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Abstract 39 

Estimating ambient PM2.5 (fine particulate matter) concentrations in India over many 40 

years is challenging because spatial coverage of ground-based monitoring, while 41 

better recently, is still inadequate and satellite-based assessment lacks temporal 42 

continuity. Here we analyze MERRA-2 reanalysis aerosol products to estimate PM2.5 43 

at hourly scale to fill the space-time sampling gap. MERRA-2 PM2.5 are calibrated 44 

and validated (r = 0.94, slope of the regression = 0.99) against coincident in-situ 45 

measurements. We present the first space-time variability of ambient PM2.5 diurnal 46 

pattern in India for an 18-year (2000-2017) period. Diurnal amplitude is found to be 47 

quite large (>30 μg m-3) in the Indo-Gangetic Basin (IGB) and western arid regions of 48 

India. PM2.5 is found to decrease over the western dust source region and increase 49 

over the Himalayan foothills and parts of IGB and central India primarily in the 50 

morning and evening hours. This increasing trend at an annual scale is primarily 51 

governed by a large increase in concentration during Oct-Feb that can be attributed to 52 

a combination of the rise in emission and declining boundary layer height. Our results 53 

suggest that the satellite-based concentration estimates (typically representative of late 54 

morning to early afternoon hours) are lower (magnitude depends on the place and 55 

season) than the 24-hour average concentration in most parts of India. In the future, 56 

the integration of reanalysis data in concentration modeling may assist in reducing the 57 

uncertainty in estimates of air pollution concentration patterns in India and elsewhere. 58 
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1. Introduction 64 

Ambient PM2.5 (fine particulate matter smaller than 2.5 𝜇m) concentration is a 65 

leading risk factor of global burden of disease (Cohen et al., 2017). In India almost the 66 

entire population is exposed to annual PM2.5 exceeding World Health Organization 67 

(WHO) annual air quality guideline of 10 𝜇g m-3. Even the annual national ambient 68 

air quality standard (NAAQS) of 40 𝜇g m-3 was apparently exceeded by about 77% of 69 

the population in 2017, resulting in 0.67 (95% uncertainty interval [UI] 0.55-0.79) 70 

million premature death and average loss of 0.9 (0.8-1.1) years of life expectancy 71 

(Balakrishnan et al., 2017). Ambient PM2.5 concentration is further projected to 72 

increase in future as India is expected to develop rapidly (Chowdhury et al., 2018; 73 

GBD MAPS Working Group, 2018). This calls for urgent implementation of an 74 

efficient air quality management plan in India to achieve a sustainable environment, 75 

for which a major step is development of a robust air quality monitoring system. 76 

The biggest challenge in monitoring ambient PM2.5 in India is lack of adequate 77 

ground-based measurements across the country. PM2.5 monitoring started in India by 78 

the Central Pollution Control Board (CPCB) in 2008-2009. Though the network has 79 

expanded since then, still in 2018, India has just 1 monitor for ~7 million population 80 

(Martin et al., 2019). The existing monitor density is much lower than that in China 81 

(1.2 monitors per million people) where ambient PM2.5 concentration was in the same 82 

range of India few years ago but started decreasing in the recent years (Zhao et al., 83 

2018). To address this limitation in adequate spatial coverage of PM2.5 monitoring in 84 

India (and also in many other developing countries), a methodology evolved first to 85 

infer PM2.5 from satellite-retrieved aerosol optical depth (AOD) following a 86 

regression-based approach (Hoff et al., 2009).  Later spatially and temporally varying 87 

scaling factors derived from chemical transport models were applied (van Donkelaar 88 
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et al., 2010, 2016; Brauer et al., 2015). This satellite-based approach has been adopted 89 

to generate district-level PM2.5 concentration data for India (Dey et al., 2012; 90 

