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Abstract: Based on satellite remote sensing data acquired by the Ozone Monitoring Instrument 10 

(OMI), this study used pixel space analysis, a coefficient of variation, stability analysis, and an 11 

atmospheric transmission model to determine the concentration of tropospheric ozone (O3), NO2, 12 

HCHO, and SO2 columns in Lanzhou from 2010 to 2019. A series of analyses were carried out on 13 

the temporal and spatial distribution of concentration, influencing factors and atmospheric 14 

transmission path. The results show that the air pollutants in this area present multi-dimensional 15 

characteristics and have a complex spatial distribution. In terms of inter-annual changes, in addition 16 

to the increase in the concentration of the HCHO column, the ozone, NO2, and SO2 column 17 

concentrations have all decreased over time. In terms of monthly average changes, these four 18 

pollutants reached their maximum values in April, December, June, and January, respectively. These 19 

four types of pollution had a strong spatial correlation, among which HCHO and SO2 had a 20 

significant positive correlation, with a correlation coefficient of 0.76. Many factors affect the 21 

Atmospheric Compound Pollution in Lanzhou. Among them, pollutants are closely related to 22 

urbanization and to the activities of coal-burning industries. Moreover, temperature, precipitation, 23 

and sunshine also have certain effects on air quality. The proliferation of pollutants in Gansu 24 

Province was one of the sources of pollutants in Lanzhou, while long-distance transportation in the 25 

atmosphere from outside the province (Qinghai, Sichuan, and Shaanxi) also exacerbated the 26 

pollution in Lanzhou. 27 

 28 
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Introduction 41 

The rapid development of China's economy has come at the expense of environmental 42 

problems involving a complex pollution situation dominated by ecological damage and air pollution 43 

(Xue et al., 2016; Ji et al., 2012). At present, common air pollutants include nitrogen oxides (NH3, 44 

NO, NO2), carbon oxides (VOCS, CO, CO2), sulfides (SO2, H2S), particulate matter (PM10, PM2.5), 45 

photochemical oxides (ozone (O3), H2O2), and other closely related compounds. When the content 46 

of these pollutants in the atmosphere accumulates to a certain level, local air quality will be greatly 47 

reduced at time by high concentrations of these pollutants. The sources can be divided into natural 48 

and man-made sources. Most areas of eastern China have experienced major environmental 49 

problems caused by human activities (Chen et al., 2018; Qiao et al., 2012; Guo et al., 2011; Sudo 50 

and Akimoto, 2007). When the concentrations of these pollutants in the atmosphere exceed the 51 

capacity of the environment to purify the air, this will cause certain types of damage to buildings 52 

and scenic spots, resulting in losses to the national economy, as well as hindering the photosynthesis 53 

of vegetation and negatively affecting the organizational structure of vegetation. These changes 54 

affect the normal operation of the entire ecosystem (Wang et al., 2018; Wittig et al., 2007; Rap et 55 

al., 2015; Chen et al., 2009; Shang et al., 2017; Doughty et al., 2010; Badarinath et al., 2007; Tie et 56 

al., 2005; Liu et al., 2019; Roderick et al., 2001). In addition, various pollutants can be transformed 57 

in the atmosphere and these transformed products influence each other to form secondary pollutants; 58 

these pollutants often induce various diseases in the human body, thereby endangering the survival 59 

and development of humans (Michal, 2008; David et al., 1996; Brumberg et al., 2021; Kan et al., 60 

2012; Yuh-Chin, 2006; Araujo et al., 2009). 61 

One type of photochemical pollution was found to occur in Lanzhou in the 1970s; the topic 62 

attracted a significant amount of attention from the government and scholars from various 63 

disciplines, so that research on air pollution in Lanzhou was encouraged (Tang et al., 1989; Dong et 64 

al., 2021; Lu et al., 2020; Cheng et al., 2019). Concentrations of near-surface ozone in Lanzhou 65 

have been on the rise in recent years. During a typical year, ozone levels are significantly higher in 66 

spring than in other seasons (Jia et al., 2020). NO2 concentrations are significantly positively 67 

correlated with the number of hospital visits by humans (Wang et al., 2012). The SO2 concentration 68 

in the Lanzhou area can reach the medium level of SO2 pollution in winter, which is closely related 69 
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to seasonal meteorological conditions (Peter et al., 2008). The Lanzhou area is one of the heavy 70 

industrial bases and transportation hubs of western China; when coupled with the impact of special 71 

topography, these conditions make this area one of the most severely polluted areas in the world 72 

(Guo Y. T. et al., 2011). After years of strenuous effort, major breakthroughs have been made in 73 

controlling air pollution in Lanzhou, achieving a transformation from a “famous polluted city” to 74 

an ecologically civilized city that has successfully employed a model of air pollution control known 75 

as the Lanzhou model. This paper systematically analyzes the temporal and spatial distribution of 76 

four pollutants and factors that influence their concentrations—ozone, NO2, SO2, and HCHO—and 77 

discusses the problems related to compound air pollution that have not been analyzed previously. 78 

1. Overview of the study area 79 

 80 

 81 

 82 

 83 

 84 

 85 

 86 

 87 

 88 

 89 

 90 

 91 

 92 

 93 

Figure 1 Overview of the study area showing eight counties and districts areas within Lanzhou 94 

City with a digital elevation model overlay. An inset map shows the provinces and other administrative 95 

area of mainland China and locations of their capital cities.- 96 

The Lanzhou area, located in northwestern China and at the geometric center of Chinese 97 

territory, lies roughly between 35–37°N and 102–105°E. As the provincial capital of Gansu Province, 98 

