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ABSTRACT. 30 

Nitryl chloride (ClNO2) is an important Cl· precursor, originating from the heterogeneous reactions of 31 

dinitrogen pentoxide (N2O5) on chloride-containing particles. This N2O5-ClNO2 chemical process 32 

plays critical roles in chloride activation, nitrate formation, and thus air pollution. Here we present 33 

field measurements made in the early springtime of 2023 in Delhi and compare with a previous study 34 

conducted during the winter of 2019. We found elevated nocturnal levels of N2O5 and ClNO2, 35 

averaging 13 and 80 ppt, respectively, which are approximately doubled compared to observations in 36 

2019. This change is primarily driven by the reduced nighttime NO levels, from 124 ± 25 ppb in 2019 37 

to 44 ± 9 ppb in 2023. In addition, the chloride concentration (nighttime average 4.7 μg/m3) in Delhi 38 

is among the highest reported globally, driving efficient conversion of N2O5 to ClNO2. Decreased NO 39 

and elevated ClNO2 levels lead to higher NO3· and Cl· production that promote the oxidation of 40 

organics. Consistently, we observed increased fractions of gaseous nitrogen- and chlorine-containing 41 

organic products and a higher oxidation state of the organic aerosols. Our findings highlight the need 42 

for increased attention to atmospheric secondary pollution and stringent anthropogenic chlorine 43 

emissions control under lower-NOx conditions in Delhi.  44 

  45 
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1 INTRODUCTION 46 

Atmospheric N2O5-ClNO2 chemistry refers to the conversion of N2O5 to ClNO2 on chloride-47 

containing particles (Finlayson-Pitts et al., 1989), which is ubiquitous worldwide (Wang et al., 2019) 48 

and exerts profound impacts on nitrogen budgets (Dentener and Crutzen, 1993), chloride activation 49 

(Thornton et al., 2010), and atmospheric oxidative capacity (Simpson et al., 2015;Yang et al., 2022). 50 

N2O5 is formed from the reaction between NO3· and NO2 (R1), and the heterogeneous reactions of 51 

N2O5 on atmospheric particles produce particulate nitrate and gaseous ClNO2 (R2-R5) (Bertram and 52 

Thornton, 2009;Finlayson-Pitts et al., 1989;Behnke et al., 1997;Thornton and Abbatt, 2005;Osthoff et 53 

al., 2008). The heterogeneous uptake of N2O5 on chloride containing particles is in general the main 54 

production mechanism of atmospheric ClNO2, which proceeds rapidly with the aqueous reaction 55 

between NO2
+ and Cl- (R5). Some studies (Dalton et al., 2023;Dale W. Margerum, 1994) have shown 56 

that the aqueous reactions of NO2
- and HONO with Cl2, HOCl and NH2Cl are potential sources of 57 

ClNO2, with a reaction rate constant about 3~4 orders of magnitude lower than the reaction between 58 

NO2
+ and Cl-. Other reactions such as HCl reacts with N2O5 on surfaces is not considered due to the 59 

relatively slow reaction rate constant (Raff et al., 2009). 60 

 61 

𝑁2𝑂5 (𝑔) ↔ 𝑁2𝑂5 (𝑎𝑞) (𝑅2) 62 

𝑁2𝑂5 (𝑎𝑞) +  𝐻2𝑂 (𝑙) ↔ 𝐻2𝑂𝑁𝑂2
+ (𝑎𝑞) + 𝑁𝑂3

− (𝑎𝑞) (𝑅3) 63 

𝐻2𝑂𝑁𝑂2
+ (𝑎𝑞) + 𝐻2𝑂 (𝑙) → 𝐻𝑁𝑂3 (𝑎𝑞) + 𝐻3𝑂+ (𝑎𝑞) (𝑅4) 64 

𝐻2𝑂𝑁𝑂2
+ (𝑎𝑞)  + 𝐶𝑙−(𝑎𝑞) → 𝐶𝑙𝑁𝑂2 (𝑔) +  𝐻2𝑂 (𝑙) (𝑅5) 65 

ClNO2 is rather inert at night and undergoes negligible losses, while it photolyzes to produce 66 