Chowdhury et al., 2016). Though satellite data provide adequate spatial coverage, 91 

they are temporally discontinuous as the passive sensors flying onboard polar 92 

satellites (e.g. Terra and Aqua) can only retrieve AOD during daytime and when they 93 

are overhead. Furthermore, satellite AOD retrieval depends on availability of cloud-94 

free condition and hence aerosol climatology during the monsoon (June-September) 95 

season in India is biased towards the dry days (Dey and Di Girolamo, 2010). 96 

So far, three approaches have been adopted to address the temporal gap in 97 

sampling. First, AOD data from geostationary satellites allowed continuous PM2.5 98 

retrieval over a particular region throughout the day as long as the sunlight is 99 

available for AOD retrieval in cloud-free condition (e.g. Chudnovsky et al., 2012; 100 

Lennartson et al., 2018). Even then, it is not possible to retrieve PM2.5 estimates after 101 

sunset. Secondly, integration of PM2.5 data from ground-based and satellite 102 

measurements in a Bayesian framework allowed filling the spatial and temporal gap 103 

in the concentration data (Shaddick et al., 2016, 2017). Thirdly, chemical transport 104 

modeling (CTM) has the capability of simulating PM2.5 at hourly scale (Michael et al., 105 

2013), but accuracy of model-simulated PM2.5 depends on the model physics, 106 

configurations and representativeness of the emission inventory. In this work, we 107 

propose another approach for estimating ambient PM2.5 concentration using reanalysis 108 

aerosol product. Reanalysis products generated by joint assimilation of meteorological 109 

and aerosol observations into global assimilation system take advantages of the best 110 

features of both observations and models (Randles et al., 2017) so that the space-time 111 

continuity in data is maintained with less uncertainty (Bocquet et al., 2015). We 112 

analyze 18-year (2000-2017) of ambient PM2.5 concentration at hourly scale and 113 

https://doi.org/10.5194/acp-2019-731
Preprint. Discussion started: 26 November 2019
c© Author(s) 2019. CC BY 4.0 License.



Manuscript for Atmos. Chem. Phys.  

 5 

report their climatology, trends and the diurnal amplitude at seasonal scale in India for 114 

the first time. 115 

2. Approach and Methodology 116 

We analyze MERRA-2 (Modern-Era Retrospective analysis for Research and 117 

Application) aerosol reanalysis data for this work, which are generated by GEOS-5 118 

atmospheric model at 0.5° ×0.625° horizontal resolution (Gelaro et al., 2017). A 119 

radiatively coupled version of the GOCART (Randles et al., 2016) model that 120 

considers the sources, sinks and chemistry of 15 externally mixed aerosol species -121 

dust in 5 size bins, sea-salt in 5 size bins, hydrophilic and hydrophobic organic carbon 122 

(OC) and black carbon (BC), and sulfate is used to generate MERRA-2 aerosol 123 

products (Randles et al., 2017). While emissions and transportations of dust and sea-124 

salt are wind-driven, anthropogenic (EDGARv4.2) and biogenic sulfate (AeroCom 125 

Phase II) and carbonaceous aerosols (scaled RETROv2) are redistributed by winds 126 

after they are emitted (Lana et al., 2011). MERRA-2 aerosol analysis assimilates 127 

quality-controlled AOD at 550 nm from three different sensors (MISR, MODIS Terra 128 

and MODIS Aqua, AVHRR and AERONET). More details of the MERRA-2 aerosol 129 

algorithm are provided in (Randles et al., 2016), while extensive validation of the 130 

product is discussed in Buchard et al (2017). One of the MERRA-2 reanalysis aerosol 131 

products is hourly concentration of individual aerosol species smaller than 2.5 𝜇m. To 132 

obtain total PM2.5, we simply add up dust and sea-salt in size bins smaller than 2.5 133 

𝜇m, hydrophilic and hydrophobic OC, BC and sulfate (assuming the entire load is 134 

within PM2.5). We note that BC, dust and sea-salt are primary particles and sulfate and 135 

OC are secondary aerosols. 136 

We calibrate hourly MERRA-2 PM2.5 with coincident PM2.5 data from 80 CPCB 137 

sites across the country for the period 2009-2017, as CPCB data are available only for  138 
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 152 
Figure 1. Scatter plot between calibrated MERRA-2 PM2.5 and in-situ PM2.5 data. 153 
Spatial and temporal matching is done by averaging data from all ground-based 154 
monitoring sites falling within a single MERRA-2 grid for 1-hr duration. 155 