Lanzhou serves as the center of provincial politics, economy, and culture. It is also the center of silk 99 

production. An important node city in the economic belt and road, Lanzhou also serves as an 100 

important industrial base and transportation hub in northwestern China, and as one of the important 101 

central cities in the western region. Covering an area of about 13,100 km2, Lanzhou has about 102 

210,000 hectares of arable land, about 76,000 hectares of forests, and about 765,000 hectares of 103 

pasture land. The temperate continental climate features an average annual temperature of 10.3°C 104 
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with precipitation mainly concentrated in summer and autumn, and an average annual rainfall of 105 

about 327 mm (Wu et al., 2019). The terrain of this area is higher in the west and south, and lower 106 

in the northeast (Figure 1), with the topography mainly composed of mountains and basins. 107 

As one of China's important industrial bases, the Lanzhou area is also an important base for 108 

petrochemical, biopharmaceutical, and equipment manufacturing industries in China. It is a frontier 109 

and an important gateway for the country to implement the policy of opening to the west (Zhang et 110 

al., 2014). As of the end of 2014, 156 proven mineral deposits and ore sites had been identified in 111 

the area, which were mainly divided into nine categories including non-ferrous metals, rare earths, 112 

energy minerals, and precious metals. Among them, the reserves of quartzite as the raw material 113 

needed for the ferrosilicon industry were as high as 300 million tons. The development of the mining 114 

industry has provided sufficient reserve resources for China, while the coal storage reserves total an 115 

estimated 905 million tons, which has greatly promoted the development of the region's mining 116 

industry. As of the end of 2019, the permanent population of the region was 3,790,900, an increase 117 

of 37,300 over the previous year. The regional gross domestic product was 283.736 billion yuan, an 118 

increase of 6% over the previous year; the ratio of the output structure of the above three industries 119 

was 1.82 : 33.32 : 64.86. 120 

2. Data sources and data processing 121 

2.1 Data sources 122 

In this paper, four pollutants such as SO2, O3, NO2, , and HCHO are studied. The four pollutant 123 

gas data were acquired from the ozone monitor on the AURE satellite launched by NASA in 2004. 124 

The main task of this satellite is to observe and study the earth's ozone layer, air quality, and its 125 

changing climate. In addition to socio-economic factors, the factors affecting the aforementioned 126 

gaseous pollutants are also related to the natural factors in the area. Therefore, the data on the socio-127 

economic factors selected in this article (regional production value, secondary production value, 128 

raw coal consumption, urbanized area, urban construction land, and so on) are from the Gansu 129 

Provincial Bureau of Statistics and the Lanzhou Regional Statistical Yearbook. Data related to 130 

natural factors (e.g., precipitation, temperature, air pressure, relative humidity, and sunshine 131 

duration) come from the Gansu and Lanzhou Regional Statistical Yearbooks; in addition, some 132 

natural factor data come from ground-based weather monitoring stations in the Lanzhou area. 133 
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2.2 Data processing 134 

The remote sensing data from the Ozone Monitoring Instrument (OMI) were verified by a large 135 

number of aviation and ground experiments; the results show that the correlation between the 136 

tropospheric and the near-ground pollutant concentrations can reach more than 0.8, which is a 137 

significant positive correlation. However, because cloud coverage will have a certain effect on the 138 

concentration of pollutants, this study uses daily concentration data over a ten-year period; the 139 

amount of available data is relatively large. Therefore, data with a cloud cover greater than 0.2 were 140 

removed during data processing and did not affect the final results. To improve the credibility of the 141 

pollutant concentration data, the latitude range covered by each data point was expanded by 0.5° 142 

when processing the data. The daily ozone, NO2, SO2, and HCHO column concentration data 143 

downloaded from the NASA official website were processed in batches by Python software; next, 144 

data were processed by ArcGIS software (ESRI, Redlands, CA, USA) for raster calculation, 145 

interpolation, extraction, and analysis. Finally, the temporal and spatial distribution maps of the 146 

aforementioned pollutants were obtained. 147 

When analyzing the correlation between these four types of pollution, the year is the unit with 148 

spatial correlation method used for analysis. The calculation process is shown in Eq. (1): 149 𝑟𝑟𝑥𝑥𝑥𝑥 =
∑ [(xi − x�)(yi − 𝑦𝑦�)]𝑛𝑛𝑖𝑖=1�∑ (𝑥𝑥𝑖𝑖 − �̅�𝑥)2∑ (𝑦𝑦𝑖𝑖 − 𝑦𝑦�)2𝑛𝑛𝑖𝑖=1𝑛𝑛𝑖𝑖=1  ,                                     (1) 150 

where rxy represents the correlation between the two gaseous pollutants, and its value is between −1 151 

and 1. The closer rxy is to 1, the more significant a positive correlation between the two pollutants 152 

will be; the closer rxy is to −1, the more significant a negative correlation between the two pollutants 153 

will be. In the equation, xi refers to the concentration of the gaseous pollutant (x) in the ith year; 154 �̅�𝑥  refers to the annual average concentration of the gaseous pollutant (x); yi refers to the 155 

concentration of the gaseous pollutant (y) in the ith year; 𝑦𝑦�  refers to the annual average 156 

concentration of the gaseous pollutant (y); i refers to the year (2010, 2011,…2019); and n is the 157 

sample size (1, 2, 3,…10) (Li et al., 2019). 158 

The coefficient of variation was used to analyze and study the spatial stability of these four 159 

pollutants using Eqs. (2) and (3) as follows: 160 

𝜎𝜎 = �∑ (𝑥𝑥𝑖𝑖 − 𝑥𝑥)2𝑛𝑛𝑖𝑖=1
(𝑛𝑛 − 1)

