68 

NASA MERRA aerosol reanalysis (version 2, MERRA-2). Level 2.0 version of AERONET 69 

data (calibrated and screened for clouds) at a standard wavelength of 500 nm was used to 70 

analyze seasonal variations of both AERONET AOD and its standard deviation as a measure 71 

of AOD homogeneity. Furthermore, we analyzed seasonal variations of monthly AOD data 72 

from the NASA MERRA aerosol reanalysis over the Taiwan area (22N – 25.5N; 120E – 73 

122E) and those over the open ocean area in the vicinity of Taiwan (25.5N – 29N; 122.5E – 74 

124.5E).  75 

MERRA AOD data during the 15-year period under consideration were used to analyze the 76 

spatial distribution of various aerosol species over Taiwan and surrounding areas, as well as 77 

their contribution to total AOD. To differentiate between local and remote sulfate aerosols of 78 

similar chemical composition and optical properties, we analyzed seasonal variations of 79 

MERRA sulfate AOD (and its standard deviation as a measure of AOD homogeneity) using 80 

sulfate AOD values averaged separately over five GEOS-5 model grid boxes (0.5o latitude by 81 

0.625o longitude each). These boxes were located close to the low-elevated AERONET 82 

monitoring sites (Fig. 1, the orange boxes). 83 
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Analyses of atmospheric dynamics are essential to support our findings based on both 84 

AERONET AOD measurements and reanalysis data. To this end, spatial distributions of 15-85 

year monthly mean MERRA wind vectors in the 700 – 800 hPa layer were analyzed. 86 

 87 

MERRA aerosol reanalysis (version 2, MERRA-2) 88 

The NASA Goddard Earth Observing System (GEOS) Model, Version 5, GEOS-5 model is 89 

the latest version of the NASA Global Modeling and Assimilation Office (GMAO) Earth 90 

system model (Randles et al., 2017, Buchard et al., 2017). GEOS-5 contains components for 91 

simulating atmospheric circulation and composition (including atmospheric data 92 

assimilation), ocean circulation and biogeochemistry, and land surface processes. Moreover, 93 

GEOS-5 includes a module representing atmospheric aerosols (Colarco et al., 2010). This 94 

aerosol module is based on a version of the Goddard Chemistry, Aerosol, Radiation and 95 

Transport (GOCART) model (Chin et al., 2002), which includes production, transport, and 96 

loss processes for the five aerosol species such as desert dust, sulfate, sea salt, black and 97 

organic carbon. Interaction between the aerosol species is not included in the model. Both 98 

dust and sea salt have wind speed dependent emission functions, while sulfate and 99 

carbonaceous species have emissions principally from fossil fuel combustion, biomass 100 

burning and bio-fuel consumption, with additional biogenic sources of organic carbon. The 101 

sulfate and carbonaceous aerosol emissions used in the GEOS-5 model were derived from a 102 

variety of inventories, which were described by Randles et al. (2017, their Table 1). Loss 103 

processes for all aerosols include dry and wet deposition, and convective scavenging. 104 

The GEOS-5 model simulates the concentration of the above-mentioned five aerosol species 105 

all over the world with a grid spacing of 0.5o latitude by 0.625o longitude. It also includes 106 

assimilation of AOD observations from the MODIS sensor on both NASA Terra and Aqua 107 
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satellites; bias-corrected AOD from the Advanced Very High Resolution Radiometer 108 

(AVHRR) instruments; AOD retrievals from the Multiangle Imaging SpectroRadiometer 109 

(MISR) over bright surfaces, and ground-based Aerosol Robotic Network (AERONET) direct 110 

measurements of AOD (Randles et al., 2017). The outputs of GEOS-5 model runs from 1980 111 

until the present were used to extend the NASA MERRA reanalysis database to its version 2 112 

(aka MERRA-2) which includes AOD of sulfates, organic carbon, black carbon, mineral dust 113 

and sea salt. Note that the MERRA AOD data of various aerosol species are not based on 114 

direct observations of those species: these data are based on the above mentioned GEOS-5 115 

model runs. AOD data from MERRA-2 were evaluated and validated by Randles et al. (2017) 116 

and Buchard et al. (2017). In the current study, we used the 15-year (from July 2002 to June 117 