 156 

this time period. We use half of the data to calibrate and the rest to validate. For 157 

calibration, all CPCB sites within a MERRA-2 grid (0.5° ×0.625°) are averaged. We 158 

identify a low bias in MERRA-2 PM2.5 [ΔPM2.5 = CPCB-MERRA-2], which increases 159 

linearly with an increase in CPCB-PM2.5. We compute the calibration factor at hourly 160 

scale based on the regression for each 1 𝜇g m-3 PM2.5 bin, using which we correct the 161 

bias in MERRA-2 PM2.5. For the calculation of the bias correction, we followed the 162 

steps give below: 163 

For in-situ 80 sites: 164 
  165 

• cpcb (x) Vs merra-2 (y)         ; y =  0.228(x) +23.675 166 
• cpcb (x) Vs difference (y)  ; y = 0.772(x) -23.675  ;  [difference = CPCB - 167 

MERRA2] 168 
• calibration factor                      = 0.772(cpcb values) + (- 23.675) 169 
• bias corrected merra-2 (BCM) = calibration factor + merra-2   170 
• cpcb Vs BCM ; y = 0.99(x) + 0.005 171 

 172 
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 173 
For Indian grid 174 
First 175 

• merra-2 (x) Vs difference (y)  ; y = 0.293(x) + 32.693  [for 80 sites] 176 
 177 
then calculated the calibration factor for each grid via: 178 
 179 

• calibration factor                      = 0.293(merra grid values) + 32.693 180 
• bias corrected merra-2 (BCM) = calibration factor +merra-2 (grid_values)  181 

 182 

The bias-corrected MERRA-2 PM2.5 shows statistically significant correlation 183 

(r=0.94, p<0.05) with CPCB ground-based PM2.5 with the slope and intercept close to 184 

the ideal values (Figure 1). The regression also reveals that the bias-corrected 185 

MERRA-2 PM2.5 data are uniformly spread along 1:1 line below 100 𝜇g m-3 where 186 

most of the data points lie as well as at high PM2.5 values (>100 to 500 𝜇g m-3). This 187 

justifies the utility of calibrated reanalysis data in examining diurnal pattern of 188 

ambient PM2.5 concentration for the entire country, even where no ground-based 189 

monitors are available to calibrate MERRA-2 PM2.5. Climatology for hourly ambient 190 

MERRA-2 PM2.5 concentration (hereafter we only refer to calibrated PM2.5) is 191 

estimated by averaging PM2.5 for that particular hour in each day over the appropriate 192 

timescales. Trends are computed using linear regression over the 18-year period. 193 

Diurnal amplitude is estimated as the difference between maximum and minimum 194 

PM2.5 in each 24-hour cycle, which is then averaged over the desired timescale to 195 

estimate the climatology. We identify the time of the maximum and minimum PM2.5 196 

within 24-hour duration in each season to understand the diurnal pattern of ambient 197 

PM2.5 concentration in India over the last 18 years. We also analyze planetary 198 

boundary layer (PBL) height and precipitation rate (PR) at the same hourly scale from 199 

MERRA-2 reanalysis data to understand their influence in modulating the observed 200 

diurnal pattern in ambient PM2.5 concentration. Since MERRA-2 aerosol reanalysis 201 

data provide information on speciation, we also examine the observed trends in PM2.5 202 
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in view of changing patterns of these individual components to interpret the 203 

dynamics. In addition to this, diurnal variation of MERRA-2 PM2.5 also validated with 204 

CPCB PM2.5 (supplementary information, SI, Figure R1) that further shows a strong 205 

correlation (r = 0.8).  206 

3. Results  207 

3.1 Diurnal amplitude of ambient PM2.5 concentration in India 208 

Ambient PM2.5 measurements using ground-based data (e.g. Apte et al., 2011; Goel 209 

et al., 2015) suggest a large variation in concentration within a day. However, limited 210 

(spatially) in-situ data hinder development of a regional picture. Satellite-based 211 

concentration estimates (van Donkelaar et al., 2010; Dey et al., 2012; Apte et al., 212 