,                                                          (2) 161 
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 162 𝑐𝑐𝑣𝑣 =
𝜎𝜎𝑥𝑥  ,                                                                            (3) 163 

where σ refers to the standard deviation, which is the average distance between the concentrations 164 

of each pollutant and the average concentration; cv is the coefficient of variation of each pollutant, 165 

where a smaller value indicates a more concentrated pollutant and a smaller range of fluctuation. In 166 

addition, xi refers to the pollutant concentration in the ith year, and 𝑥𝑥 refers to the average pollutant 167 

concentration during the study period (Zhang et al., 2020). 168 

The univariate linear analysis method was used to study the change trend of these four 169 

pollutants in Lanzhou during the past 10 years; it was calculated using Eq. (4) as follows: 170 𝜃𝜃𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜＝𝑛𝑛× ∑ (𝑖𝑖 × 𝑋𝑋𝑖𝑖)  −  ∑ 𝑖𝑖𝑛𝑛𝑖𝑖=1 ∑ 𝑋𝑋𝑖𝑖𝑛𝑛𝑖𝑖=1𝑛𝑛𝑖𝑖=1𝑛𝑛 × ∑ 𝑖𝑖2  𝑛𝑛𝑖𝑖=1  ×   �∑ 𝑖𝑖𝑛𝑛𝑖𝑖=1 �2 ,                                         (4) 171 

where θslope represents the trend slope of the gaseous pollutant in each pixel, n is the number of 172 

samples, i is the year number, Xi is the concentration of the pollutant (X) in the ith year; if the value 173 

of θslope is positive, the concentration of the pollutant increased over time; in contrast, a negative 174 

value of θslope indicates the concentration of the pollutant decreased over time; the larger the 175 

│𝜃𝜃𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜│, the more obvious the change trend of the pollutant concentration (Xian L. et al., 2019). 176 

Finally, the atmospheric transmission model was used to simulate the transmission path of 177 

pollutants in the four seasons in Lanzhou in the past 10 years. The specific process was as follows: 178 

P(t + ∆t) = P(t) + 0.5[v(P, t) + v(P′, t + ∆t)]∆t ,                           (5) 179 

P′(t + ∆t) = p(t) + v(p, t)∆t.                                                                 (6) 180 

The position of the next point was obtained by the product of the average velocity of the 181 

previous time, the average velocity of the point where the first guess is located, and the time step 182 

(Li et al., 2020). The integral time varied between (1 min and 1 H), as shown in Eq. (7): 183 𝑈𝑈𝑚𝑚𝑚𝑚𝑥𝑥(𝑔𝑔𝑟𝑟𝑔𝑔𝑔𝑔 − 𝑢𝑢𝑛𝑛𝑔𝑔𝑢𝑢𝑢𝑢𝑚𝑚𝑖𝑖𝑛𝑛 − 1)∆t(min) < 0.75(grid − units).         (7) 184 

 185 

 186 

 187 

 188 

 189 
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3. Results and analysis 190 

3.1 Spatial distribution of pollutants in Lanzhou 191 

 192 

 193 

 194 

 195 

 196 

 197 

 198 

 199 

 200 

 201 

 202 

 203 

 204 

 205 

 206 

 207 

 208 

 209 

 210 

 211 

 212 

 213 

 214 

Figure 2 The overall spatial distribution of (a) O3, (b) NO2, (c) HCHO, and (d) SO2 215 

concentrations in Lanzhou from 2010 to 2019 216 

By processing the data on the concentrations of tropospheric ozone, NO2, HCHO, and SO2 in 217 

the air column in Lanzhou from 2010 to 2019, the overall spatial distribution of these four pollutants 218 

was obtained (Figure 2). Figure 2 shows that the ozone concentration in the column presented a 219 

distribution pattern of high in the north and east while it was low in the south and west. The overall 220 

trend was for increasing concentrations from the southwest to the northeast. The high value areas 221 

were mainly distributed in the northeast of the Lanzhou area, namely, in Yongdeng County, the 222 

northeastern part of Deng County, Gaolan County, and the northern part of Yuzhong County. The 223 

distribution pattern of NO2 presented a medium-high and low distribution pattern on both sides; that 224 

is, high-value areas were mainly distributed in economically developed areas (the districts of 225 

Chengguan, Xigu, and Qilihe, along with Gaolan County), while low-value areas were mainly 226 
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distributed in western Yongdeng County and southeastern Yuzhong County. The overall spatial 227 

distribution of HCHO presented two obvious concentration centers, namely, Yongdeng as the main 228 

low-value center, while high-value centers were located in the southern part of Yuzhong County, 229 

Qilihe District, and the eastern part of Chengguan District. The spatial distribution pattern of SO2 230 

was mainly high in the north and west while it was low in the south and east. The high-value areas 231 

were mainly distributed in the northern part of Gaolan County, while the low-value areas were 232 

mainly distributed in the southern part of Yuzhong County. In addition, Lanzhou New District, 233 

composed of Yongdeng and Gaolan counties, are China’s fifth and first national-level new districts 234 

in Northwest China. This region serves as an important economic growth center in Northwest China, 235 

an important national industrial base, and an important strategic platform for opening to the west. 236 