Cl· during the daytime (Osthoff et al., 2008). Given the fast photolysis of NO3· and thermal 67 

decomposition of N2O5, the N2O5 to ClNO2 conversion is expected to happen mainly at night (Brown 68 

and Stutz, 2012). The occurrence of this nocturnal chemistry was confirmed by direct field 69 

observations of N2O5 and ClNO2 in the urban coastal air (Osthoff et al., 2008;Riedel et al., 2012), and 70 

later extended to polluted inland areas (Thornton et al., 2010;Phillips et al., 2012;Le Breton et al., 71 

2018a;Ma et al., 2023;Chen et al., 2023), where abundant NOx and particulate chloride precursors co-72 

exist, with measured nighttime peak mixing ratios consistently up to several parts per billion by volume 73 

(ppb), which are about an order of magnitude higher than those observed in the remote polar and 74 

marine regions (McNamara et al., 2019;Eger et al., 2019;Kercher et al., 2009).  75 

 76 
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Delhi is one of the world’s most polluted megacities. Intense air pollutant emissions from 77 

transport, residential, industrial, and other sources provide abundant precursors (i.e., particulate 78 

chloride and NOx, Fig. S1a, b) for N2O5 and ClNO2 production. Previous studies in this region have 79 

mainly focused on measurements of chloride using AMS or ACSM (Fig. S2 and Table S1). 80 

Observations of gaseous chlorinated species (Mishra et al., 2024;Haslett et al., 2023) remain limited. 81 

Several recent modeling studies (Meidan et al., 2022;Soni et al., 2023;Patel et al., 2026) have indicated 82 

the potential for substantial ClNO2 production, resulting in concentrations up to several ppb in this 83 

region; however, the scarcity of field observations leaves these model predictions largely unvalidated, 84 

limiting our ability to quantify the impacts of chlorinated species on O3 and secondary aerosol 85 

formation. 86 

The field measurement conducted in winter 2019 found that nighttime N2O5 and ClNO2 levels 87 

are rather low in Delhi (Haslett et al., 2023), which is attibuted to the extremely high NO concentrations 88 

(hundreds of ppb) and the fast reaction rate constant between NO and NO3· (kNO+NO3, 2.6×10-11 cm3 89 

molec-1 s-1 at 298 K) (Burkholder et al., 2020), thereby largely quenching nocturnal NO3· (reaction 90 

scheme R1) and limiting subsequent N2O5 and ClNO2 production. Notably, the 2019 campaign 91 

predominantly captured the extremely polluted episodes during the wintertime in Delhi, with the peak 92 

occurrence frequencies of NO (124 ppb) and chloride (21 μg/m3) concentrations largely falling at the 93 

high end of the concentration distributions commonly observed during the recent years (Fig. S3b, c). 94 

Due to the scarcity of field observations, the characteristics of N2O5-ClNO2 chemistry outside of such 95 

extreme NO and chloride conditions in Delhi remain unclear. 96 

In this work, we present a recent field measurement of N2O5, ClNO2 and other relevant inorganic 97 

and organic species in both gas and particle-phases during the early springtime of 2023 in Delhi. This 98 

timing captures a broader range of NO concentrations (below 0.1 to hundreds of ppb) and chemical 99 

conditions, which overlaps with but extends beyond previous studies that primarily focused on the 100 

most polluted winter months. We characterize the changes in N2O5-ClNO2 chemistry relative to the 101 

previous observation in winter 2019 (Haslett et al., 2023) and examine the underlying driving factors 102 

and impacts. The field derived kinetic parameter, quantified as the product of N2O5 uptake coefficient 103 

(𝛾𝑁2𝑂5
 ) and ClNO2 yield (𝑓𝐶𝑙𝑁𝑂2

 ), is also estimated and compared to those reported from other 104 

atmospheric environments. We find enhanced N2O5 production driven by decreased NO concentrations, 105 

and the formation of ClNO2 is dependent on the chloride level in Delhi. The product of 𝛾𝑁2𝑂5
×𝑓𝐶𝑙𝑁𝑂2

 106 

(average ~0.2) is at the upper end of the values observed around the world, indicating efficient N2O5 107 

conversion to ClNO2 in Delhi. We further investigate the impacts of associated increases in NO3· and 108 

