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Abstract. To identify the long-term trend of particle size variation, we analyzed aerosol optical depth (AOD, τ) 22 

separated as dust (τD) and coarse-(τPC) and fine-pollution particles (τPF) depending on emission sources and size. 23 

Å ngström Exponent values are also identified separately as total and fine-mode particles (αT and αPF). We checked 24 

these trends in various ways; 1) first-order linear regression analysis of the annual average values, 2) percent variation 25 

using the slope of linear regression method, and 3) a reliability analysis using the Mann-Kendall (MK) test. We selected 26 

17 AERONET sun/sky radiometer sites classified into six regions, i.e., Europe, North Africa, the Middle East, India, 27 

Southeast Asia, and Northeast Asia. τ decreased in Europe and Asian regions and increased in the Middle East, India, 28 

and North Africa. Values of τPC and τPF, show that aerosol loading caused by non-dust aerosols decreased in Europe 29 

and Asia and increased in India. In particular, τPF  considerably decreased in Europe and Northeast Asia (95 % 30 

confidential levels in MK-test), and τPC decreased in Northeast Asia (Z-values for Seoul and Osaka are -2.95 and -2.31, 31 

respectively). The change in τPC  reflects the reduction of primary emissions from plants and other anthropogenic 32 

sources as the result of regulations by air policies. Values of αT decreased by -3.3 to - 30.5 % in Europe, North Africa, 33 

and the Middle East, which means the mean size of aerosol particles increased. Particle size on average became smaller 34 

over India and Asian regions considered in our study. We find that αT increased by 1.3 to 13.1 %. In particular, αPF 35 

increased in most areas., showing the probability that the average particle size of fine-mode aerosols became smaller in 36 

recent years.  37 

 38 
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1. Introduction 43 

Atmospheric aerosols are associated with air pollution and public health (Ramanathan et al., 2007; Ramanathan and 44 

Carmichael, 2008; Ipcc, 2019). In particular, small aerosol particles are damaging human health (WHO, 2016; 45 

Schraufnagel et al., 2019). The International Agency for Research on Cancer (IARC) classifies aerosol particles as a 46 

class 1 carcinogen (Loomis et al., 2013). The World Health Organization (WHO) is focusing on the number 47 

concentration of ultra-fine particles (WHO, 2021). Because of the hazard of particulate matter (PM), governments 48 

worldwide are continuously monitoring and controlling the mass concentration of PM (Collaud Coen et al., 2013; Li et 49 

al., 2014; Li et al., 2015; Mehta et al., 2018; Yang et al., 2018; Pozzer et al., 2019; Chirasophon and Pochanart, 2020; 50 

Liu et al., 2020). Particle size distribution however cannot be inferred from mass concentration observations (Lee et al., 51 

2010; Burton et al., 2014). To understand the change in air pollution caused by PM and its adverse health effects, we 52 

need to identify the variations in size of small particles as well as mass concentration. 53 

According to their sources, ambient atmospheric aerosols can be divided into natural and anthropogenic ones. 54 

Anthropogenic aerosols are emitted from industry activities, population growth, and combustion activities. Aerosols are 55 

also classified as fine- and coarse-mode particles depending on their size. Coarse-mode particles are related to primary 56 

emissions like industrial activities and biomass burning. This type of particle is highly correlated with the change of 57 

mass concentration (Han et al., 2015; Hatakeyama, 2017). Fine-mode particles are mainly considered as secondary 58 

aerosols formed by gaseous precursors, oxidants, and/or changes of meteorological conditions (Kitamori et al., 2009; 59 

Cheng and Li, 2010; Xue et al., 2014; Mesquita et al., 2016; Tan et al., 2017; Xu et al., 2017; Kong et al., 2018; Kudo 60 

et al., 2018; Wang et al., 2019). This particle type is closely related to visibility and adverse effects on human health. 61 

Liu et al., 2020 stated that secondary aerosols such as PM2.5 still cause haze as the result of high pollution levels, despite 62 

the fact that aerosol mass concentration levels have decreased in Beijing in recent years.  63 

Many studies show that aerosol mass concentration and aerosol optical depth (AOD, τ) have decreased globally in 64 

recent years (Li et al., 2014; Li et al., 2015; Mehta et al., 2018; Pozzer et al., 2019; Cherian and Quaas, 2020; Liu et al., 65 

2020; Dehkhoda et al., 2020). However, these changes vary by region. These parameters provide little information on 66 

the optical properties and size distribution of the pollution particles. Plus, we have difficulty confirming the change of 67 

fine-mode particles using changes of mass concentration.  68 

This research developed a method to separate τ as dust and coarse-/fine-mode pollution particles using size distribution 69 

and the linear depolarization ratio (𝛿𝑝). This method was applied to the long-term observation data of the Aerosol Robotic 70 

Network (AERONET) sun/sky radiometer (Dubovik et al., 2002; Omar et al., 2005; Levy et al., 2007; Mielonen et al., 71 

2009; Lee et al., 2010; Russell et al., 2010) to determine aerosol types. We also analyzed the proportion of fine mode in 72 

the total aerosols, particle size characteristics change, and regional characteristics (Dubovik et al., 2002; Noh et al., 2011; 73 

Boselli et al., 2012).          74 

 75 
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2. Methodology 76 

2.1. Study sites 77 

We selected AERONET Sun/sky radiometer sites that meet the following criteria: First, the sites have acquired data 78 

continuously for more than nine years since 2001, making them suitable for studying the long-term trend of τ. Second, 79 

the depolarization ratio is essential to calculate dust ratio, so we have limitations in using data in American and European 80 

sites. Third, the selected observation sites need to be representative of regional characteristics.  81 

Eventually, we chose 17 AERONET sites to identify the annual change of regional aerosol particle characteristics. These 82 

sites are distributed across six regions, i.e., Europe, North Africa, Middle East, India, Southeast Asia, and Northeast Asia 83 

(Figure 1). The stations Venice (Italy, 45.310° N, 12.51° E), Thessaloniki (Greece, 40.63° N, 22.96° E) are located in 84 

Europe. We also add Erdemli (Turkey, Institute of Marin Science-Erdemli, 36.56° N, 34.26° E) to the European site as 85 

Turkey is bordering the eastern Mediterranean Sea. 86 

There are four sites in Africa. Tamanrasset (Algeria, 22.79° N, 5.53° E) and the Cape Verde (16.73° N, 22.94° W) 87 

stations are located in the dust emission belt that stretches from North Africa westward out into the Atlantic Ocean. 88 

Cinzana (Mali, 13.28° N, 5.93° W) is located in the northwest part of the Sahel zone and is mainly affected by Saharan 89 

dust outbreaks. Ilorin (Nigeria, 8.48° N, 4.67° E) is located at the upper tip of the Guinea savannah zone in the sub-Sahel. 90 

This station is mainly influenced by Saharan dust and biomass burning aerosol (Balarabe et al., 2016).  91 