To create an industrial transfer demonstration zone, together with the Lanzhou area, a major move 237 

was made to transfer industries to the Lanzhou New District, including many heavy industry, 238 

materials, heating, and power supply companies, thus making the ozone and SO2 column 239 

concentrations higher than in other regions. Figure 1 shows that Yuzhong County has relatively high 240 

elevation terrain with many mountains and hills, relatively lush vegetation, and a relatively sparse 241 

distribution of industries and enterprises in the area. As a result, the ozone, NO2, and SO2 column 242 

concentrations in this area were relatively low when compared with other areas. Studies have found 243 

that isoprene emitted by plants is the main component of VOCs and contributes particularly 244 

prominently to the concentration of HCHO, so that the HCHO concentration has a significant 245 

positive correlation with the amount of vegetation cover. Therefore, the concentration of the HCHO 246 

column in Yuzhong County was significantly higher than that in other areas (Fan et al., 2020). In 247 

recent years, China has increased its efforts to control air pollution and has implemented industrial 248 

transfer measures in the Lanzhou area; as a result, the ozone and HCHO column concentrations in 249 

the municipal districts (Anning, Chengguan, Qilihe, and Xigu districts) in the Lanzhou area have 250 

been lower than in the past. 251 

 252 

 253 

 254 

 255 

 256 
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3.2 Inter-annual variation of pollutants in Lanzhou 257 

 258 

 259 

 260 

 261 

 262 
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 264 
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 266 

 267 

 268 

 269 

 270 

 271 

 272 

 273 

 274 

Figure 3 Inter-annual changes of (a) O3, (b) SO2, (c) HCHO, and (d) NO2 concentrations in 275 

Lanzhou from 2010 to 2019 276 

The inter-annual variation trends of four pollutants in Lanzhou from 2010 to 2019 were 277 

obtained by processing the concentration data in the region (Figure 3). In the past 10 years, the 278 

ozone column concentration has shown a wave-like change trend; that is, the ozone column 279 

concentration rebounded in 2012, 2015, and 2018. The change of the ozone column concentration 280 

before 2015 had a “V-shaped” trend. From 2010 to 2012, the ozone column concentration generally 281 

had a downward trend, while the ozone column concentration rose from 2013–2015. After 2015, the 282 

ozone column concentration was significantly lower than before 2015. The maximum value in 10 283 

years appeared in 2010, which was 305.14 DU; the minimum value appeared at 284.57 DU in 2016. 284 

The SO2 has shown an overall downward trend since 2011, after peaking in 2011 at 0.74 DU; the 285 

minimum value appeared in 2013 at 0.58 DU. The inter-annual changes were not obvious, and the 286 

SO2 column concentrations in 2015 and 2018 had rebounded compared with previous years. The 287 

SO2 peaked 0.74 DU in 2011, while the minimum value was 0.58 DU in 2013. The concentration 288 

of the HCHO column had obvious regularity during the study period, with an overall trend “V-289 

shaped” trend. That is, HCHO had a decreasing trend in 2010–2014, and an increasing trend in 290 

2015–2018. It peaked in 2018 at 13.751015 molec/cm2, and a minimum value appeared in 2017 at 291 

8.59 1015 molec/cm2. During these 10 years, the inter-annual variations of the HCHO column 292 
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concentration fluctuated greatly, with the difference between the maximum and minimum at 293 

5.161015 molec/cm2. The NO2 column concentration had an obvious evolutionary law during these 294 

10 years; before 2013, there was an overall upward trend, while later it showed a downward trend; 295 

before 2014, the NO2 column concentration was generally higher than after 2014. The reason these 296 

four pollutants in Lanzhou have shown these changes is people gained a gradual increase in 297 

environmental awareness while science and technology experienced rapid development. In addition, 298 

the Lanzhou regional government has intensified its efforts to control air pollution in recent years; 299 

it has identified key pollution control tasks such as a reduction in emissions, movement away from 300 

the use of coal, along with implementing dust abatement measures while controlling vehicle 301 

emissions, and limited the capacity for expansion. In addition, the regional government has been 302 

focusing on the management and control of key processes, while implementing linkage, scientific, 303 

targeted, engineering, and legal management plans. In addition, the Lanzhou government has 304 

prioritized control of industrial, secondary dust, motor vehicle exhaust, and coal production 305 

pollution sources in support of air pollution prevention and control. The government has 306 

implemented real-time supervision of the entire process; all employees and all grids working on air 307 

pollution prevention and control work in this area have achieved good results. The obvious control 308 

of air pollution in Lanzhou also shows that the close relationship between these four polluting gases 309 

and economic characteristics of the region can be tackled under strong environmental management. 310 

 311 

 312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

 320 

 321 

 322 

 323 

 324 

 325 
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3.3 Monthly average change in pollutants concentrations in the 326 

Lanzhou area 327 

 328 

 329 

 330 

 331 

 332 

 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

  344 

 345 

Figure 4 The average monthly changes of (a) SO2, (b) NO2, (c) HCHO, and (d) O3 concentrations 346 

from 2010 to 2019 347 

This study used Origin software to linearly fit the concentration of these four air pollution gases 348 