Cl· production rates on the atmospheric oxidation of organics, utilizing concurrent measurements of a 109 

wide range of molecular-level organic oxidation products. 110 
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2 METHODS 111 

2.1 Field observation overview 112 

The field campaign was performed at the Indian Institute of Technology Delhi campus (IIT Delhi, 113 

28.54°N, 77.19°E; ~230 m above the sea level) from 15 February to 14 March in 2023. The valid 114 

dataset collected during the early spring period (2/23-3/14) was used for analysis in this study. IIT 115 

Delhi is a representative continental urban site situated at the north-western of Indo-Gangetic Plain, 116 

which is frequently affected by intense anthropogenic emissions from biomass and waste burning 117 

activities, traffic exhaust, power plants, and industries (Kumar et al., 2022;Bryant et al., 2023;Kashyap 118 

et al., 2019;Rai et al., 2020), and potential biogenic emissions from the surrounding vegetations (Fig. 119 

S4). All the instruments were installed in an air-conditioned laboratory on the 8th floor, at a sampling 120 

height (~30 m) above the local vegetation canopy, and thus the observation is representative of an 121 

urban background condition. In addition, considering the high aerosol loading and stable nighttime 122 

boundary layer (average nighttime wind speed of 0.6 m/s) in Delhi, N2O5 or ClNO2 losses through dry 123 

deposition on building surfaces or vegetation are expected to be minor. There were no significant 124 

precipitation events during the periods selected for intensive chemical analysis. Consequently, wet 125 

deposition was not a significant factor in our nocturnal chemical budget and was omitted from the 126 

calculations. Details of the measurement design are found in the supplementary information (Text. S1). 127 

FIGAERO-I--CIMS. N2O5, reactive chlorines, and oxygenated organics were identified as iodide 128 

clusters (M·I-) by a Filter Inlet for Gases and AEROsols Iodide-Chemical Ionization-Time of Flight 129 

Mass Spectrometer (FIGAERO-I--HR-ToF-CIMS, hereafter as CIMS) (Lopez-Hilfiker et al., 2014). 130 

Basic principles and configurations were described in previous field studies (Le Breton et al., 2018a;Le 131 

Breton et al., 2018b). Each CIMS operation cycle consisted of background (~2 min), ambient gas (~16 132 

min), a second background (~2 min), and PM2.5 desorption measurements (~50 min) (Fig. S5). The 133 

background signals were measured by periodically overflowing the inlet with ultrahigh purity N2 134 

(Laser gases), and background subtractions were performed to minimize potential interference from 135 

contamination. The raw signals in counts per second (cps) were normalized by the sum of the reagent 136 

ions (I- + I·H2O
-) and multiplied by 106. During the field campaign, ~0.3 lpm perfluoropentanoic acid 137 

in N2 was injected into the CIMS (identified as C5HF9O2I
-) every 1~2 days for mass calibration. The 138 

sensitivities of acetic acid, which was generated from a permeation source (permeation rate of 184.5 139 

ng/min at 40℃), was measured periodically on 2/27, 2/28, 3/5, 3/10, 3/12, and 3/14 to track the 140 

instrument stability, which was 0.27 ± 0.05 cps/ppt with a variation of 17.7%. 141 

Calibrations of gaseous species were conducted after the campaign under RH conditions (IH2O
- 142 

to I- ratio 0.42 ± 0.02) similar to those observed during the field measurement in Delhi (IH2O
- to I- 143 

ratio 0.40 ± 0.08), with sensitivities of 7.5, 3.6, 0.013, 13.6, and 0.29 cps/ppt for N2O5, ClNO2, HCl, 144 

chloroacetic acid, and acetic acid, respectively. The sensitivity of acetic acid measured post-campaign 145 

(0.29 cps/ppt) agreed well with the on-site calibration result (0.27 cps/ppt), and therefore no additional 146 

scaling was applied for the on-site sensitivities of the detected species. Sensitivities for Cl2 (3.4 147 