2017) monthly AOD dataset from MERRA-2. During this specified period, AOD 118 

measurements from the MODIS sensor on board the Aqua and Terra satellites as well as AOD 119 

measurements from the MISR sensor were regularly available for data assimilation in GEOS-120 

5. 121 

 122 

RESULTS 123 

Spatial distribution of 15-year mean MERRA AOD of various aerosol species  124 

MERRA aerosol reanalysis allowed us to analyze the spatial distribution of various aerosol 125 

species over Taiwan and surrounding areas. First, we analyzed a spatial distribution of 126 

MERRA total AOD. The obtained spatial distribution of 15-year mean reanalysis total AOD 127 

showed that, because of the proximity of Taiwan to continental Asia, this area is characterized 128 

by a significant level of air pollution (Fig. 2). Consequently, a large part of air pollution over 129 

Taiwan has anthropogenic origin being caused by industrial, agricultural and transportation 130 

activities in continental Asia. As mentioned in the Introduction, previous studies showed that 131 
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anthropogenic aerosols are frequently transported by synoptic wind systems towards Taiwan 132 

(Chen et al., 1999, Lin et al., 2005, Provensal at al., 2017, Wang et al., 2016).  133 

Then we analyzed the contribution of three major air pollutants contributing to total AOD 134 

using MERRA AOD data. As illustrated in Fig. 3a, sulfates are the major contributor to total 135 

AOD over Taiwan: they are responsible for 59% of the 15-year mean MERRA total AOD. In 136 

all seasons, sulfates remain the major contributor to total AOD over Taiwan (Fig. 4). With 137 

respect to organic and black carbon AOD, the spatial distribution of AOD shows that 138 

carbonaceous aerosols are the second largest contributor to the air pollution, responsible for 139 

18% of the 15-year mean MERRA total AOD (Fig. 3b). Carbonaceous aerosols reveal 140 

significant seasonal variations with a maximum in spring, with respect to their contribution to 141 

total AOD over Taiwan (Fig. 4). With respect to desert dust, reanalysis data showed that the 142 

Pacific Ocean and Taiwan in particular, was almost free from dust, on average during the 143 

whole 15-year period under study (Fig. 3c). During the spring season, the boundary of the 144 

dusty area is located close to Taiwan, while in winter, summer and autumn, Taiwan is usually 145 

unaffected by desert dust (Fig. 4). As mentioned in the Introduction, during certain periods or 146 

days in spring, Taiwan is impacted by the advection of dust (Chen et al., 2004, Lin et al., 147 

2007, Wang et al., 2012). However, such short dusty periods cannot be revealed from Figs. 3c 148 

and 4. In the current study, we do not provide analysis of daily datasets, but a mean situation 149 

for a long-term (15-year) time period. 150 

 151 

Distinguishing between local and remote pollution in Taiwan 152 

Figure 5 represents seasonal variations of total AOD based on the AERONET network of sun 153 

photometer measurements in Taiwan, over the 15-year period under study. One can see 154 

seasonal variations with the primary maximum in the spring season (March - April) and the 155 
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secondary (less pronounced) maximum in the autumn season (September – October). AOD 156 

from the low-elevated AERONET monitoring sites (AERONET-L in Fig. 5) is significantly 157 

higher than AOD from the high-elevated site in Lulin (AERONET-H). This indicates that, 158 

around the year, the main part of air pollution in Taiwan is vertically distributed below 2800 159 

m a.s.l.. Note that the AOD measurements at the high-elevated site in Lulin showed only 160 

AOD maximum in spring but no noticeable maximum in autumn (Fig. 5). The MERRA Total 161 

AOD was capable of reproducing each of the two maxima in spring and autumn. Averaged 162 

over both the high and low elevated parts of the Taiwan area, the MERRA AOD is located 163 

between AERONET-L and AERONET-H, indicating reasonable correspondence between 164 

MERRA AOD and AERONET AOD measurements (Fig. 5). 165 

We analyzed month-to-month variations of the standard deviation of AERONET AOD data 166 