There are two measurement sites in the Middle East. i.e., Sede Boker (Israel, 30.86° N,34.78° E) and Mezaira (the United 92 

Arab Emirates, 23.10° N, 53.75° E). The regions in India, i.e., Kanpur (26.51° N, 80.23° E) and Ballia (Gandhi_College, 93 

25.87° N, 84.13° E) are in Uttar Pradesh which is a state in northern India. These sites are influenced mainly by large-94 

scale anthropogenic emission sources (biomass burning, fossil-fuel combustion, and industrial activities) and mineral 95 

dust transported from western India (Ram et al., 2010).  96 

Two Southeast Asia sites, Chiang Mai (18.77° N, 98.97° E) and Bangkok (Silpakorn University, 13.82° N, 100.04° E) 97 

are located in northern and central Thailand and have the characteristics of an urban environment. Four sites, Beijing 98 

(China, 39.98° N, 116.38° E), Seoul (Korea, 37.46° N, 126.95° E), Osaka (Japan, 34.65° N, 135.59° E), and Taipei 99 

(Taiwan, 25.02° N, 121.54° E) are representative regions in Northeast Asia. Beijing is known as the region with the 100 

highest concentration of pollution particles worldwide (Li et al., 2014). Seoul is downwind of westerly winds from 101 

Beijing and thus often affected by long-range transport of pollution particles from China. Seoul also has a high 102 

concentration of locally produced pollution particles. Osaka is a coastal city that produces less anthropogenic pollution 103 

than China and Korea. The effect of long-range transport of pollution on Taipei is relatively low.  104 

Northeast Asia and Indian areas are the regions with high levels of aerosol emissions globally; so, we need to observe 105 

aerosol properties intensely. All 17 sites provide us with version 3 level 2.0 data for a minimum of 9 years. The total 106 

number of observation days per year is shown in Supplementary Table S1.   107 

 108 
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2.2. AOD separation into dust, coarse- and fine-mode pollution using depolarization ratio 109 

WHO recommended type classification of PM like black carbon or elemental carbon (BC/EC), ultrafine particles 110 

(UFP), and particles originating from sand and dust storms (SDS) to manage control of emission of aerosols 111 

effectively (WHO, 2021). Although not explicitly classified based on WHO guidelines, we divided aerosol types 112 

as dust, fine- and coarse-mode particles depending on depolarization ratio and particle size data.  113 

Dubovik et al., 2006 introduced kernel look-up tables that describe mixtures of spheroid particles. These kernel 114 

look-up tables are used to infer the depolarization ratio (𝛿𝑝) of mineral dust observed with AERONET sun/sky 115 

radiometer. Details of the AERONET inversion algorithm are given by Dubovik et al., 2006 and Noh et al., 2017.  116 

The dust ratio (RD) was used to estimate the contributions of dust and anthropogenic pollution/biomass burning 117 

particles to the total aerosol optical depth (𝛕𝐓) of mixed aerosol plumes under the assumption that both types of 118 

aerosol particles are externally mixed (Shimizu et al., 2004; Tesche et al., 2009; Noh, 2014). RD was retrieved 119 

from the linear particle depolarization ratio (𝛿𝑝). Noh et al., 2017 have shown that the 𝛿𝑝 derived from Sun/sky 120 

radiometer observations at 1020 nm and the lidar-derived 𝛿𝑝 at 532 nm show a comparably high correlation. For 121 

that reason, we used the 𝛿𝑝 at 1020 nm to retrieve the dust ratio (RD). Shimizu et al., 2004 and Tesche et al., 2009 122 

suggested a RD retrieval method on the basis of  123 

𝑅𝐷 =
(𝛿𝑝−𝛿2)(1+𝛿1)

(𝛿1−𝛿2)(1+𝛿𝑝)
                                                       (1) 124 

The parameters 𝛿1 and 𝛿2 denote the 𝛿𝑝 at 1020 nm of pure dust and non-dust particles, respectively, of an 125 

external mixture of aerosol particles. The values 𝛿1 and 𝛿2 can be empirically determined. We use 0.31 for 𝛿1 126 

in Europe, North Africa, the Middle East, and India. We use 0.30 for the Southeast and Northeast Asia regions, 127 

respectively. Those values were determined by the linear depolarization ratios of Saharan and Asian dust presented 128 

in previous research work (Freudenthaler et al., 2009; Burton et al., 2014; Shin et al., 2018). We used 0.02 as the 129 

minimum value for 𝛿2. When 𝛿𝑝 was higher than δ1 or lower than δ2, RD was set to 1 or 0, respectively. 130 

The coarse-mode fraction (CMF) of particles observed at 1020 nm is calculated from the ratio of the coarse-mode 131 

AOD to the total (coarse- and fine- mode) AOD. Thus, RD represents the proportion of AOD for pure dust particles 132 

in a mixed aerosol plume, while CMF denotes the ratio of coarse-mode particles to the total particle AOD. Besides, 133 

the fine-mode fraction (FMF) is calculated as (1-CMF).  134 

The correlation coefficient (R2) of the linear regression between CMF and RD varies from 0.21 to 0.84 for the 135 

different observation sites (Figure S1, supplementary material). Chiang Mai, Bangkok, and the Taipei sites show 136 

low R2 values of 0.34, 0.21, and 0.33, respectively. Since those sites are not located in the main transport route of 137 

Asian dust, the influence of dust particles is comparably weak compared to the other sites. The tendency for RD 138 

to increase as CMF increases appears in all sites despite the weak correlation we find in our study. 139 

Most of the dust particles are coarse-mode particles, which means that the value of CMF increases with RD. CMF 140 

is higher than RD in most cases, which implies that these coarse-mode particles include dust and pollution particles 141 

generated by physical and chemical reactions, e.g., coagulation, condensation processes, and hygroscopic growth 142 

(Noh et al., 2017). The ratio of coarse-mode particles (CMP) denotes the proportion (number concentration) of 143 
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coarse-mode pollution particles to total particles. In here, dust particles are not considered. This ratio can be 144 

calculated by subtracting RD from CMF at 1020 nm. 145 

CMP1020 = CMF1020 − 𝑅D                                             (2) 146 

If RD is higher than CMF, CMP is set to 0. 147 

AOD of dust particles (τD) at 1020 nm was calculated with equation (3) and the use of RD and Sd.  148 

τD, 1020 = τ1020×RD ×
Sd,1020

S1020
                                                (3) 149 

Here, 1020 denotes the wavelength at 1020 nm. The parameter S is the lidar ratio of the aerosol mixture. S can 150 

be calculated from the AERONET data products. The Sd is the lidar ratio of pure dust particles. It varies in 151 

dependence on the desert source. We take the value of 44 and 54 sr at 1020 nm for Asian dust and Saharan dust, 152 

respectively (Shin et al., 2018).  153 

The AOD of coarse-mode particles (τPC) observed at 1020 nm was calculated by equation (4). τPC at 440, 675, 154 

and 870 nm was retrieved by equation (5), i.e., 155 

τPC,1020 = τ1020(CMP)
                                           

