Rapid growth and high cloud-forming potential of anthropogenic sulfate aerosol in a thermal power plant plume during COVID lockdown in India
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Supplementary Information

Measurement site

The comprehensive measurements of aerosol chemical, CCN, BC, and other properties along with meteorological parameters were carried out at Chennai during the COVID-19-induced lockdown. The measurements were carried out during the intense lockdown period from 11 April to 6 May 2022. Chennai is the fourth most populated city in India, located on the country’s southwestern coast, with a population of more than 5 million. Chennai nominally experiences a hot and humid climate throughout the year. The instruments were operated at the Indian Institute of Technology Madras and were housed in a temperature-controlled laboratory (12.99° N, 80.23° E; 14 m above sea level). During the Covid-induced lockdown, the local activities, mainly pertaining to local industries and traffic, came to a standstill resulting in drastic reductions in local pollution, as evident from the BC measurements as discussed in the main text and shown in Fig. S1.  

Aethalometer AE33 
The black carbon (BC) mass concentrations were measured continuously at 1-minute time resolution using the dual-spot model Aethalometer AE33 (Magee Scientific, Berkeley, USA) at seven different wavelengths (370, 470, 520, 590, 660, 880, and 950 nm) with a flow rate of 2 lpm1,2. The instrument was operated by sampling ambient air with no sample size segregation, and it effectively quantifies BC present in particulate matter of diameters smaller than 2.5 µm (PM2.5). The multiple scattering enhancement factor “C” (sensitivity) was set to 1.39, and the parameter “Z,” which accounts for tangential leakage, was set to 0.01. A default mass absorption cross-section (MAC) value of 7.77 was used for reporting BC concentration at the wavelength of 880 nm1. 
In AE33, two sample spots are collected from the same input air stream with different accumulation rates, analysed simultaneously, and mathematically combined to account for the “filter loading effect.” The aerosol-laden air stream is drawn through a collecting spot on the filter tape (no. PN 8060, made of glass and PET polymerized polyester fibres) by an internal pump. Internal detectors simultaneously measure the intensity of the light transmitted through the collecting spot (where BC accumulates) and a reference spot (un-exposed to light). Optical attenuation increases with each loading, which is interpreted as an increase in the amount of collected material, i.e., black carbon. This increase in amount is divided by the known air-flow volume to calculate the mass concentration. When the collecting spot reaches a pre-set loading density, the tape is automatically advanced to create a new spot. 

Scanning Mobility Particle Sizer (SMPS)
Aerosol number size distribution in the diameter range of 9.82 - 414.2 nm was measured using a Scanning Mobility Particle Sizer (SMPS). The experimental setup comprised an electrostatic classifier (EC, 3082, TSI) equipped with a differential mobility analyzer (DMA, 3081, TSI) and a condensation particle counter (CPC, 3772, TSI). The sampled aerosol flow rate was l.0 lpm, and the sheath flow through DMA was set to 6.0 lpm, to cover the desired size range. The temporal resolution of measurement was 2 minutes 30 seconds. A Silica gel diffusion dryer was used to maintain the relative humidity of ambient aerosol samples close to ~20% before the sample entered SMPS to avoid any condensation within the instrument. After entering the electrostatic classifier, the polydisperse aerosol stream was charged by a neutralizer (Kr-85, 3077, TSI) to facilitate size segregation by electrical mobility through DMA. The presence of multiply charged particles may hinder the efficient selection of particle sizes, so multiple charge correction3 is performed on each sample using the in-built algorithm in AIM (TSI) software. These size-segregated particles then move to CPC, where they first pass through a butanol vapour saturated chamber, followed by a condenser, in order to undergo condensational growth4. These grown particles are lastly detected and counted by CPC. 