(in percentage to average AOD) from the five low-elevated monitoring sites (Fig. 6). The 167 

standard deviation of AERONET measurements is the measure of their variability. This graph 168 

clearly shows that, in spring (March – April), the standard deviation is almost three times 169 

lower than that in autumn (October). Based on these variations of standard deviation of 170 

AERONET measurements, it is reasonable to suggest that, in the case of predominant 171 

aerosols originating from remote sources, these aerosols should be more evenly distributed 172 

over Taiwan than local aerosols. Consequently, in the case of predominant remote aerosols, 173 

the variability of AERONET AOD measurements taken at different sites in Taiwan should be 174 

relatively low. By contrast, in the case of predominant aerosols originating from some local 175 

sources in Taiwan, the variability of AERONET measurements taken at different sites in 176 

Taiwan should be relatively high. Thus, our finding that the standard deviation in spring is 177 

almost three times lower than the standard deviation in autumn (Fig. 6) indicates that, in 178 

spring, aerosols from remote sources are predominant; while, in autumn, aerosols from local 179 

sources dominate. 180 
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This finding is supported by the analysis of spatial distributions of 15-year monthly mean 181 

MERRA wind vectors in the 700 – 800 hPa layer (Fig. 7). The 700–800 hPa layer is 182 

considered as indicative of wind in the lower troposphere, where aerosol transport mainly 183 

occurs (Yu et al., 2008, Guo et al., 2017, Kishcha et al., 2014). One can see that, in the spring 184 

season (March), prevailing strong west and south-west winds blow mainly from land to sea, 185 

causing transport of anthropogenic air pollution (including biomass burning) from its sources 186 

in continental Asia towards Taiwan (Fig. 7a). Therefore, in spring, aerosols from remote 187 

sources are likely to be predominant. By contrast, in autumn (October), weak east winds are 188 

observed over Taiwan, indicating insignificant transport of continental air pollution towards 189 

Taiwan (Fig. 7b). Therefore, in autumn, aerosols from local sources are likely to dominate.  190 

Moreover, our finding (about the origin of the AOD maxima in spring and autumn) is also 191 

supported by the analysis of seasonal variations of MERRA total AOD over the open ocean 192 

area in the vicinity of Taiwan, where there are no local sources of anthropogenic aerosols 193 

(25.5N – 29N; 122.5E – 124.5E) (Fig. 1). This open ocean area and the Taiwan area (22.0N – 194 

25.5N; 120E – 122E) are equally distant from the coast of continental Asia (Fig. 1). A 195 

comparison of seasonal variations of 15-year mean MERRA total AOD over these two areas 196 

showed that, over the open ocean area, there is no maximum in the autumn season but only 197 

one maximum in the spring season (Fig. 8 a and b). The absence of the AOD maximum in 198 

autumn over the open ocean area and its presence over Taiwan (in accordance with both 199 

MERRA AOD and AERONET measurements (Fig. 8a)) is evidence of the local origin of this 200 

AOD maximum in autumn. The presence of the AOD maximum in spring over both the open 201 

ocean area and the Taiwan area (in accordance with MERRA AOD) is evidence of the remote 202 

origin of the AOD maximum in spring. Thus, our approach allowed us to differentiate 203 

between local and remote pollution contributing to the seasonal variation in total AOD over 204 

Taiwan. 205 
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The fact that AOD measurements at the high-elevated site in Lulin showed the AOD 206 

maximum in spring (Fig. 5) is a clear indication that aerosols from remote sources can be 207 

transported at altitudes above 2800 m. Furthermore, the absence of noticeable AOD 208 

maximum in autumn at this site is an indication that aerosols from local sources are vertically 209 

distributed below 2800 m. 210 

 211 

Local and remote sulfate pollutants in Taiwan 212 

MERRA aerosol reanalysis allowed us to examine separately AOD of various aerosol species 213 

over both Taiwan and the open ocean area. In accordance with MERRA AOD, during the 214 

spring season, sulfate and carbonaceous aerosols are two major contributors to total AOD 215 

(Fig. 9 a and b). The transport of these anthropogenic aerosols from South East Asia towards 216 

Taiwan in spring was studied by Lin et al. (2013). They discussed the climatology and main 217 

atmospheric flow patterns controlling this transport.  218 

By contrast to the spring season, during the autumn season, MERRA AOD showed that 219 

sulfate aerosols are the main contributor to total AOD over Taiwan; while the contribution of 220 

carbonaceous aerosols is essentially lower (Figs. 9a and 9b). Therefore, based on MERRA 221 