(4) 156 

τPC,λ = τPC,1020(
1020

𝜆
)αPC

                                           

(5) 157 

The term αPC is the Å ngström exponent of coarse-mode pollution. We used the value of 0.16 and 0.14 for Asian 158 

and Saharan dust, respectively (Shin et al., 2018).  159 

We used equation (5) to calculate the AOD of the fine-mode pollution (τPF) contribution  160 

 τPF,λ = τλ − τD,λ − τPC,λ
                                                

(6) 161 

 162 

2.3. Annual trend analysis via linear regression analysis and MK-test 163 

To identify annual variation trends and regional properties, we calculated the change of τ with three methods. 164 

First, we used linear regression analysis on the time series of annual average τ, and we checked the slope and 165 

percent variation from 2001 to 2018. Second, we used the linear regression equation y=a+bx, where x is the time 166 

(year), and y is the annual average of τ. The slope b describes the change of τ; a is the intercept. The percent 167 

variation was calculated from the equation 168 

𝑉(%) = (
𝑎𝑁

τ̅
) × 100,                                                   (7) 169 

where τ̅ is the average of τ, N is the number of available data, and a is the slope obtained from the linear 170 

regression analysis. The p-value (probability value) is a scalar that describes how likely it is that the data occurred 171 

by random chance. The p-value should be small enough, depending on the level of confidence. We calculated all 172 

data and found a statistically significant trend. 173 

We also applied the non-parametric Mann-Kendall (MK) statistical test (Mann, 1945; Kendall, 1975) and Sen’s 174 

slope values to find annual trend and variation (Salmi et al., 2002; Srivastava and Saran, 2017). The MK-test 175 

provides reliable information on the significance of monotonic trends of data in a time series. The magnitude of 176 

the trend can be explained by Sen’s slope test, which is a powerful method for investigating linear trends. There 177 
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are two hypotheses on the MK-test. Hypotheses are decided by the significance of the value of Z, which is related 178 

to the p-value. The following relationships are used: 179 

H0 : null hypothesis (no trend), 180 

H1 : alternative hypothesis (clear trend), 181 

Critical value : |𝑍| < 1.96 𝐴𝑐𝑐𝑒𝑝𝑡 𝐻0 (95% 𝐶𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒 𝑙𝑒𝑣𝑒𝑙),   182 

                             |𝑍| < 1.65 𝐴𝑐𝑐𝑒𝑝𝑡 𝐻0 (90% 𝐶𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒 𝑙𝑒𝑣𝑒𝑙), 183 

otherwise, |𝑍| > 1.96 𝐴𝑐𝑐𝑒𝑝𝑡 𝐻1 (95% 𝐶𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒 𝑙𝑒𝑣𝑒𝑙), 184 

         |𝑍| > 1.65 𝐴𝑐𝑐𝑒𝑝𝑡 𝐻1 (90% 𝐶𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒 𝑙𝑒𝑣𝑒𝑙). 185 

 186 

The sign of Z indicates an increase (+) or decrease (-). The Z value is generally accepted at a 95 % confidence 187 

level, but the values and number of analysis elements are too small, so we used confidence levels up to 90% 188 

instead.  189 

 190 

 191 

3. Results 192 

3.1. Aerosol-type classification 193 

In preparation for separating AOD according to dust-only and coarse- and fine-mode pollution AOD, we carried 194 

out an aerosol-type classification to understand the main aerosol types of each selected site. Shin et al., 2019 195 

suggested a new aerosol type classification method. The authors proposed considering a) the contribution of 196 

mineral dust to the aerosol mixture based on a threshold value, denoted as RD, which could be obtained from the 197 

depolarization ratio, in combination with b) the use of the single-scattering albedo (SSA). This latter parameter 198 

allows for identifying absorption properties of pollution/biomass burning aerosols and thus separating this aerosol 199 

type from mineral dust. In this study, we used seven aerosol types based on the values of 𝛿𝑝 , respectively. 200 

Aerosols were classified as pure dust (PD, RD >0.89), dust-dominated mixture (DDM, 0.53≤ RD ≤0.89), pollution-201 

dominated mixture (PDM, 0.17≤ RD <0.53), and pollution particles (RD <0.17). Particles are classified on the basis 202 

of SSA as non-absorbing (NA, SSA>0.95), weakly-absorbing (WA, 0.90<SSA≤0.95), moderately absorbing (MA, 203 

0.85≤SSA≤0.90), and strongly absorbing (SA, SSA<0.85) pollution; see Figure 3 of Shin et al., 2019. 204 

Figure 2 shows the annual changes of major aerosol types at the 17 sites from 2001 to 2018. The results of our 205 

aerosol classification reflect the characteristics of the six regions well. In Europe, Southeast Asia, and Northeast 206 

Asia, pollution particles are the main type of aerosols. In the Middle East and North Africa, pure dust is dominant. 207 

The ratio of NA and WA is high but decreases in the order of Venice, Thessaloniki, and Erdemli. These regions 208 

have low values of PDM and DDM ratios, respectively. With regard to the North African region, the Sahara Desert 209 

obviously is the predominant source region. Naturally, PD is the predominant aerosol type. Ilorin in the Savannah 210 

region of Africa has a higher ratio of SA than other African regions as a result of biomass-burning aerosols. Sede 211 

Boker and Mezaira, which are located on the Arabian Peninsula, also show PD and DDM as the major aerosol 212 

types. The aerosol types of MA and WA can also be observed in Ilorin. The aerosol types MA and SA appear in 213 
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Sede Boker and Mezaira but are not as dominant as dust. Thus, anthropogenic pollutants at Ilorin are higher than 214 

in the other African regions investigated in our study. Logothetis et al., 2020 reported that coarse-mode absorbing 215 

aerosols are dominant in North Africa and the Arabian Peninsula because of dust transported from the Saharan 216 

and the Arabian deserts. However, fine-mode particles emitted from human activity in the Arabian Peninsula are 217 

also observed in autumn and winter. 218 

The ratio of dust and pollution particles at Kanpur and Ballia in northern India are similar. Chiang Mai and 219 

Bangkok, located in the Indochina Peninsular, are affected mainly by man-made pollution aerosols. The 220 

contribution from dust is comparably low. We find 5 % for PDM at most. However, these two regions have 221 

differences in that the predominant aerosol types over Chiang Mai and Bangkok are SA and WA, respectively. 222 

The high value of SA at Chiang Mai is due to biomass burning aerosols emitted by agricultural burning and forest 223 

clearing activities during the dry season which lasts from November to April (Janjai et al., 2012). Bangkok has a 224 

low average SSA value of 0.90, but the SA ratio is lower than that of Chiang Mai because the impact of biomass 225 

burning is lower (Bridhikitti and Overcamp, 2011). 226 

The Northeast Asian region seems to be affected by both dust and pollution. Asian dust heavily affects the 227 

