Aerosol hygroscopicity and photodegradation in the polluted Indo-Gangetic Plain compared with the clean Himalayas examined using a quartz crystal microbalance
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Additional information on QCM-based hygroscopicity and photodegradation analysis
[bookmark: _Hlk237268532]The hygroscopicity and photodegradation of the collected aerosol particles were analyzed using a highly sensitive mass-balance Quartz Crystal Microbalance (QCM, QSense Analyzer, Biolin Scientific). This instrument is capable of measuring mass changes at the nanogram level. The core principle relies on the Sauerbrey equation (S1), which describes the linear relationship between the decrease in the crystal's resonant frequency () and the adsorbed mass (∆m)1,2. This relationship is given by:

                                                                   (S1)

Here,  (=17.7 ng.cm-2.Hz-1 for 5 MHz AT-cut crystals) is the mass sensitivity constant, and n is the overtone number (1,3,5,..). This equation is valid under the assumption that the deposited film is rigid and perfectly coupled to the sensor surface.1,2

For the QCM experiments, prior to use, the sensors were meticulously cleaned using 2% Sodium dodecyl sulfate (SDS), Milli-Q water, and methanol, followed by drying with N2 gas and a 20-minute UV-Ozone treatment (1 mW/cm2) to eliminate organic contaminants. The amount of water absorbed/adsorbed or mass lost was determined by measuring the difference in resonant frequencies between the aerosol-coated sensor and a blank sensor at a particular RH and then converting this difference to mass using the Sauerbrey equation. To ensure accuracy, the low flow rate of 0-30 sccm was carefully monitored and checked using a Gilibrator (Sensidyne) before and after each experiment.
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Figure S1. Average mass-based hygroscopic growth factor (gfm) of Leh aerosols as a function of relative humidity (RH) during humidification and dehumidification cycles. The distinct separation between the humidification and dehumidification branches, particularly at RH ~ 40%, indicates pronounced hysteresis, suggesting a persistent difference in aerosol water uptake and retention between the two RH trajectories. The observed hysteresis is characteristic of particles undergoing a phase transition, with the deliquescence and efflorescence processes occurring at different RH conditions.
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Figure S2. Average mass-based hygroscopic growth factor (gfm) of Delhi aerosol particles as a function of relative humidity (RH) during humidification and dehumidification cycles. The humidification and dehumidification branches largely overlap, with no distinct deliquescence transition or pronounced hysteresis observed across the measured RH range.
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Figure S3: Humidity-driven phase change (deliquescence) in (NH4)2SO4 aerosols. This figure details the hygroscopic behavior of (NH4)2SO4 particles. Panel (a) illustrates the change in normalized QCM oscillation frequency (ΔfN %) as a function of relative humidity (RH), demonstrating water uptake by the collected aerosol particles. The decrease in ΔfN (normalized to the dry state at RH < 5%) tracks the progressive absorption of water by the aerosols. Panel (b) shows the first derivative, d(ΔfN)/d(RH)) vs. RH, which is used to precisely identify the Deliquescence Relative Humidity (DRH). The DRH occurs when the rate of water uptake, d(ΔfN)/d(RH)) reaches or surpasses 1 (indicated by the dashed line).
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Figure S4. Chemical composition of aerosol particles at Leh (a) and Delhi (b). The inset in panel (b) shows chemical composition measured in the present study, while the outer region represents data compiled from literature3,4 for the same season.
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Figure S5: Topographic map illustrating the geographical locations of the two aerosol sampling sites in India. Leh, a high-altitude cold desert site in the western Himalayas (~3500 m amsl), and Delhi, an urban site in the Indo-Gangetic Plain (~220 m amsl), are indicated5.
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Figure S6. Validation of QCM hygroscopicity measurement using sucrose. Comparison of the mass-based hygroscopic growth factor  values obtained experimentally via QCM against predictions from several literature models and QCM experiments (Norrish, Starzak and Peacock, Zobrist, and Jose). The strict adherence of the experimental  values to the model and experimental calculations confirms the reliability of the QCM technique in the sub-saturated RH regime.
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Figure S7: Experimental Setup for Measuring Aerosol-Water Vapor Interactions and Photodegradation using QCM. The schematic depicts the system used to achieve controlled humidity conditions (via parallel MFCs supplying dry and humidified air) over the aerosol-coated QCM sensor (measuring mass changes). The chamber platform includes a UV LED for photogradation experiments and is monitored by thermohygrometers measuring the RH of the incoming and outgoing flows.
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Figure S8: Spatial distribution of mean 2-m relative humidity (RH) over India during June-August 2024 based on ERA5 reanalysis data. The symbols indicate the two aerosol sampling locations, Leh (34.18°N, 77.41°E) and Delhi (28.63°N, 77.17°E), with the corresponding mean RH values shown at each site, highlighting the spatial variation in RH across the two contrasting regions6.











Table S1: Mass-based hygroscopic growth factor (gfm) and the corresponding hygroscopicity parameter (κm) at different RH values in the subsaturated region for ambient aerosol particles (PM2.5) sampled from Leh. The measurements were obtained from the QCM experiments. 
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Table S2: Mass-based hygroscopic growth factor (gfm) and the corresponding hygroscopicity parameter (κm) at different RH values in the subsaturated region for ambient aerosol particles (PM2.5) sampled from Delhi. The measurements were obtained from the QCM experiments. 
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