AOD, both local and remote sulfate pollutants contribute to the seasonal variations of AOD in 222 

Taiwan. Our approach allowed us to distinguish between the sulfate pollutants according to 223 

their origin. In particular, MERRA AOD showed the absence of sulfate AOD maximum in 224 

autumn in the open ocean area and its presence in the Taiwan area (Figs. 9a and 9b). This 225 

indicates the local origin of this sulfate AOD maximum in autumn. Furthermore, we 226 

estimated seasonal variations of MERRA sulfate AOD over the 15-year study period (2002 – 227 

2017) separately over the five model grid boxes (of 0.5o latitude by 0.625o longitude each). 228 

These five boxes were located close to the low-elevated AERONET monitoring sites in 229 
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Taiwan (Fig. 1, the orange boxes). Figure 9 represents seasonal variations of MERRA sulfate 230 

AOD averaged for these five grid boxes together with the AOD standard deviation. One can 231 

see the pronounced sulfate AOD maximum in spring and the less pronounced maximum in 232 

autumn. Similar to AERONET AOD, the standard deviation of MERRA sulfate AOD in 233 

spring is two-three times lower than the standard deviation in autumn (Fig. 10). This is 234 

additional evidence that, in spring, sulfate aerosols from remote sources are predominant; 235 

while in autumn sulfate aerosols from local sources dominate. Thus, our approach allowed us 236 

to differentiate between the contributions of local and remote sulfate aerosols to the seasonal 237 

variation in sulfate AOD in Taiwan. This was similar to our approach to total AOD.  238 

By contrast to sulfate pollution, for carbonaceous aerosols, similar seasonal variations were 239 

obtained over both Taiwan and the open ocean area (where there are no local sources of 240 

carbonaceous aerosols) (Fig. 9). In particular, MERRA showed only one pronounced 241 

carbonaceous aerosol maximum in spring and no maximum in autumn. This is an indication 242 

(based on MERRA AOD of carbonaceous aerosols) that, in spring, in Taiwan, carbonaceous 243 

aerosols from remote sources in Indochina are predominant. 244 

 245 

CONCLUSIONS 246 

In this study, an approach has been developed for differentiating between local and remote 247 

pollution in Taiwan, based on homogeneity perspective of both AERONET measurements 248 

and NASA MERRA aerosol reanalysis (version 2, MERRA-2) over a 15-year period (2002 – 249 

2017). The analysis of seasonal variations of the standard deviation of AERONET aerosol 250 

optical depth (AOD) measurements and MERRA AOD data in Taiwan showed that, in spring, 251 

aerosols from remote sources are predominant: by contrast, in autumn, aerosols from local 252 

sources dominate. In spring, when remote aerosols dominate, the AOD standard deviation is 253 
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almost three times lower than that in autumn. This finding was supported by MERRA AOD 254 

over the open ocean area: MERRA total AOD data were used to differentiate between local 255 

and remote pollution over both Taiwan and the open ocean area in the vicinity of Taiwan. 256 

Over Taiwan, MERRA total AOD showed the primary maximum in spring and the secondary 257 

one in autumn. Over the open ocean area, where there are no local sources of anthropogenic 258 

aerosols, MERRA total AOD showed only one maximum in spring and no maximum in 259 

autumn. Consequently, the maximum in autumn is determined by local air pollution, while the 260 

pronounced maximum in spring is determined mainly by air pollution from continental Asia. 261 

The analyses of spatial distribution of 15-year monthly mean MERRA winds confirmed the 262 

above-mentioned results.  263 

MERRA AOD for various aerosol species showed that, in Taiwan, both local and remote 264 

sulfate pollutants contribute to seasonal variations of AOD. Similar to total AOD, MERRA 265 

sulfate AOD exhibited the absence of its maximum in autumn over the open ocean area and 266 

its presence over Taiwan: this indicates the local origin of the sulfate AOD maximum in 267 

autumn. Furthermore, similar to AERONET AOD, the standard deviation of MERRA sulfate 268 