Northeast Asian region in spring, i.e., March, April, and May (Liu et al., 2019). The ratio of DDM and PDM is 228 

high in Beijing which is comparably close to the source regions of Asian dust. Seoul is located downwind of the 229 

emission regions. The impact of dust is relatively low in Osaka, which is relatively far from the source region. 230 

Besides, the Osaka site is not in the main transport pathway of dust. Shin et al., 2015 stated that dust might mix 231 

with pollution when the dust is transported near the surface for a long time. Taipei has the lowest dust effect 232 

because it is not located on the pathway of Asian dust. 233 

 234 

 235 

3.2. Annual trend of dust, coarse- and fine-mode pollution AOD 236 

One aim of our study is to learn more about how AOD may depend on aerosol particle size. Thus, we separated 237 

AOD into the contribution by dust-only (τD), coarse-mode pollution (τPC), and fine-mode pollution (τPF). We 238 

used RD, CMF, and the relationships of equations (1) to (6). Then, we investigated the change of annual mean 239 

values and the regional differences. 240 

Before separating AODs according to aerosol types, we compared trends in the average values of τT for each 241 

region and site during 2001–2018 (supplementary Figure S2). The average value of τT at 440 nm was highest 242 

(1.22 ± 0.76) in Beijing and was lowest (0.48 ± 0.12) in Thessaloniki. Regionally, Northeast Asia (1.22–0.58), 243 

Southeast Asia (0.93–0.76), and India (0.82–0.80) show high τT values. Europe (0.54–0.48) and the Middle East 244 

(0.56–0.49) show low values. The average τT value of North Africa except Ilorin (1.04 ± 0.48) tends to be at the 245 

lower end of values (Table 1).  246 

The remarkable thing is the change of the annual averages of τT. This change is summarized for each site in Table 247 

2. Values of τT decreased every year in Northeast Asia and Europe. Notably, Beijing showed the most prominent 248 

decreasing trend of  τT. We find an average value of -0.0138 τT𝑦𝑟−1. The Chiang Mai and Bangkok sites in 249 

Southeast Asia showed a decrease of τT, too. We find average values of -0.0039 τT𝑦𝑟−1 and 0.0012 τT𝑦𝑟−1   250 
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at these two sites, respectively. However, this decrease of τT showed considerable change depending on the years 251 

considered in our study. We find, for example, that τT was slightly higher from 2008 to 2016 (0.00117 τT𝑦𝑟−1 252 

for Chiang Mai and 0.0107 τT𝑦𝑟−1 for Bangkok) and then sharply decreased in 2017 (Figure S2(e)). 253 

The Middle East, India, and North Africa except Cinzana showed an increase of τT with time. As shown in Table 254 

2, the rate of annual change of τT at Ballia and Kanpur showed a clear tendency to increase. We find 0.0048 255 

τT𝑦𝑟−1 and 0.0069 τT𝑦𝑟−1, respectively. In most North Africa and the Middle East regions, the change rate of 256 

τT  (-0.006 to 0.0020 τT𝑦𝑟−1  ) is lower than other regions; however, τT  of Tamanrasset sites increased as 257 

0.0108 τT𝑦𝑟−1 because of τD. It is supported by the results from El-Metwally et al., 2020. The authors conclude 258 

that Tamanrasset is the site most affected by dust from the downwind Saharan sources in the Saharan/Arabian 259 

region. 260 

Other studies also confirmed this trend of regional τT change. Balarabe et al., 2016 reported that, based on 261 

AERONET data, there were no remarkable AOD trends for the period from 1998 to 2013 over Ilorin, Nigeria. 262 

Maghrabi and Alotaibi, 2018 reported a significant increase of approximately 0.119 of the annual mean AOD at 263 

500 nm measured by AERONET sunphotometer in the central Arabian Peninsula from 1999 to 2015. Klingmüller 264 

et al., 2016 also stated that AOD increased in Saudi Arabia between 2001 and 2012. (Pilahome et al., 2020) 265 

reported an increase of AOD at 550 nm across Thailand based on analyzing MODIS (Moderate Resolution 266 

Imaging Spectroradiometer) data for the years 2006 to 2016. In addition, the change in the concentration of 267 

particulate matter, expressed by AOD, was attributed to different aerosol types. The authors identified the 268 

following aerosol types in decreasing order of importance: biomass burning, anthropogenic pollution, and soil 269 

emission. Meteorological conditions played a significant role, too (Bridhikitti and Overcamp, 2011; Wang et al., 270 

2015; Yin et al., 2019; Chirasophon and Pochanart, 2020). 271 

The annual mean of dust-only AOD (τD) was high in North Africa, naturally, because dust is a major aerosol type 272 

in that part of the world. We find low values of τD in Southeast Asia, see Figure 2. In the India and Northeast 273 

Asia region except for Beijing, the annual change of τD tended to decrease from -0.004 to -0.002 τD𝑦𝑟−1 (Table 274 

2). In case of Beijing, τD increased by 36.3% (0.0011 τD𝑦𝑟−1). In Europe, Middle East Asia, and North Africa, 275 

the annual rate of change increased from 0.002 to 0.0133 τD𝑦𝑟−1. The exception is Ilorin, where we find -0.3% 276 

(-0.0001 τD𝑦𝑟−1). 277 

We assume that non-dust AOD values describe anthropogenic emissions and local biomass burning. 278 

Anthropogenic emissions mainly belong to the fine-mode fraction of the particle size distribution; therefore, 279 

denote their contribution to AOD as τPF. In contrast, locally emitted particles from biomass burning belong to 280 

the coarse-mode fraction of pollution. We denote this part of AOD as τPC.  281 

The annual average values of τPC slightly increased in Europe, North Africa, and India, and decreased in the 282 

Middle East and Northeast Asia. We find values between -0.0015 and 0.0004 τPC𝑦𝑟−1. These numbers show that 283 

we need to consider percent variations to compare the rate of change by region, because the rate of change depends 284 

on the initial value. Especially, it is difficult to confirm the evident change of τPC in Europe and India. The 285 

percent variation in Thessaloniki and Ballia was 11.9% and 10.5%, respectively.  286 
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The annual average value of τPF also varied by region. The mean changes of τPF (at 440 nm) for the observation 287 

site in India show a clear tendency towards increasing values. We find 0.0055 τPF𝑦𝑟−1 for Ballia and 0.0019 288 

τPF𝑦𝑟−1 for Kanpur. In the other regions, except for Erdemli (Europe), Ilorin, Tamanrasset (North Africa), and 289 

Sede Boker (Middle East), the changes of mean τPF tended to decrease significantly compared to τD and τPC. 290 

We find values between -0.0011 to -0.0142 τPF𝑦𝑟−1. The stations at Erdemli, Ilorin, Tamanrasset, and Sede 291 

Boker showed a slight increase of τPF, i.e., 0.0005, 0.0024, 0.0001, and 0.0008 τPF𝑦𝑟−1, respectively.  292 