2015) assume that the concentration during satellite crossing time is representative of 213 

the 24-hour period. Hence, with large diurnal amplitude in PM2.5 concentration, such 214 

estimates may not be a good representative. Therefore, first we report the spatial 215 

patterns of diurnal amplitude in ambient PM2.5 concentration in India (Figure 2). 216 

During the post-monsoon and winter seasons (October-February), diurnal ambient 217 

PM2.5 concentration varies by >30 𝜇g m-3 in the entire Indo-Gangetic Basin (IGB) and 218 

in the western arid region, which has been identified as a major dust source (Dey et 219 

al., 2012). In January-February, similarly large diurnal amplitude is observed in some 220 

parts of south India, where the amplitude decreases slightly (~20 𝜇g m-3) in October-221 

December. In the rest of India, ambient PM2.5 diurnal concentration varies by a 222 

smaller magnitude. In summer, diurnal amplitude decreases in most parts of India 223 

except the arid regions where it enhances further to >50 𝜇g m-3. Overall, least diurnal 224 

amplitude is observed in the monsoon (June-September) season. 225 

To understand the driving factors of the observed diurnal amplitude, we analyze 226 

test correlation between PM2.5 and PBL height and PR (Figure 3). As expected, PBL 227 
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height and PR show strong negative correlation with PM2.5 concentration because 228 

deeper PBL facilitates pollution dispersion (Nakoudi et al., 2018) and large PR leads 229 

to washout of pollution. The arid region in the western India barely receives rain large 230 

enough to influence PM2.5 diurnal pattern, which can be attributed to the observed 231 

poor correlation (r = ~-0.3). In the high altitude regions (e.g. in the lower Himalayan 232 

belt and Western Ghats), the pollution is lifted up from the valley beneath as the PBL 233 

expands during daytime and therefore PBL height and PM2.5 concentration are 234 

moderately correlated at hourly scale (Srivastava et al., 2012).  235 

 236 

 237 

 238 

 239 

 240 

 241 

 242 

 243 
 244 

 245 
 246 
 247 
 248 
 249 
 250 
 251 
 252 
 253 
 254 
 255 
 256 
Figure 2.  Mean (over 18-years) seasonal diurnal amplitude in ambient PM2.5 257 
concentration in India.   258 
 259 

 260 
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 262 
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 264 

 265 

 266 

 267 

 268 

 269 
 270 
Figure 3. Spatial distribution of correlation coefficients between ambient PM2.5 271 
concentration and (a) planetary boundary layer (PBL) and (b) precipitation rate (PR) 272 
with the hatched regions showing 95% CI. 273 
 274 
 275 

We next examine the seasonal shifts of the timings (in Indian standard time, IST) 276 

when PM2.5 concentration is observed to be the highest and lowest within a 24-hour 277 

period (Figure 4). In a large part of the country, ambient PM2.5 concentration peaks 278 

around early morning hours (6-8 IST) during October-February. In the eastern part of 279 

the IGB and northeastern India, the peak hours are around midnight during these 280 

months, while in the northern hilly regions peak hours are in the late afternoon-early 281 

evening after the PBL fully evolves. The ‘PBL expansion’ effect is not so prominent 282 

along the Western and Eastern Ghat mountain ranges in these months, but can be seen 283 

in the summer months. The lowest concentration is found during 13-15 IST in the 284 

post-monsoon season that gradually shifts to evening hours (16-20 IST) in most parts 285 

of the country during the winter. Similar timing (late afternoon) in the lowest PM2.5 286 

concentration is observed in the central India, parts of north and south India during 287 

Mar-May that further shrinks to only a part of central and western India during the 288 

monsoon season. During these months, the lowest PM2.5 concentration is observed 289 
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during 10-12 IST in the rest of the country. 290 

 291 
Figure 4. Seasonal shifts in the timings of the maximum and minimum ambient PM2.5 292 
concentration in India. 293 
 294 

3.2 Space-time variability of ambient PM2.5 concentration at hourly scale 295 

Spatial distribution of annual ambient PM2.5 concentration at hourly scale in Figure 296 