AOD in spring is two-three times lower than the standard deviation in autumn. This is 269 

additional evidence that, in spring, sulfate aerosols from remote sources predominate; while in 270 

autumn sulfate aerosols from local sources dominate.  271 

AOD measurements at the high-elevated AERONET site of Lulin showed only the AOD 272 

maximum in spring and no noticeable maximum in autumn. This indicated that aerosols from 273 

remote sources were transported at altitudes above 2800 m in spring, while aerosols from 274 

local sources in autumn were vertically distributed below 2800 m. 275 

 276 
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The following MERRA-2 datasets were used in this study: a) tavgM_2d_aer_Nx (GMAO 278 

2015a) and b) instM_3d_ana_Np (GMAO 2015b). 279 
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Table 1. Geographical coordinates of the AERONET monitoring sites and their periods of 360 
measurements. 361 

Monitoring site Geographical 
coordinates (degrees) 

Elevation 
(m.a.s.l.) 

Years of 
measurements 

    
Low elevated sites: 
Taipei_CWB 25.02oN; 121.50oE 26 2002 - 2016 
EPA_NCU 24.97oN; 121.18oE 144 2006 - 2016 
NCU_Taiwan 24.97oN; 121.18oE 171 2002 - 2013 
Chiayi 23.48oN; 120.48oE 27 2013 - 2017 
Cheng-Kung_Univ 23.00oN; 120.22oE 50 2002 - 2016 
    
High elevated site 
Lulin 23.47oN; 120.87oE 2868 2006 - 2016 
    
 362 
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Figure Captions 364 

Fig. 1. Map of the region under study. The black box shows the Taiwan area (22.0N – 25.5N; 365 
120E – 122E), and the green box shows the open ocean area in the vicinity of Taiwan (25.5N 366 
– 29N; 122.5E – 124.5E). The circles designate the location of AERONET monitoring sites 367 
(Table 1). The five small orange boxes (of 0.5o latitude by 0.625o longitude each) are the 368 
GEOS-5 model grid boxes located close to the low-elevated AERONET monitoring sites. 369 

Fig. 2. Spatial distribution of 15-year mean total AOD based on NASA MERRA aerosol 370 
reanalysis data (2002 – 2017). 371 

Fig. 3. Spatial distribution of 15-year mean MERRA AOD of (a) sulfate aerosols, (b) organic 372 
and black carbon, and (c) desert dust aerosols. 373 

Fig. 4. Spatial distribution of 15-year seasonal mean MERRA AOD of sulfate aerosols (SU, 374 
left column), organic and black carbon (OCBC, central column), and desert dust aerosols 375 
(DU, right column) in winter, spring, summer and autumn. 376 

Fig. 5. Comparison of monthly mean variations of aerosol optical depth (AOD) between 377 
AERONET sun photometer measurements and NASA MERRA total AOD in Taiwan (22N – 378 
22.5N; 120E – 122E) over the 15-year period (2002 – 2017). AERONET-L represents AOD 379 
averaged over the five low-elevated AERONET monitoring sites (Table 1), and AERONET-380 
H represents AOD from the high-elevated Lulin site. The red vertical lines designate the 381 
standard deviation of AOD from the five low-elevated sites. 382 

Fig. 6. Monthly mean variations of the standard deviation of AERONET AOD data (in 383 
percentage to average AOD) from the five low-elevated monitoring sites. 384 

Fig. 7. Spatial distribution of 15-year mean MERRA wind vectors in the 700 – 800 hPa layer 385 
in (a) March, and (b) October. 386 

Fig. 8. Comparison of monthly mean variations of MERRA total AOD over (a) Taiwan 387 
(22.0N – 25.5N; 120E – 122E) and over (b) the open sea area in the vicinity of Taiwan (25.5N 388 
– 29N; 122.5E – 124.5E), over the 15-year period (2002 – 2017). AERONET-L represents 389 
AOD averaged over the five low-elevated AERONET monitoring sites. 390 

Fig. 9. Comparison of monthly mean variations of MERRA AOD of various aerosol species 391 
(such as sulfates (SU), organic and black carbon (OC & BC), desert dust (DU) and sea salt 392 
(SS)) over (a) Taiwan (22.0N – 25.5N; 120E – 122E) and over (b) the open ocean area in the 393 
vicinity of Taiwan (25.5N – 29N; 122.5E – 124.5E), over the 15-year period (2002 – 2017). 394 