In the next step, we analyzed changes of τ (increase and decrease) in terms of aerosol types. We used in our 293 

analysis the percent variation of τT, τ𝐷, τPC, and τPF (see Equation 7), respectively. We find a decline of τT 294 

and τPF in Europe. We find comparably high confidence levels of 95% (based on MK-test) for the stations in 295 

Thessaloniki and Venice, see Table 3. In addition, the slope of τD in Thessaloniki and Venice (using the linear-296 

regression method) was 0.0037 τ𝐷𝑦𝑟−1 and 0.0012 τ𝐷𝑦𝑟−1, but the percent variation was as high as 112.29% 297 

(Thessaloniki) and 125.22% (Venice).  298 

τT decreased for the Asian stations, in a similar fashion to the sites in Europe. However, this change of τT  was 299 

different for the Southeast and Northeast Asian stations if we take account of the aerosol types.  300 

With respect to Southeast Asia, the decrease of τT seems to be mainly caused by a decrease in emissions of fine-301 

mode particles. In Northeast Asia, changes in τ showed different characteristics according to region. The MK-302 

test shows 95% confidence level for the trends observed for τT (Beijing and Osaka), τD (Osaka), τPC (Seoul 303 

and Osaka), and τPF (Beijing and Osaka).  304 

Non-dust coarse-mode particles are mainly emitted from sources related to anthropogenic activities, e.g., traffic 305 

and plants. Regulations on emissions of air pollution thus may be responsible for the lower concentrations of this 306 

type of coarse-mode particles (Bridhikitti and Overcamp, 2011; Mehta et al., 2018). 307 

In the case of Beijing, which is affected by high levels of air pollution, τD increased by 36.2% (0.0011 τD𝑦𝑟−1). 308 

The non-dust part of AOD, and particularly the AOD related to fine-mode particles (τPF), seemed to decrease by 309 

-38.1% (-0.0142 τPF𝑦𝑟−1). Thus, taking account of all three components, we find that the decrease of fine-mode 310 

pollution mainly causes a decrease in total AOD. This result is similar to results reported in previous research (Li 311 

et al., 2015). The authors show that black carbon in China decreased due to the strict policy of reduction of 312 

pollution emissions. Li et al. (2015) furthermore stated that dust aerosol concentrations had increased between 313 

2002 and 2006 but then remained constant between 2008 and 2013. 314 

The annual change of τT for the stations in North Africa increased during (0.0006–0.0108 τD𝑦𝑟−1) over ten 315 

more years. The exception is the station at Cinzana. The properties of the variations seem to be different for the 316 

different regions. The percent variation of the τTincrease at Tamanrasset is quite obviously related to a change of 317 

τ𝐷. The Cape Verde and Ilorin stations showed a slightly increasing trend, most likely caused by a change of 318 

coarse- and fine-mode particles. Cinzana is the only site of all North African stations where we find a decrease of 319 

τT. This decrease seems to be driven by a decrease in τPF. 320 

The τD in the Middle East increased, which resulted in an increase of total optical depth. In the case of India, the 321 

change of τT is related to a decrease in τD and an increase in τPC and τPF. The increase in τPC and τPF may 322 
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be associated with new policies related to aerosol emissions in the Indian regions considered in this study (Khan 323 

et al., 2019; Yin et al., 2019).  324 

A comprehensive graph of the annual average, the overall increase, and the percent variation associated with total, 325 

dust-only, and coarse- and fine-mode pollution AOD is presented in Figure 3.  326 

 327 

 328 

3.2. Ångström Exponent and FMF: Annual Trends 329 

Our analysis shows regional differences in aerosol type and size changes which can be inferred from annual mean 330 

values of AOD, see Table 2. In addition to this result, we examined the change of particle size distribution, 331 

especially that of fine-mode particles, more closely by using the Å ngström exponent of total (αT) and fine-mode 332 

particles (αPF) and the FMF (fine-mode fraction). The changes of αT and αPF also can be seen in supplementary 333 

Figures S6 and S7. The value of αPF indicates the presence of anthropogenic pollution particles. FMF describes 334 

the fraction of fine-mode particles compared to all particles in the atmospheric column observed by the sun 335 

photometer (Table 2). Figure 4 shows the comprehensive results of the average value, the increasing rate, and the 336 

percent variation of αT and αPF. 337 

The αT in Europe, North Africa, and the Middle East regions except Ilorin decreased during the research period 338 

we analyzed. We find negative values ranging from -3.3% to -30.5%. FMF decreased by -3.7% to -21.1%. These 339 

trends show that the particles on average became larger. This result is similar to the main findings discussed in 340 

the previous section, where we showed that τD  and τPC  increased and τPF  decreased. These changes are 341 

associated with increased levels of dust particle concentration and reduced levels of fine-mode particles due to 342 

climate change (Bridhikitti and Overcamp, 2011; Krasnov et al., 2014; Klingmüller et al., 2016) and 343 

environmental regulations (Li et al., 2015; Mehta et al., 2018; Pozzer et al., 2019; Chirasophon and Pochanart, 344 

2020). The Ilorin site in Nigeria is different from the other North African regions. Ilorin is located in the transition 345 

zone between the humid tropical area (South Africa) and the semi-arid area (North Africa) (Ogunjobi et al., 2008; 346 

Falaiye et al., 2015). This site also exhibits an increase in anthropogenic emissions caused by the rapid increase 347 

of population and economic growth (Balarabe et al., 2016).  348 

Additionally, we checked if changes of αPF  corroborate our assumption that characteristics of the size 349 

distribution of the fine-mode particles also changed. The values of αPF in Europe, North Africa, and the Middle 350 

East except Erdemli (Turkey) and Mezaira (UAE) show positive trends, i.e., 0.0015 𝑦𝑟−1 to 0.0101 𝑦𝑟−1. These 351 

increases indicate that the size of the fine-mode particles became smaller.  352 

The annual mean of αT  at Ballia and Kanpur increased in 0.0050 𝑦𝑟−1  (4.9%) and 0.0024 𝑦𝑟−1  (4.1%), 353 

respectively. These increases indicate that particle size became smaller. The increase of the FMF value 354 

corroborates this result. The values of αPF showed a positive trend at the Kanpur site, which means that fine-355 

mode particles became smaller over the course of several years. The negative values of αPF in Ballia might be 356 

caused by the comparably few data points available for the first few years of observations (Supplementary Table 357 

S1). Kanpur is a highly polluted city in the Indo-Gangetic region (Chakraborty et al., 2015; Chen et al., 2016) 358 

which may explain in large part the high concentration of small particles in this region. 359 
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In Southeast Asia, the values of αT increased. We find 0.0105 𝑦𝑟−1 (6.7%) at Chiang Mai and 0.0119 𝑦𝑟−1 360 

(8.0%) in Bangkok. αPF showed a more increasing trend compared to αT as 0.0163 𝑦𝑟−1 (9.0%) and 0.0175 361 

𝑦𝑟−1 (10.0%) at Chiang Mai and Bangkok, respectively. On the contrary, FMF showed a negative trend as -362 