6 

 

cps/ppt), NCl3 (3.1 cps/ppt), and NHCl2 (0.05 cps/ppt) were estimated using their relative sensitivities 148 

to ClNO2 (Chen et al., 2025b). The detection limits were determined as three times the standard 149 

deviation of the hourly averaged background signals, which were 0.6 ppt for N2O5, 1.6 ppt for ClNO2, 150 

0.6 ppt for Cl2, 22.6 ppt for NHCl2, 0.3 ppt for NCl3, 209.1 ppt for HCl, and 2.5 ppt for chloroacetic 151 

acid, respectively. For the remaining detected gaseous compounds, mainly oxygenated organics 152 

consisting of carbon, hydrogen, and oxygen (abbreviated as CHO) or carbon, hydrogen, oxygen, and 153 

nitrogen (abbreviated as CHON), the maximum value of the calibrated sensitivities (chloroacetic acid, 154 

13.6 cps/ppt) was used to derive conservative concentration estimates. For particulate compounds, the 155 

calibrated sensitivity of levoglucosan (2.2×105 ions/ng) was applied to obtain lower-limit estimates, as 156 

the detection of levoglucosan has recently been demonstrated to proceed at the collision limit 157 

(Aggarwal et al., 2025). 158 

EDXRF. Ambient PM2.5 filter samples were collected for offline Energy Dispersive X-ray 159 

Fluorescence (EDXRF; SPECTRO-XEPOS, AMETEK Inc.) analysis. ED-XRF is a sensitive and non-160 

destructive technique which requires negligible sample pre-treatment and has been widely used for 161 

measuring elements in ambient particles (Ogrizek et al., 2022;Unga et al., 2025). A total of 83 PM2.5 162 

samples were collected at 3 lpm on polytetrafluoroethylene (PTFE) filters (25 mm in diameter of 0.4 163 

µm) via a PM2.5 cyclone (Casella Solutions, UK) every 12 hours from 2/22 to 2/28 and every 4 hours 164 

from 3/1 to 3/14. We increased the frequency of filter switches by the end of the campaign to capture 165 

the variations of Cl element concentrations within a night, i.e., before (19:00~23:00) and post 166 

(23:00~3:00) midnight. The mid-point of the measurement period, i.e., 1:00 indicates measurement 167 

from 23:00~3:00, 5:00 for 3:00~7:00, 9:00 for 7:00~11:00, 13:00 for 11:00~15:00, 17:00 for 168 

15:00~19:00, and 21:00 for 19:00~23:00, was used as the representative timestamp for each filter 169 

sample. Four blank filters (without any air sampling) were collected during the daytime (7:00~19:00) 170 

on 3/5 and 3/11, and during nighttime (19:00~7:00) on 3/5 and 3/8. These blank filters underwent the 171 

same analytical procedures as the sample filters. The filter samples were directly analyzed by EDXRF 172 

without any pretreatment. Each sample was analyzed for approximately 22 minutes. The instrument 173 

measured 26 elements, i.e., Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, 174 

Br, Sr, Ba, Ti, Pb and Bi, based on their characteristic fluorescence (150 eV to 600 eV). This manuscript 175 

reports the blank-subtracted concentrations of K and Cl. 176 

The EDXRF instrument detects the total concentrations of elements in the collected filter samples, 177 

while the CIMS detects compounds that evaporate at temperatures up to 200 ºC. Persistent signals of 178 

HCl·I- were observed from PM2.5 desorption during the CIMS measurement (Fig. S5), likely 179 

originating from the thermal decomposition of non-refractory chloride (e.g, NH4Cl). The trend of 180 

chloride measured by CIMS (pCl--CIMS) largely followed that of the XRF-measured chloride (Cl-181 

XRF) (r = 0.70) (Fig. S6c). Since pCl--CIMS was not calibrated, it was only used qualitatively to 182 

complement the average diurnal variations of Cl-XRF in Fig. 1d. Cl-XRF was used for further analysis 183 

throughout the manuscript. 184 
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Supporting measurements. Supporting measurements at IIT Delhi include trace gases O3 (ECOTECH 185 

Serinus 10), NO and NO2 (ECOTECH Serinus 40), SO2 (ECOTECH Serinus 50), and CO (ECOTECH 186 