5 (statistics at seasonal scale and the corresponding anomaly relative to 24-hr average 297 

are shown in supplementary information, SI) reveals large (>12 𝜇g m-3) positive 298 

anomaly relative to 24-hr average during night and early morning hours over the arid 299 

regions in the west, IGB and parts of peninsular India. Key notable features are as 300 

follows. North (high PM2.5)-south (low PM2.5) spatial gradient in PM2.5 is maintained 301 

throughout 24-hour duration. Even during the noontime and afternoon hours when the 302 

ambient PM2.5 concentration is at its minimum in most parts of India, it remains 303 

higher than the NAAQS in the IGB and western arid region. As discussed in the 304 
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previous subsection, these two regions have the largest diurnal amplitude in PM2.5 305 

concentration throughout the year. In the Peninsular India, diurnal variation is less 306 

prominent at the annual scale though the magnitude varies from season to season (see 307 

SI). During January-February, ambient PM2.5 concentration in India at 15-16 IST is 308 

best representative of the 24-hr average. PM2.5 concentration is higher than the 24-309 

hour average by >10 𝜇g m-3 in most parts of the country during the late evening to 310 

early morning hours with higher values in the IGB from 22:00 to 04:00 IST. During 311 

the morning hours, PM2.5 concentration decreases as the PBL expands. Similar diurnal 312 

pattern is observed during March-May and October-December but with larger diurnal 313 

amplitude. In June-September, diurnal variation is only prominent in the western arid 314 

region. 315 

We further examine the annual trends of ambient PM2.5 for every hour (Figure 6). 316 

Positive trend over the 18 years is observed in most parts of India with values 317 

exceeding 1 𝜇g m-3 per year in the Himalayan foothills, northeastern India, eastern 318 

IGB and parts of western IGB. In most part of the Indian regions, the observed 319 

positive trend at annual scale (>2 𝜇g m-3 per year) is largely governed by a massive 320 

increase during October-February (see SI for the trends at seasonal scale). Since 321 

MERRA-2 data are available for individual species, we examine their trends 322 

separately.  323 

Earlier studies (e.g. Verma et al., 2012) showed that sulfate aerosols account for 324 

29% of AOD over the Indian region. We also observe a larger positive trend over 18 325 

years of sulfate aerosols (>0.6	𝜇g m-3 per year) as compared to other aerosol species 326 

(see Figures S17-S19 in SI) throughout the 24-hour period over the IGP and eastern 327 

India (Figure 7). Unfortunately, no available emission inventory captures 328 

anthropogenic emissions at hourly scale. Along with the traditional anthropogenic 329 
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pollution sources (e.g. household emission, vehicles, industries, construction activities 330 

etc.), open burning of agricultural crop-waste and brick kilns add to the emission in 331 

the dry season. Trend analysis of PBL height (see SI) suggests that PBL height is 332 

becoming shallower over the years in most parts of India during the dry season with 333 

higher rate in the late afternoon to early morning hours. Usually the anthropogenic 334 

activities peak during the morning hours and the emissions from certain sectors (e.g. 335 

vehicles, industries, construction etc.) are expected to subside in the late evening-early 336 

morning hours. Combined effect is nearly similar trend in PM2.5 concentration in the 337 

dry season throughout 24-hour period. 338 

 339 

Figure 5. Mean annual ambient PM2.5 concentration in India for each hour cycle 340 
(00:00 IST represents 00:00-01:00 IST duration). 341 
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  342 

 343 

Figure 6. Annual trends of ambient PM2.5 concentrations (with the hatched regions 344 
showing 95% CI) in India for each hour cycle, during the day (00:00 IST represents 345 
00:00-01:00 IST duration). 346 
 347 
 348 
 349 
 350 
 351 
 352 
 353 
 354 
 355 
 356 
 357 
 358 
 359 
 360 
 361 
 362 
 363 
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 364 
 365 
 366 
 367 
 368 
 369 
Figure 7. Annual trends of ambient sulfate concentrations (with the hatched regions 370 
showing 95% CI) in India for each hour cycle during the day (00:00 IST represents 371 
00:00-01:00 IST duration). 372 
  373 
 374 
 375 