0.0022 (-0.9%) at Ching Mai and -0.0002 (-0.1%) at Bangkok.  Considering that the major aerosols in Southeast 363 

Asia are biomass burning aerosol and anthropogenic aerosol composed of fine-mode aerosol, it is estimated that 364 

the particle size of these two types is continuously decreasing (Chirasophon et al., 2020; Bridhikitti et al., 2011; 365 

Khan et al., 2019; Yin et al., 2019 ). 366 

The values of αT in Northeast Asia have a bit of difference to 1.3–13.3% depending on stations. For example, 367 

Seoul and Taipei had highly positive increases of αT. That positive increases could be related to reducing the dust 368 

concentration, which would lead to a significant decrease of τPC compared to that of τPF. For Beijing, the αT 369 

slightly increased compared to the other sites. Our data show that τD increased. In addition, the decrease of τPC 370 

was more significant than the decrease of τPF. Thus, we come to the conclusion that the increase of αT most 371 

likely was caused by a change in the atmosphere's dust load.  372 

The αPF values in the Asian region increased by 2.3% to 13.1 % (0.0024 to 0.0175 𝑦𝑟−1) over the observation 373 

periods considered in our study. The data indicate that fine-mode particle size became smaller over the years and 374 

that this change might also be related to changes in the chemical composition of the pollution particles. Joo et al., 375 

2021 reported that extinction efficiencies in Korea increased although the PM2.5 mass concentration decreased. 376 

This result suggests that even though the PM2.5 concentration decreased compared to the past, either particle size 377 

of PM2.5 became smaller or the number of particles with high scattering efficiency increased. Uno et al., 2020 378 

stated that the chemical composition of aerosols in East Asia changed significantly. With regard to regions 379 

downwind of China, sulfate (accumulation mode) concentrations decreased significantly, and nitrate 380 

(accumulation–coarse mode) concentrations increased (Plaza et al., 2011). These results show that there clearly 381 

is a need to conduct more long-term studies on the relationship between aerosol mass and optical density, size 382 

distribution, and chemical composition. 383 

 384 

4. Summary and Conclusion 385 

We analyzed trends in regional AOD based on separating aerosols into dust and coarse- and fine-mode pollution 386 

particles for 17 AERONET observation sites. Mainly, we focused on the change in AOD and Å ngström exponents 387 

of fine-mode pollution particles (τPF and αPF ). The following key results were obtained:  388 

 389 

- The change characteristics of τD, τPC, and τPF are different for each region. In Europe and Asia, the decrease 390 

in τT was remarkable due to effects caused by new air policies. The τD increased near the Sahara region.  391 

- The τPF  mainly decreased in Europe and Southeast Asia, whereas τPC  decreased in the Middle East and 392 

Northeast Asia. τPC and τPF are related to non-dust AOD. Thus, we assume that changes related to the practical 393 

policymaking have on air pollution emissions.  394 
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- The mean size of particle size distribution became larger in Europe, the Middle East, and North Africa because 395 

of emissions of dust particles. On the other hand, the mean particle size became smaller in India and Southeast 396 

Asia. We assume that this reduction of particle size is primarily related to the change in the concentration of fine-397 

mode particles.  398 

- The changes of αPF show that the size of fine-mode particles emitted from anthropogenic pollution most likely 399 

became smaller compared to particle size in past times in the regions we investigated here. We believed that the 400 

size change of fine-mode particles might be related to secondary aerosols, and it can cause adverse effects on 401 

visibility and human health.  402 

 403 

Particle size and characteristics are essential to understanding air pollution and visibility and have changed over 404 

the past decade or more, but few studies about those properties. Therefore, we need more studies paying attention 405 

to changes in the size and quantity of fine-mode pollution particles to reflect air pollution policy. 406 

 407 
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Figure and Table 640 

Figure 1. Location of the AERONET Sun/sky radiometer stations considered in our research work. Different 641 

colors indicate the regional locations, i.e., purple (Europe), pink (North Africa), blue (the Middle East), yellow 642 

(India), red (Southeast Asia), and green (Northeast Asia). 643 

 644 

 645 
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Figure 2. Aerosol type classification expressed in terms of PD (pure dust), DDM (dust dominant mixture), PDM 647 

(pollution dominant mixture), and pollution aerosols, and classified in terms of NA (non-absorbing), WA (weakly 648 

absorbing), MA (moderately absorbing), and SA (strongly absorbing).  649 

 650 
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Figure 3. (a) Average AOD in terms of dust and coarse- and fine-mode pollution AOD, and the change of annual 651 

values of (b) total AOD (τT), (c) dust-only AOD (τD), (d) coarse-mode pollution AOD (τPC), and (e) fine-mode 652 

pollution AOD (τPF ). The values inside the brackets present the percent variation for each of the 17 sites.653 

 654 
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Figure 4. Average Å ngström exponent (α) of (a) total and (b) fine-mode pollution particles, and the change of the 656 

annual values of the (c) total Å ngström exponent (αT) and (d) fine-mode pollution Å ngström exponent (αPF). The 657 

values inside the brackets present the percent variation for each of the 17 sites.  658 

 659 
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Table 1. Average and standard deviation of aerosol optical depth of total (τT), dust (τD), coarse-mode 661 

particles (τPC) and fine-mode particles (τPF) at 440 nm, and Å ngström exponent (440–870 nm) of total (αT) 662 

and fine-mode particles (αPF), and fine-mode fraction (FMF) for the period 2001–2018. 663 

  664 

Site 𝛕𝐓 (440 nm) 𝛕𝐃 (440 nm) 𝛕𝐏𝐂 (440 nm) 𝛕𝐏𝐅 (440 nm) 𝛂𝐓  

(440-870 nm) 

𝛂𝐏𝐅  

(440-870 nm) 

FMF 

Thessaloniki 0.48±0.12 0.04±0.08 0.04±0.02 0.42±0.14 1.49±0.42 1.99±0.23 0.91±0.19 

Venice 0.54± 0.22 0.02±0.05 0.02±0.02 0.51±0.22 1.51 ±0.28 1.77±0.27 0.96±0.14 

Erdemli 0.51±0.13 0.06±0.10 0.06±0.04 0.40±0.12 1.23±0.37 1.90±0.19 0.87±0.18 

Cape Verde 0.62±0.25 0.41±0.21 0.12±0.05 0.19±0.08 0.19±0.16 1.56±0.25 0.35±0.15 

Cinzana 0.69±0.34 0.46±0.30 0.10±0.07 0.23±0.11 0.27±0.21 1.63±0.24 0.36±0.18 

Ilorin 1.04±0.48 0.40±0.30 0.20±0.14 0.51±0.23 0.60±0.31 1.90±0.22 0.61±0.20 

Tamanrasset 0.69±0.36 0.53±0.35 0.11±0.06 0.17±0.07 0.13±0.09 1.59±0.20 0.27±0.15 