Serinus 30) and meteorological parameters (T, RH, wind speed, and wind direction), which were 187 

measured by an automated weather station (AWS) (Davis Vantage Pro 2, Davis Instruments 188 

Corporation, USA). These concurrent online supporting measurements at IIT Delhi were used for key 189 

kinetic parameters calculations, such as P(NO3·) and NO3· reactivity, and the analysis of the CIMS 190 

data. Hourly PM2.5 concentrations and solar radiation data were obtained from the nearest national 191 

monitoring station, the R.K. Puram station operated by Delhi Pollution Control Committee (DPCC), 192 

which is located approximately 3 km northwest of IIT Delhi. Intercomparison of the trace gases, T, and 193 

RH measured at IIT Delhi and R.K. Puram showed overall good agreement (Fig. S6a). The solar 194 

radiation was converted to photolysis frequency (j) of NO2 (jNO2) utilizing the method from Trebs et al 195 

(Trebs et al., 2009). The estimated jNO2 was then used to derive real-time photolysis frequency of NO3·, 196 

O3 and reactive chlorines (Chen et al., 2025b). Additional details about the field observations are 197 

shown in Text S1. 198 

Comparison with the measurements in 2019 (Haslett et al., 2023) was used to investigate the 199 

evolution of N2O5-ClNO2 chemistry under different chemical regimes (e.g., NO and chloride 200 

concentrations) in Delhi. It is noted that throughout the manuscript, “in 2023” and “in 2019” refer to 201 

the corresponding field campaigns conducted from 23 February to 14 March in 2023 (this study) and 202 

from 11 January to 5 February in 2019 (the previous campaign), respectively. 203 

2.2 Kinetic calculations 204 

N2O5-ClNO2 chemistry. Key kinetic parameters were derived to investigate factors controlling the 205 

variations of N2O5 and ClNO2 and compare with previous studies. The field-constrained uptake 206 

parameter, defined as the product (𝛾𝑁2𝑂5
×𝑓𝐶𝑙𝑁𝑂2

) of the N2O5 uptake coefficient (𝛾𝑁2𝑂5
) and ClNO2 207 

yield (𝑓𝐶𝑙𝑁𝑂2
), as is shown in Eq. 1, was calculated hourly using neighboring measurements during the 208 

nighttime following Eq. 3b in Mielke et al.(Mielke et al., 2013) (Eq. 1), assuming the local 209 

heterogeneous uptake of N2O5 was the sole source of the measured ClNO2 and that ClNO2 experienced 210 

negligible nocturnal losses. 211 

[𝛾𝑁2𝑂5
× 𝑓𝐶𝑙𝑁𝑂2

]
𝑡0

=  
[𝐶𝑙𝑁𝑂2]𝑡1

∫
1
4 𝑐̅𝑆𝑎[𝑁2𝑂5]𝑡0𝑑𝑡

𝑡1

𝑡0

 (Eq. 1) 212 

𝑐̅ = √
8𝑘𝑇

π𝑀
  (Eq. 2) 213 

where 𝑐̅  is the average molecular velocity of N2O5, m·s-1; T  is temperature in Kelvin; MW is the 214 

molecular weight of N2O5, dimensionless; k is Boltzmann’s constant, 1.38×10-23 m2·kg·s-2·K-1; Sa is 215 

aerosol surface area, m2·m-3, which is not directly measured but inferred from PM2.5 data. Based on 216 
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the linear correlation between PM2.5 and Sa observed by Gani et al. (Gani et al., 2020) from February 217 

to March 2018, we used PM2.5 concentrations from our 2023 campaign to derive the corresponding Sa 218 

values (Fig. S6b, r = 0.78). This estimation of Sa using PM2.5 has also been employed and validated in 219 

other studies (Meidan et al., 2022;Zhang et al., 2025); t0 is the current time point, t1 is the subsequent 220 

time point, and dt is the time interval (in seconds) between them. 221 

The theoretical values of the uptake parameter (𝛾𝑁2𝑂5
 ×𝑓𝐶𝑙𝑁𝑂2

 ) range from 0 to 0.1, as the 222 

maximum values of 𝛾𝑁2𝑂5
 and 𝑓𝐶𝑙𝑁𝑂2

 are generally below 0.1 and 1, respectively(Tham et al., 2018). 223 

However, nocturnal transport, i.e., changes in air masses, can invalidate this method and yield values 224 

exceeding 0.1 (sharp increases in ClNO2, occurrence frequency of ~17%) which were discussed 225 

separately (Section 3.2). 226 

The production rate (P(NO3)) and reactivity (R(NO3)) of NO3· were calculated to evaluate N2O5 227 

budgets, which are shown in Eq. 2 and Eq. 3, respectively. The ClNO2 production efficiency (𝜀(ClNO2), 228 