(SO2, NO2, HCHO and ozone) over 120 months in 10 years to facilitate the study of the monthly 349 

average change trends of pollutants in Lanzhou and to produce the monthly average change trend 350 

graph of the concentrations of four pollutant from 2010 to 2019 (Figure 4). This figure shows that 351 

the monthly average SO2 and ozone column concentrations in Lanzhou show a certain regularity 352 

with large fluctuations; the difference between the maximum and minimum values were 0.66 DU 353 

and 97.79 DU, respectively. Moreover, the overall change trend of the former is gentler than that of 354 

the latter, with a decreasing trend that was not obvious. Among them, the SO2 column concentration 355 

began to decrease in January, falling to the lowest value in July and August, then rising from 356 

September to a peak in December and January of the following year; that is, the SO2 column 357 

concentration reached its peak, especially in January. The ozone column concentration showed 358 

obvious periodicity in the monthly average change. The concentration started to rise in January and 359 

peaked in March and April; then, the ozone column concentration began to decrease, until December 360 

and January of the next year, when the ozone column concentration reached its lowest point (Liang 361 
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et al., 2021). In general, the monthly average change trends of these two pollutants were exactly 362 

opposite. That is, the trough of the ozone column concentration occurred exactly at the peak of the 363 

SO2 column concentration, while the concentration of the former reaches its peak in March and 364 

April, the ozone column concentration reaches the highest in the spring, and the latter drops to the 365 

lowest in July and August; that is, a valley occurs in summer. However, the monthly average changes 366 

of NO2 and HCHO column concentrations were not very obvious when compared when those of 367 

ozone and SO2 concentrations. Among them, the NO2 column concentration had two troughs in a 368 

year. That is, the NO2 column concentration reached a minimum in February and August, while 369 

peaking in December. The range of changed in the NO2 column concentration before 2015 was 370 

greater than that after 2015, while the overall trend of a change in the monthly average was 371 

decreasing. The HCHO column concentration after 2015 changed more than before 2015, and the 372 

monthly average change increased. In general, the HCHO column concentration peaked in June, 373 

and then decreased to minimums in April and October, which means that there were two troughs in 374 

each year. In general, if natural factors have a leading role in the concentrations of pollutants, then 375 

its changing trend will show a regular periodicity. However, the above four pollutants exhibited no 376 

such periodicity, meaning that the factors affecting the concentrations of pollutants in Lanzhou are 377 

mainly human factors, which are especially under the obvious influence of the concentrations of 378 

HCHO and NO2 column. 379 

 380 

 381 

 382 

 383 

 384 

 385 

 386 

 387 

 388 

 389 
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3.4 Analysis of the stability and trend of pollutants in Lanzhou 390 

3.4.1 Stability analysis of pollutants in the Lanzhou area 391 

 392 

 393 

 394 

 395 

 396 

 397 

 398 

 399 

 400 

 401 

 402 

 403 

 404 

 405 

 406 

 407 

 408 

 409 

 410 

 411 

Figure 5 The distribution of stable concentrations of (a) O3, (b) NO2, (c) HCHO, and (d) SO2 in 412 

Lanzhou from 2010 to 2019 413 

A spatial distribution map of the 10-year pollutant variation coefficients in the Lanzhou area 414 

was obtained by processing data for four pollutants (ozone, NO2, HCHO, and SO2 column 415 

concentration) in the Lanzhou area from 2010 to 2019 to study the stability of pollutants in the 416 

Lanzhou area (Figure 5). This figure shows that the stability of the pollutants in Lanzhou improved 417 

over time with a coefficient of variation below 0.25. Among them, the largest area enclosing 42% 418 

of the Lanzhou region had a relatively low fluctuation of the ozone column concentration. This area 419 

was mainly distributed in Gaolan County, while Yongdeng County had higher ozone column 420 

concentration, with its economically developed and densely populated city-controlled areas. About 421 

35% of the area had a fluctuating low NO2 column concentration, with its main branches in eastern 422 

Yongdeng County, most areas of Gaolan County, and in the city-controlled areas. In addition, 26% 423 

of the study area had a low fluctuation of the HCHO column concentration, which was mainly 424 

distributed in Yongdeng County and the western part of Honggu District. Meanwhile, 38% of the 425 

study area had a low fluctuation of the SO2 column concentration, mainly distributed in southern 426 
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Yongdeng County, northern Yuzhong County, and in most of the city-controlled areas. Figure 5 427 

shows that the low-fluctuation area of pollutants in this study accounted for a large proportion of 428 

the study area, indicating that the spatial distribution of pollutants varies little. Except for HCHO, 429 

the city-controlled areas with the other three pollutants were lower the fluctuation area indicating 430 

that human economic activities had a certain influence on its spatial distribution, while the spatial 431 

distribution of the HCHO column concentration was greatly affected by natural factors. In general, 432 

the spatial distribution of pollutants in Lanzhou is relatively stable, affected by natural and human 433 

factors, and has relatively small fluctuations. 434 

  435 



15 

3.4.2 Trend analysis of pollutant concentrations in the Lanzhou area 436 

 437 

 438 

 439 

 440 

 441 

 442 

 443 

 444 
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 449 

 450 
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 452 

 453 

 454 

 455 

 456 

 457 

Figure 6 The trends in the spatial distribution of (a) O3, (b) NO2, (c) HCHO, and (d) SO2 458 

concentrations in Lanzhou from 2010 to 2019 459 

The spatial distribution of the trends of change in pollutant concentrations was combined with 460 

combined trend analysis to obtain pollutant concentration data in the area from 2010 to 2019; these 461 

data were then used to study these trends in the Lanzhou area (Figure 6). In order to facilitate this 462 

type of analysis, based on the change coefficient of each pollutant trend, we divided the change 463 

trends into four categories: reduction, slight reduction, basically unchanged, and slight increase. 464 