PBL height does not show any significant trend in the monsoon season, which is 376 

reflected in negligible trend in PM2.5 concentration (see SI). In the western arid 377 

regions during MAM and in the high altitude regions throughout the year, PBL height 378 

shows an increasing trend. This increasing trend of PBL height, which facilitates 379 

dispersion of aerosols, is perhaps driving the decreasing trend of ambient PM2.5 380 

concentration (by >1.5 𝜇g m-3 per year) over the western arid region. This is 381 
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consistent with the reported decline in dust transport in this region (Pandey et al., 382 

2017). On the contrary, large PBL height in the high altitude regions would allow the 383 

pollution to be lifted up from the valley beneath more efficiently. This could explain 384 

the increasing trend of PM2.5 concentration in these regions during the dry season.      385 

 386 

4. Discussion 387 

Previously, ambient PM2.5 concentrations in India have been assessed either using 388 

data from limited ground-based monitors (Tiwari et al., 2013) or from satellites (van 389 

Donkelaar et al., 2010, 2016; Brauer et al., 2015; Dey et al., 2012; Chowdhury and 390 

Dey, 2016). Neither provides complete spatio-temporal coverage. Even the 391 

geostationary satellite-based AOD product (e.g. Mishra, 2018) is not sufficient to 392 

provide 24-hour coverage. In this work, we propose using MERRA-2 aerosol 393 

reanalysis data to resolve this issue. We document the hour-by-hour changes in PM2.5 394 

concentration over 18-year (2000-2017) period for the whole country. 395 

Our results reveal large diurnal amplitude in PM2.5 concentration in certain regions 396 

of India and identify the times of maximum and minimum concentration and its 397 

seasonal shift. This explains the underestimation in satellite-based PM2.5 estimates 398 

(related to ground-based measurements that cover 24-hour duration) that uses AOD 399 

data from sensors onboard polar orbiting satellites crossing India in the late morning 400 

to early afternoon hours. The regions where the diurnal amplitude is small, satellite-401 

based estimates of exposures are more representative. We also show that the 402 

increasing trend at annual scale is strongly controlled by increase in PM2.5 during 403 

October-February period. This suggests that if the emission during these months can 404 

be controlled, the increasing trend at annual scale can be arrested.    405 

Large increasing trend of PM2.5 in the Himalayan foothills is a matter of concern as 406 
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transport of pollution to the Himalayan region can adversely affect the cryosphere 407 

(Bali et al., 2017). Another key result is the declining trend in PBL height over a large 408 

part of India especially during the dry season that might have played a major role in 409 

the observed increasing trend in PM2.5 concentration. Shallow PBL leads to stagnation 410 

that entraps the pollutants closer to the surface increasing PM2.5 concentration. Under 411 

global warming, stagnation events are projected to increase in future over India 412 

(Horton et al., 2014). Therefore, cutting down emission seems to be the only 413 

sustainable solution in addressing air pollution in India. 414 

Although we map hour-by-hour changes in PM2.5 concentration in this work, we 415 

cannot identify the major sources at this resolution. Further analyses (of activity and 416 

other secondary data) are required to attribute hourly variation in concentration to any 417 

particular source in any particular region. This study, however, does provide the 418 

opportunity to identify the major sources that can be attributed to the maximum PM2.5 419 

(corresponding to the observed peak timing) concentration at a local/regional scale. In 420 

future, integration of these data (spatially and temporally continuous) with ground-421 

based measurements (temporally continuous) and satellite-based estimates 422 

(temporally discontinuous but can provide information at high spatial resolution) in a 423 

machine-learning framework would perhaps provide the ideal scenario. Nonetheless, 424 

we hope these results will help formulate better air pollution mitigation plans, so that 425 

the national burden of disease attributed to ambient air pollution could be decreased 426 

by evidence-based policy actions at the regional and national levels (Correia et al., 427 

2013).  428 

 429 

Data availability. Hourly MERRA-2 PM2.5 data can be available on request to the 430 

corresponding author.  431 
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