Aerosol Chemical Speciation Monitor (ACSM): 
An Aerodyne quadrupole Aerosol Chemical Speciation Monitor (Q-ACSM) has been deployed at the sampling site for measurement of non-refractory submicron particle mass and chemical composition with 15 min time resolution5. ACSM uses the same technology as Aerosol Mass Spectrometer (AMS) without size-resolved data. The sampling system includes a critical orifice of 100 µm diameter, which restricts the air flow rate to 85 cubic centimeters, along with an aerodynamic lens assembly that accelerates the particle into a narrow beam towards the vaporizer, operated at around 600 0C where the non-refractory particles flash vaporizes and then get ionized by 70 eV electron emitting filament. The ions thus formed are detected and analyzed by a quadrupole mass spectrometer. Even though ACSM measures PM1 chemical composition, it is noteworthy to mention that it cannot detect particles below nearly 40-50nm6. To ensure reliable data quality, all the instrumental calibration and tuning have been conducted carefully with 300 nm size selected ammonium nitrate and ammonium sulfate particles, following the standard operating procedure recommended by the ACSM manual (Aerodyne Research). The same calibration method has already been examined and successfully implemented in many of the previous studies including Canagaratna et al.7 and Crenn et al.8 The relative ionization efficiency (RIE) for organic aerosol, ammonium, sulfate and nitrate were 1.4, 5.62, 1.45, and 1.1, respectively, obtained from ammonium nitrate and ammonium sulfate calibration along with a response factor (RF) of 9.06×10-11. A collection efficiency (CE) of 0.5 is applied to all the aerosol species9. 

Size-resolved CCN measurements
The number concentration of CCN and effective particle hygroscopicity, к10, were retrieved using size-resolved CCN measurements based on Rose et al.11 Prior to analysis by instruments, the aerosol samples were conditioned to a relative humidity of less than 20% using a Silica gel diffusion dryer. Investigated particle size ranged from ~20 to 350 nm, and supersaturation (S) levels ranged from S = 0.15% to 0.78%. The experimental setup involved the coordinated functioning of multiple instruments, which can be grouped into two: i) Electrostatic classifier (EC, 3080, TSI) selected specified particle size based on electrical mobility, through a differential mobility analyzer (DMA, 3081, TSI) after particles were charged by a neutralizer (Kr 85, 3077, TSI). One portion of monodisperse flow proceeded to the ultrafine condensation particle counter (UCPC, 3776, TSI) which counts all particles (condensation nuclei, CN). The UCPC sampled air at a flow rate of 1.5 lpm, and the sheath flow through DMA was 8 lpm. ii) The remaining monodisperse flow was sampled by the cloud condensation nuclei counter (CCNC, CCN-100, DMT) at a flow rate of 0.5 lpm. The flow was made laminar using a sheath to aerosol flow ratio of 10 through CCNC’s vertical column that sustained a water vapour supersaturation. Only the particles having critical supersaturation below the S level achieved inside the column activates. Droplets that grow beyond 1 μm size were considered to be activated and were counted on its way out by an optical particle counter. The simultaneous working of both instrument setup gave the activated fraction of each particle size at a given S level (NCCN(S, D)/ NCN). Plotting this data against particle size for the measured S level gives a scan or activation curve. 
The activation curves require correction to measured particle size and corresponding activated fractions. Following Frank et al.12 and Rose et al.11,13, multiple charge correction was performed on the ratios (NCCN(S, D)/ NCN) to remove the enhanced activation by multiply charged particles. These corrected ratios were then used to back-calculate the measured diameter of particles after applying transfer function correction of DMA. The supersaturations achieved inside the CCNC column were calculated by periodic calibration experiments using standard ammonium sulfate aerosols (99.99%), following the procedure by Rose et al.11. Since activation of ammonium sulfate aerosol closely follows Köhler theory, the effective supersaturation (Seff) inside the CCNC column can be estimated against the known temperature gradient (ΔT) of the column. Seff showed a consistently good linear relationship with ΔT during calibration experiments. The linear fit of Seff vs. ΔT was used for estimating Seff during ambient aerosol measurements.


Calculation of condensation sink and coagulation sink
Pre-existing large particles in the atmosphere prevent new particle formation, as they provide the surface area for condensation of vapors, and small particles can also be scavenged. The condensation sink (CS) determines how rapidly vapor molecules will condense onto existing particles and depends strongly on the shape of the particle size distribution. Here, CS was calculated as follows14:  



  and 

where  is the size-dependent transition correction factor,  is the Knudsen number, D is the diffusion coefficient for H2SO4 (0.104 cm2 s−1),  is mass accommodation coefficient (taken as unity),  is the mean free path of H2SO4 molecule (6.7×10−6 cm, at 1 atm and 298 K). 

The coagulation sink (CoagS) was estimated as follows:



 is the particle number concentration of size bin j.  is the coagulation coefficient between size bin i (i.e. the reference) and j, and is given as15:

 

where  is the diameter of a size bin,  and  are the size dependent diffusion coefficient and Fuchs correction factor of particles, respectively. 
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