Figure 6 shows that in northern Gaolan and Yongdeng counties the ozone column concentration was 465 

relatively high and had a significant increasing trend; meanwhile, a slight upward trend was 466 

observed in Chengguan District, while in Honggu and Xigu districts something changed. The 467 

concentration of ozone column in southwestern Yongdeng County and eastern Yuzhong County 468 

showed a clear downward trend, while in other areas the concentration of ozone did not change 469 

significantly. The NO2 column concentration showed a slight increasing trend in the city-controlled 470 

areas with higher values, such as southern Gaolan County, southeastern Yongdeng County, and 471 

western Yuzhong County; meanwhile, NO2 showed a slight increase in northern Yongdeng County. 472 

In the remaining areas, the concentration of NO2 column remained basically unchanged. The HCHO 473 
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column concentration in Lanzhou showed four changing trends. In northern Yongdeng County 474 

HCHO showed a clear increasing trend, while the central and northwestern parts of Gaolan County 475 

it showed a slightly increasing trend. The HCHO column concentration remained basically 476 

unchanged (except for a slight decrease in some areas) in remaining areas except for northern part 477 

of Yuzhong County. The concentration of the SO2 column in Lanzhou remained unchanged in most 478 

areas, while it decreased in areas of the intersection between the heavy industry base (Xigu District) 479 

and Anning District; SO2 showed a slight increase in the eastern and southern parts of Yuzhong 480 

County. The trend of SO2 showed a clear upward trend, especially in parts of the southeast. This 481 

shows that the Lanzhou area has succeeded in controlling air pollution in recent years to some extent. 482 

The total amount of pollutants has been reduced, but some areas are still experience an increasing 483 

trend in air pollutant concentrations. The NO2 column concentration has increased in the city-484 

controlled areas because of changes to the regional economy. Urbanization along with increases in 485 

population and car ownership have increased year by year; as a result, car exhaust has contributed 486 

a large amount of pollutant gases into the atmosphere, causing the concentration of NO2 column in 487 

this area to rise. 488 

3.5 Spatial relationship among pollutants in Lanzhou area 489 

 490 

 491 

 492 

 493 

 494 

 495 

 496 

 497 

 498 

 499 

 500 

 501 

 502 

 503 

 504 

Figure 7 Spatial relationships between pollutants in Lanzhou from 2010 to 2019: correlations 505 

between (a) O3 and NO2; (b) O3 and NCHO; (c) O3 and SO2; (d) HCHO and NO2; (e) HCHO3 and SO2; 506 

(f) NO2 and SO2. 507 

This study combined spatial pixel analysis by processing the concentration data of these four 508 
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pollutants in the study area to examine the mutual influences and contributions between the 509 

pollutants in Lanzhou area. Figure 7 presents a spatial relationship diagram of the pollutant 510 

concentrations from 2010 to 2019. The NO2 and ozone concentrations are mainly negatively 511 

correlated spatially with a negative correlation in 65% of the study area; the negative correlation 512 

coefficient was as high as −0.64. The NO2 and ozone were mainly distributed in northern Yongdeng 513 

and Gaolan counties, and in eastern Yuzhong County. The areas with a positive correlation were 514 

mainly distributed in the city-controlled areas with higher NO2 column concentrations, in southern 515 

Gaolan County, and in western Yuzhong County. Meanwhile, the HCHO and ozone were mainly 516 

positively correlated spatially, with a positive correlation occurring in up to 96% of the study area 517 

and having a correlation coefficient as high as 0.68. This shows that the ozone column concentration 518 

increased with an increase of the HCHO column concentration, and vice versa. The areas with a 519 

positive correlation were mainly distributed at the intersection of Yongdeng County, Xigu District, 520 

Anning District and the northern part of Yuzhong County where the concentration of both pollutants 521 

was high. Therefore, SO2 and ozone were spatially positively correlated, with a positive correlation 522 

coefficient of 0.61; this was more obvious in the northern areas of Yuzhong and Gaolan counties 523 

where the concentrations of these two pollutants were relatively high. Both HCHO and NO2 column 524 

concentrations were negatively correlated in space, with a negative correlation coefficient of as high 525 

as −0.58. This correlation was more obvious in the western region of Yongdeng County and in 526 

Honggu District where the two concentrations were lower. The concentration of the HCHO and SO2 527 

columns both realized a positive correlation spatially, with a correlation coefficient as high as 0.76, 528 

which was primarily manifested in the eastern part of the study area. The NO2 and SO2 column 529 

concentrations were mainly positively correlated spatially and occupied 77% of the study area; the 530 

correlation coefficient between the two was between −0.49 and 0.49. The positive correlation was 531 

primarily distributed in Yongdeng County and in Honggu and Xigu districts where the concentration 532 

of the SO2 column was relatively high. The negative correlation was mainly distributed in the 533 

northern parts of Yongdeng and Gaolan counties as well as in the entire area of Yuzhong County, 534 

where the concentrations of both were relatively low. This shows that the concentrations of various 535 

pollutants influence and promote each other. Under certain conditions, one pollutant will transform 536 

into the precursor of another pollutant, causing it to continue to grow and fall in the atmosphere, 537 

eventually leading to changes in air quality. 538 
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4. Analysis of factors influencing the concentration of 539 

pollutant in the Lanzhou area 540 

4.1 The influence of natural factors on the concentrations of pollutants 541 

Table 1 Correlations between natural factors and pollutants in Lanzhou from 2010 to 2019 542 