Sede Boker 0.49±0.20 0.23±0.22 0.08±0.05 0.22±0.09 0.57±0.43 1.78±0.27 0.56±0.28 

Mezaira 0.56±0.21 0.28±0.23 0.09±0.05 0.26±0.10 0.54±0.35 1.85±0.19 0.53±0.25 

Ballia 0.82±0.31 0.13±0.14 0.11±0.07 0.61±0.31 1.01±0.34 1.83±0.23 0.82±0.19 

Kanpur 0.80±0.34 0.13±0.19 0.100.06 0.60±0.37 0.99±0.39 1.76±0.27 0.82±0.23 

Chiang Mai 0.93±0.54 0.01±0.02 0.05±0.04 0.88±0.53 1.57±0.19 1.81±0.20 0.98±0.11 

Bangkok 0.76±0.33 0.01±0.02 0.04±0.02 0.71±0.32 1.49±0.19 1.74±0.21 0.98±0.10 

Beijing 1.22±0.76 0.08±0.16 0.10±0.07 1.06±0.76 1.14±0.31 1.63±0.31 0.90±0.18 

Seoul 0.73±0.37 0.05±0.08 0.04±0.04 0.65±0.37 1.26±0.29 1.68±0.28 0.92±0.15 

Osaka 0.58±0.21 0.04±0.08 0.04±0.02 0.51±0.21 1.36±0.31 1.81±0.22 0.92±0.14 

Taipei 0.69±0.30 0.01±0.03 0.04±0.02 0.64±0.30 1.34±0.20 1.59±0.24 0.98±0.09 
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Table 2. Change of the annual value (𝝉𝒚𝒓−𝟏or 𝒚𝒓−𝟏) and the percent variation (%) of 𝛕𝐓, 𝛕𝐃, 𝛕𝐏𝐂, 𝛕𝐏𝐅, 665 

FMF, 𝛂𝐓 and 𝛂𝐏𝐅 based on the slope obtained from linear regression method. The wavelength of 𝛕𝐓, 𝛕𝐃, 666 

𝛕𝐏𝐂, and 𝛕𝐏𝐅 is 440 nm and that of 𝛂𝐓 and 𝛂𝐏𝐅 ranges from 440 nm to 870 nm. 667 

Region Site τT  

(% 

variation) 

τD  

(% 

variation) 

τPC  

(% 

variation) 

τPF  

(% 

variation) 

FMF 

(% 

variation) 

αT 

(% 

variation) 

αPF  

(% 

variation) 

Europe Thessaloniki -0.0055 

(-17.6) 

0.0037 

(112.3) 

0.0003 

(11.9) 

-0.0084 

(-28.9) 

-0.0111 

(-18.2) 

-0.0155 

(-14.9) 

0.0073 

(5.1) 

Venice -0.0087 

(-29.5) 

0.0012 

(125.2) 

0.0000 

(0.0) 

-0.0096 

(-35.0) 

-0.0032 

(-6.2) 

-0.0040 

(-4.8) 

0.0015 

(1.5) 

Erdemli 0.0010 

(2.2) 

0.0010 

(17.2) 

-0.0002 

(-3.5) 

0.0005 

(1.2) 

-0.0029 

(-15.6) 

-0.0055 

(-4.4) 

-0.0060 

(-3.2) 

North 

Africa 

Cape Verde 0.0011 

(2.8) 

0.0002 

(0.8) 

0.0021 

(28.7) 

-0.0018 

(-15.3) 

-0.0025 

(-11.4) 

-0.0004 

(-3.5) 

0.0101 

(9.5) 

Cinzana -0.0006 

(-1.3) 

0.0008 

(2.6) 

0.0004 

(2.8) 

-0.0019 

(-12.6) 

-0.0018 

(-4.1) 

-0.0030 

(-16.8) 

0.0052 

(4.7) 

Ilorin 0.0006 

(0.6) 

-0.0001 

(-0.3) 

-0.0015 

(-8.4) 

0.0024 

(5.2) 

0.0025 

(9.4) 

0.0046 

(8.7) 

0.0093 

(5.4) 

Tamanrasset 0.0108 

(14.0) 

0.0133 

(22.5) 

0.0001 

(0.8) 

0.0001 

(0.5) 

-0.0030 

(-3.7) 

-0.0035 

(-24.1) 

0.0015 

(0.8) 

Middle 

East  

Sede Boker 0.0020 

(6.1) 

0.0020 

(12.3) 

-0.0004 

(-7.1) 

0.0008 

(5.4) 

-0.0017 

(-5.4) 

-0.0012 

(-3.3) 

0.0052 

(4.4) 

Mezaira 0.0049 

(9.6) 

0.0085 

(34.1) 

-0.0001 

(-1.3) 

-0.0014 

(-5.8) 

-0.0093 

(-21.1) 

-0.0157 

(-30.5) 

-0.0119 

(-7.1) 

India Ballia 0.0048 

(5.8) 

-0.0022 

(-19.7) 

0.0011 

(10.5) 

0.0055 

(9.2) 

0.0046 

(6.4) 

0.0050 

(4.9) 

-0.0047 

(-2.6) 

Kanpur 0.0069 

(14.7) 

-0.0018 

(-23.5) 

0.0002 

(3.5) 

0.0019 

(5.4) 

0.0032 

(7.3) 

0.0024 

(4.1) 

0.0031 

(3.0) 

Southeast 

Asia 

Chiang Mai -0.0039 

(-4.1) 

0.0000 

(0.0) 

-0.0000 

(-0.0) 

-0.0039 

(-4.4) 

-0.0022 

(-0.9) 

0.0105 

(6.7) 

0.0163 

(9.0) 

Bangkok -0.0012 

(-1.6) 

0.0000 

(0.0) 

-0.0000 

(-0.0) 

-0.0018 

(-2.5) 

-0.0002 

(-0.1) 

0.0119 

(8.0) 

0.0175 

(10.0) 

Northeast 

Asia 

Beijing -0.0138 

(-33.0) 

0.0011 

(36.3) 

-0.0005 

(-18.9) 

-0.0142 

(-38.1) 

-0.0023 

(-4.6) 

0.0014 

(2.1) 

0.0122 

(13.1) 

Seoul -0.0034 

(-4.5) 

-0.0017 

(-34.8) 

-0.0010 

(-16.4) 

-0.0011 

(-1.7) 

0.0032 

(5.9) 

0.0095 

(13.3) 

0.0024 

(2.3) 

Osaka -0.0096 

(-14.9) 

-0.0008 

(-17.6) 

-0.0008 

(-18.4) 

-0.0090 

(-16.0) 

-0.0020 

(-2.1) 

0.0020 

(1.3) 

0.0065 

(3.2) 

Taipei -0.0049 

(-9.5) 

-0.0004 

(-53.0) 

-0.0008 

(-29.4) 

-0.0037 

(-7.7) 

0.0009 

(1.3)  

0.0104 

(10.0) 

0.0069 

(5.6) 

 668 

 669 

 670 
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Table 3. MK-test results in terms of number of data points (n), Z-value, p-value, and Sen’s slope (S) of τ 672 