Fig. 10. Monthly mean variations of MERRA sulfate AOD averaged for the specified five 395 
model grid boxes (located close to the low-elevated AERONET monitoring sites), over the 396 
15-year period (2002 – 2017). The vertical lines designate the standard deviation of AOD. 397 
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 399 

Fig. 1. Map of the region under study. The black box shows the Taiwan area (22.0N – 25.5N; 400 
120E – 122E), and the green box shows the open ocean area in the vicinity of Taiwan (25.5N 401 
– 29N; 122.5E – 124.5E). The circles designate the location of AERONET monitoring sites 402 
(Table 1). The five small orange boxes (of 0.5o latitude by 0.625o longitude each) are the 403 
GEOS-5 model grid boxes located close to the low-elevated AERONET monitoring sites. 404 

 405 

  406 

* Corresponding author. Tel.: +972545483217; Fax: +97236409282; E-mail address: 
pavel@cyclone.tau.ac.il                                19 
 

mailto:pavel@cyclone.tau.ac.il


 407 

Fig. 2. Spatial distribution of 15-year mean total AOD based on NASA MERRA aerosol 408 
reanalysis data (2002 – 2017). 409 
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 411 

Fig. 3. Spatial distribution of 15-year mean MERRA AOD of (a) sulfate aerosols, (b) organic 412 
and black carbon, and (c) desert dust aerosols.  413 
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 415 

 416 

Fig. 4. Spatial distribution of 15-year seasonal mean MERRA AOD of sulfate aerosols (SU, 417 
left column), organic and black carbon (OCBC, central column), and desert dust aerosols 418 
(DU, right column) in winter, spring, summer and autumn. 419 
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 421 

 422 

Fig. 5. Comparison of monthly mean variations of aerosol optical depth (AOD) between 423 
AERONET sun photometer measurements and NASA MERRA total AOD in Taiwan (22N – 424 
22.5N; 120E – 122E) over the 15-year period (2002 – 2017). AERONET-L represents AOD 425 
averaged over the five low-elevated AERONET monitoring sites (Table 1), and AERONET-426 
H represents AOD from the high-elevated Lulin site. The red vertical lines designate the 427 
standard deviation of AOD from the five low-elevated sites. 428 
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 430 

 431 

Fig. 6. Monthly mean variations of the standard deviation of AERONET AOD data (in 432 
percentage to average AOD) from the five low-elevated monitoring sites. 433 

  434 

* Corresponding author. Tel.: +972545483217; Fax: +97236409282; E-mail address: 
pavel@cyclone.tau.ac.il                                24 
 

mailto:pavel@cyclone.tau.ac.il


 435 

Fig. 7. Spatial distribution of 15-year mean MERRA wind vectors in the 700 – 800 hPa layer 436 
in (a) March, and (b) October. 437 
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 439 

 440 

Fig. 8. Comparison of monthly mean variations of MERRA total AOD over (a) Taiwan 441 
(22.0N – 25.5N; 120E – 122E) and over (b) the open sea area in the vicinity of Taiwan (25.5N 442 
– 29N; 122.5E – 124.5E), over the 15-year period (2002 – 2017). AERONET-L represents 443 
AOD averaged over the five low-elevated AERONET monitoring sites. 444 
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 446 

Fig. 9. Comparison of monthly mean variations of MERRA AOD of various aerosol species 447 
(such as sulfates (SU), organic and black carbon (OC & BC), desert dust (DU) and sea salt 448 
(SS)) over (a) Taiwan (22.0N – 25.5N; 120E – 122E) and over (b) the open ocean area in the 449 
vicinity of Taiwan (25.5N – 29N; 122.5E – 124.5E), over the 15-year period (2002 – 2017). 450 
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 452 

 453 

Fig. 10. Monthly mean variations of MERRA sulfate AOD averaged for the specified five 454 
model grid boxes (located close to the low-elevated AERONET monitoring sites), over the 455 
15-year period (2002 – 2017). The vertical lines designate the standard deviation of AOD. 456 
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