Correlation 

coefficients 

SO2 NO2 O3 HCHO 

Temperature −0.54 −0.89** 0.67* −0.36 

Precipitation −0.57 −0.35 −0.49 0.42 

Humidity −0.63* −0.56 −0.32 0.35 

Sunshine 0.39 0.41 0.74** −0.47 

Year −0.67* −0.69* −0.59 0.45 

* p<0.05, significant correlation. ** p<0.01, significant correlation. 543 

Origin software was used to analyze the correlation between natural factors and the 544 

concentrations of pollutants in the Lanzhou area from 2010 to 2019 using statistics. Table 1 shows 545 

the correlations between the concentrations of various pollutants and various natural factors in the 546 

study area. Table 1 shows that, except for the increase in the HCHO column concentration over time, 547 

the national binding indicators have been reduced. This shows that with the strengthening of air 548 

pollution control in Lanzhou in recent years, the air quality has improved significantly. In addition 549 

to the relatively weak relationship between temperature and HCHO, a strong correlation was 550 

observed between temperature and the other three pollutants, specifically SO2, NO2, and ozone, with 551 

correlation coefficients of −0.54, −0.89, and 0.67, respectively. Among them, ozone is a secondary 552 

pollutant frequently formed as a product of photochemical reactions; higher temperature will 553 

accelerate the production rate of ozone, thereby increasing the concentration of the ozone column 554 

in the atmosphere. Studies have found that a significant correlation exists between the content of 555 

nitrogen oxides in the air and the length of its life span and temperature (Ma et al., 2020). The 556 

content of NO2 in the atmosphere in Lanzhou in winter was significantly higher than that in summer. 557 

The high summer temperatures promote photochemical reactions involving nitrogen oxides in the 558 

atmosphere and shortens its survival time, which is not conducive to the accumulation of NO2. Low 559 

winter temperatures do not favor the conversion of NO2 into other products, which causes it to 560 

accumulate in the atmosphere. Therefore, the concentration of NO2 in winter is normally 561 

significantly higher than in the other three seasons. Precipitation and relative humidity have a greater 562 
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impact on the concentration of the SO2 column, with correlation coefficients of −0.57 and −0.63, 563 

respectively. With more precipitation, the humidity will increase. Rainwater will dilute some of the 564 

pollutants in the atmosphere and cause them to be removed during precipitation. This will reduce 565 

the content of some pollutants in the atmosphere, which may also be one of the reasons for the low 566 

concentrations of SO2 and NO2 observed in summer. In addition, a significant correlation also exists 567 

between the duration of sunshine and the ozone and HCHO column concentrations, with correlation 568 

coefficients of 0.74 and −0.47, respectively. Specifically, the longer the duration of sunshine with 569 

increased amounts of light radiation, catalyzes the formation of ozone from precursors such as VOCS, 570 

NOX, and HCHO, as the precursors of ozone will also consume part of those precursors as ozone is 571 

generated in the process; therefore, the number of sunshine hours also has a certain effect on the 572 

concentration of the HCHO column. 573 

4.2 The influence of socio-economic factors on the concentrations of 574 

pollutants 575 

Table 2 Correlations between economic factors and pollutants in Lanzhou from 2010 to 2019 576 

Correlation 

coefficients 

DGP Secondary 

industry 

Tertiary 

Industry 

light 

industry 

City 

area 

Built-up 

area 

Construction 

land 

Raw coal 

consumption 

SO2 −0.67* −0.63* −0.66* −0.48 −0.60* 0.59 −0.6 0.37 

NO2 −0.67* −0.4 −0.72* −0.41 −0.82** −0.86** −0.82** 0.79** 

O3 −0.5 −0.58 −0.46 −0.31 −0.34 −0.34 −0.35 0.37 

HCHO 0.28 0.34 0.42 −0.56 −0.29 0.38 0.24 −0.45 

* p<0.05, significant correlation. ** p<0.01, significant correlation. 577 

Table 2 shows the relationship between economic factors and pollutant concentrations in 578 

Lanzhou from 2010 to 2019. The gross domestic product is often used to measure the economic 579 

development of a country or region in a certain period of time (Table 2). The gross domestic product 580 

had significant correlations with the column concentrations of SO2, NO2 and ozone, with correlation 581 

coefficients of −0.67, −0.67 and −0.5, respectively. The correlation of the gross domestic product 582 

with the HCHO column concentration was weak. The secondary industries (industries) had a 583 

significant correlation with the column concentrations of SO2 and ozone, whereas the correlations 584 

with the column concentrations of NO2 and HCHO were relatively weak. The tertiary industries 585 

(service industries) had a high correlation with all four types of pollution concentrations; in 586 

particular, the correlations with the SO2 and NO2 column concentrations and the service industry, 587 
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with correlation coefficients of −0.66 and −0.72, respectively. Urban construction land, urban area, 588 

and built-up area all had obvious correlation with the SO2 and NO2 column concentrations, whereas 589 

the correlations with the other two pollutants were relatively weak. A significant correlation was 590 

observed between raw coal consumption and NO2, with a correlation coefficient of 0.79. Studies 591 

have shown that a large amount of NOX will be produced during the combustion of coal, and under 592 

certain conditions, NOx will be converted into a precursor of NO2, making it accumulate 593 

continuously in the air, eventually causing the NO2 content in the atmosphere to gradually rise. The 594 

above shows that a close relationship exists between the development of industry and urbanization 595 

in Lanzhou and the concentrations of pollutants; the industries that use coal as a raw material also 596 

had a significant impact on the concentrations of pollutants (Lan et al., 2019; Cheng et al., 2019). 597 