(440 nm) according to aerosol type. The Z-value follows the standard normal distribution and explains the 673 

significance of the trend. The p-value decides on the significance of the hypothesis (from highly likely to 674 

highly unlikely) depending on the significance level. S is Sen’s slope estimator and means the degree of 675 

increase or decrease in trend.  (* denotes clear trend with 95% confidence level, |z|>1.96) 676 

Region Site n τT τD τPC τPF 

Z P S Z p S Z p S Z p S 

Europe Thessaloniki 14 -

2.5183* 

0.0118 -

0.0050  

1.3139 0.1889 0.0034 0.2190 0.8267 0.0001  -

2.9562* 

0.0031 -

0.0080  

Venice 18 -

3.0302* 

0.0024 -

0.0084  

2.3484* 0.0189 0.0013  -0.0758 0.9396 -0.0001  -

3.3332* 

0.0009 -

0.0109  

Erdemli 10 0.1789 0.8580 0.0009  0.3578 0.7205 0.0006  -0.3578 0.7205 -0.0009 0.0000 1.0000 -

0.0003  

North 

Africa 

Cape Verde 16 0.0000 1.0000 -
0.0000  

0.0450 0.9641 0.0002  2.1161* 0.0343 0.0019  -
1.2156 

0.2241 -
0.0012  

Cinzana 15 -
0.0990 

0.9212 -
0.0011 

-0.0990 0.9212 -
0.0004 

0.0000 1.0000 0.0002 -
1.1396 

0.2545 -
0.0021 

Ilorin 11 -
0.3114 

0.7555 -
0.0011  

0.0000 1.0000 -
0.0011  

-0.4671 0.6404 -0.0035  0.0000 1.0000 0.0029  

Tamanrasset 9 1.5639 0.1179 0.0134  1.3553 0.1753 0.0135  0.7298 0.4655 0.0013  0.5213 0.6022 0.0023  

Middle 

East 

Sede Boker 15 0.7918 0.4285 0.0023  0.3959 0.6922 0.0026  0.0000 1.0000 -0.0000  0.4949 0.6207 0.0013  

Mezaira 11 1.0899 0.2758 0.0081  0.9342 0.3502 0.0084  -0.3114 0.7555 -

0.00031  

0.0000 1.0000 -

0.0000  

India Ballia 10 0.8944 0.3711 0.0130  -0.3578 0.7205 -

0.0024  

0.0000 1.0000 0.00048  1.0733 0.2831 0.0188  

Kanpur 17 2.7599* 0.0058 0.0094  -1.0298 0.3031 -

0.0026  

0.0000 1.0000 0.00000  2.0184* 0.0436 0.0103  

Southeast 

Asia 

Chiang Mai 9 0.7298 0.4655 0.0074  -0.1789 0.8580 -

0.0001  

0.3578 0.7205 0.00052  0.1789 0.8580 0.0026  

Bangkok 9 1.9809* 0.0476 0.0099  -0.5367 0.5915 -

0.0002  

0.0000 1.0000 -

0.00001  

1.0733 0.2831 0.0065  

Northeast 

Asia 

Beijing 16 -

2.1161* 

0.0343 -

0.0148  

0.4953 0.6204 0.0015  -0.4953 0.6204 -

0.00047  

-

2.1161* 

0.0343 -

0.0144  

Seoul 18 -
0.6818 

0.4954 -
0.0042 

-1.3636 0.1727 -
0.0012 

-

2.9545* 

0.0031 -
0.00117 

-
0.6060 

0.5445 -
0.0029 

Osaka 9 -

3.0235* 

0.0025 -
0.0209  

-

2.3062* 

0.0211 -
0.0019  

-

2.3062* 

0.0211 -
0.00193  

-

3.2320* 

0.0012 -
0.0206  

Taipei 13 -
1.4032 

0.1606 -
0.0091 

-
0.79312 

0.4277 -
0.0004  

-1.2812 0.2001 -
0.00114  

-
1.1592 

0.2464 -
0.0076 

677 
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Table 4. MK-test results in terms of number of data points (m), Z value, p-value, and Sen’s slope (S) of 678 

FMF, 𝛂𝐓  and 𝛂𝐏𝐅 . Meaning of parameters same as in Table 4. (* denotes that clear trend with 95% 679 

confidence level, |z|>1.96 and ** means clear trend with 90% confidence level, |z|>1.65) 680 

Region Site n FMF 𝛂𝐓 𝛂𝐏𝐅 

Z p S Z p S Z p S 

Europe Thessaloniki 14 -2.1898* 0.0285 -0.0108  -1.4234 0.1546 -0.0168  1.0949 0.2736 0.0075  

Venice 18 -2.1969* 0.0280 -0.0031  -0.9848 0.3247 -0.0058  -0.3030 0.7619 -0.0020  

Erdemli 10 -0.3578 0.7205 -0.0019  -0.3578 0.7205 -0.0087  -0.5367 0.5915 -0.0083  

North 

Africa 

Cape Verde 16 -1.8459** 0.0649 -0.0028  -0.1351 0.8926 -0.0008  2.5733* 0.0101 0.0141  

Cinzana 15 -0.5939 0.5526 -0.0013 -1.1877 0.2350 -0.0031 1.4846 0.1376 0.0073 

Ilorin 11 0.1557 0.8763 0.0027  0.1557 0.8763 0.0053  1.8684** 0.0617 0.0115  

Tamanrasset 9 -0.7298 0.4655 -0.0033  -0.9383 0.3481 -0.0050  0.0000 1.0000 -0.0006  

Middle 

East 

Sede Boker 15 -0.0990 0.9212 -0.0020  0.0990 0.9212 0.0006  1.2867 0.6207 0.0075  

Mezaira 11 -0.4671 0.6404 -0.0097  -0.7785 0.4363 -0.0121  -1.5570 0.1195 -0.0203  

India Ballia 10 0.1789 0.8580 0.0050  0.1789 0.8580 0.0068  -0.5367 0.5915 -0.0026  

Kanpur 17 1.3594 0.1740 0.0048  0.6179 0.5366 0.0048  -0.2060 0.8368 -0.0008  

Southeast 

Asia 

Chiang Mai 10 0.0000 1.0000 0.0006  0.6179 0.5366 0.0128  1.9677* 0.0491 0.0157  

Bangkok 10 0.3578 0.7205 0.0005  1.6100 0.1074 0.0120  2.3255* 0.0200 0.0199  

Northeast 

Asia 

Beijing 16 -0.5939 0.5526 -0.0026  0.7654 0.4440 0.0019  2.9265* 0.0034 0.0119  

Seoul 18 1.6666** 0.0956 0.0021 2.2727* 0.0231 0.0095 0.9848 0.3247 0.0022 

Osaka 9 -0.7298 0.4655 -0.0011  0.1043 0.9170 0.0006 1.1468 0.2515 0.0109  

Taipei 13 0.7931 0.4277 0.0016 3.5995* 0.0003 0.0113 1.4032 0.1606 0.0089 
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