Therefore, controlling air pollution and limiting it within a reasonable range will be necessary to 598 

better control of the use of coal and other raw materials; the purification of exhaust gas and the 599 

development of clean energy are both needed along with slowing the process of urbanization. This 600 

will reduce overall greenhouse gas emissions.  601 

 602 
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4.3 Analysis of the source of pollutants in Lanzhou 616 

 617 
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 636 

Figure 8 Sources of pollutants in (a) spring, (b) summer, (c) fall, and (d) winter in Lanzhou from 637 

2010 to 2019 638 

In addition to the sources of pollutants, which are closely related to human economic activities, 639 

the long-distance transportation of pollutants in the atmosphere also has a major impact on the 640 

concentration of pollutants in the studied region. The study used the atmospheric transmission model 641 

in MeteoInfo software to simulate the transmission path of pollutants in the Lanzhou area to identify 642 

the sources of pollutants more intuitively. As shown in Figure 8, the map presents the four main 643 

atmospheric motion trajectories obtained in each quarter from 2010 to 2019 using the clustering 644 

method. In spring, pollutants in the Lanzhou area primarily come from northern Wuwei city (36%), 645 

followed by Longnan City and Qinghai Province, each accounting for 32% of all air masses. This 646 

finding shows that the pollutants in the Lanzhou area in spring are primarily imported from Gansu 647 

Province, followed by Qinghai Province. The pollutants in this area in summer are mainly imported 648 

from southern Gansu Province, accounting for 67% of all air masses, followed by Shaanxi Province 649 

which accounts for 23%. In autumn, polluted air mainly came from Qinghai Province (41%), 650 

followed by Pingliang City and Sichuan Province (31% and 28%, respectively). The winter 651 

pollutants primarily come from Qinghai Province (69%), followed by the southern cities of Gansu 652 
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Province (31%). In general, the air in Lanzhou area is mainly transmitted from Gansu Province, 653 

followed by remote transmission from Qinghai Province, while the influence of Sichuan and 654 

Shaanxi provinces cannot be ignored; this also shows that long-distance atmospheric transport, a 655 

natural factor, has an increasingly prominent impact on regional pollutants. 656 

5. Conclusions 657 

1) Air pollutants in the Lanzhou area have multi-dimensional characteristics and a complex spatial 658 

distribution caused by variations in meteorological and other conditions that cause their formation, 659 

so that ozone concentrations decreasing from the northeast to southwest. Meanwhile, HCHO and 660 

SO2 have the characteristics of an “inverse phase” spatial distribution; the former has a southeast 661 

phase and decreases to the northwest, while the latter decreases from northeast to southwest. In 662 

addition, NO2 concentrations are high in the central region of the study area and low in two other 663 

areas. 664 

2) In the past 10 years, in addition to the increase in the concentration of the HCHO column with 665 

the inter-annual changes, ozone, NO2, and SO2 concentrations have all decreased. With seasonal 666 

changes, both NO2 and SO2 concentrations peak in spring, while ozone and HCHO concentrations 667 

peak in spring and summer, respectively. In terms of changes in monthly averages, concentrations 668 

of these four pollutants (ozone, NO2, HCHO, and SO2) peaked in April, December, June, and 669 

January, respectively. 670 

3) Atmospheric pollutants frequently interact with each other causing mutual transformation and 671 

promotion. Their complex characteristics make improving air quality quite difficult. The spatial 672 

correlations between these four pollutants can be specifically expressed as follows: the ozone and 673 

NO2 column concentrations mainly show a negative correlation (correlation coefficient of −0.64; 674 

other coefficients are in parentheses below); the ozone and the column concentrations of HCHO and 675 

SO2 are generally positively correlated (0.68 and 0.61, respectively). In addition, HCHO is 676 

negatively correlated with NO2 (−0.58), whereas it has a high degree of positive correlation with 677 

SO2 (0.76); SO2 and NO2 are mainly positively correlated spatially (between −0.49 and 0.49). 678 

4) When analyzing the stability of pollutants in Lanzhou, areas with higher concentrations of 679 

pollutants had less stable air quality than areas with lower concentrations. In the trend analysis, it 680 

was found that the concentrations of pollutants had declined in most areas, but some areas were still 681 
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experiencing upward trends in some pollutants. The concentration of SO2 in the Xigu District of the 682 

Industrial and Chemical Industry Base has decreased, whereas the concentration of ozone and NO2 683 

in Chengguan District has increased. 684 

5) Air pollutants in Lanzhou are restricted by a variety of factors. Among the natural factors, 685 

temperature has a relatively weak relationship with HCHO, and has a greater impact on the other 686 

three pollutants. Precipitation affects all four pollutants. Relative humidity has a greater impact on 687 

SO2 and NO2; meanwhile, the duration of sunshine has a greater impact on ozone while also having 688 

a certain impact on HCHO and NO2. Among the economic factors influencing air quality, these four 689 

pollutants were greatly affected by the speed of urban and economic development; in addition, a 690 

certain connection existed between HCHO and the development of light industry. 691 

6) Through the simulation of atmospheric movement trajectory, it is found that the pollutants in 692 

Lanzhou area are mainly affected by Gansu Province. In addition, air pollutants from Qinghai, 693 

Sichuan and Shanxi provinces have been transported remotely from the atmosphere, which has 694 

exacerbated the pollution in Lanzhou. 695 
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