Eq. 4), indicating the fraction of the total generated NO3· overnight that is ultimately transformed into 229 

ClNO2, was calculated for comparison with previous studies (Eger et al., 2019;Xia et al., 2025). The 230 

integration period was set from 20:00 to 04:00 to minimize influences of potential air mass mixing 231 

during the day-night and night-day transition periods.  232 

𝑃(𝑁𝑂3) = 𝑘𝑁𝑂2+𝑂3
[𝑁𝑂2][𝑂3]     (Eq. 2) 233 

R(𝑁𝑂3) =  𝑘𝑁𝑂+𝑁𝑂3
[𝑁𝑂] + 𝑗𝑁𝑂3

+ 𝑘ℎ𝑒𝑡𝑒[𝑁𝑂2]𝐾𝑒𝑞 + ∑𝑘𝑖[𝑉𝑂𝐶𝑖]    (Eq. 3) 234 

𝑘ℎ𝑒𝑡𝑒 =  
𝑐̅𝛾𝑁2𝑂5

𝑆𝑎

4
  (Eq. 4) 235 

𝛾(N2O5) = 𝑅𝐻 × 5.2 × 10−4   (RH≤57%) (Eq. 5.1) 236 

𝛾(N2O5) = 0.03   (RH＞57%)  (Eq. 5.1) 237 

𝜀(𝐶𝑙𝑁𝑂2) =  
[𝐶𝑙𝑁𝑂2]𝑚𝑎𝑥

∫ 𝑃(𝑁𝑂3)
04:00

20:00

  (Eq. 6) 238 

where 𝑘𝑁𝑂2+𝑂3
= 1.2 × 10−13 × exp (−2450/𝑇)  cm3·molecule-1·s-1 and  𝑘𝑁𝑂+𝑁𝑂3

= 1.8 ×239 

10−11 × exp (110/𝑇) cm3·molecule-1·s-1 (Burkholder et al., 2020); jNO3 is the photolysis frequency 240 

of NO3· and is retrieved from the Tropospheric Ultraviolet and Visible (TUV) radiation model and 241 

scaled with the field constrained j as discussed previously; 𝑘ℎ𝑒𝑡𝑒 is the first-order heterogenous loss 242 

rate coefficient of N2O5 𝛾𝑁2𝑂5
 was parametrized using Eq. 5 according to the experimental 243 

measurements of N2O5 uptake on aqueous organic aerosols (Evans and Jacob, 2005;Thornton et al., 244 

2003) .  This parameterization method was supported by the consistency between the simulated 245 

nocturnal ClNO2 variations using the RH-parameterized 𝛾𝑁2𝑂5
 and the observed ClNO2 levels, as 246 

detailed in Text S2; 𝐾𝑒𝑞 is the equilibrium constant between NO3·, NO2, and N2O5, where 𝐾𝑒𝑞 =247 

5.5 × 10−27 × exp (10724/𝑇) (Wängberg et al., 1997). ∑𝑘𝑖[𝑉𝑂𝐶𝑖] is the sum of NO3· reactivity 248 
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with different VOCs and we applied the same value of 0.081 s-1 in 2023 as in 2019 (Haslett et al., 2023) 249 

due to the lack of concurrent VOCs measurements in 2023. As shown in Fig. S7a and Table S2, the 250 

campaign-averaged NO3· reactivity to NO in 2023 is ~15.6 s-1, which is approximately 2 orders of 251 

magnitude higher than the reactivity to VOCs and the heterogenous loss of NO3· from N2O5 uptake 252 

(0.091 s-1). Previous studies (Meidan et al., 2022;Wang et al., 2020) have shown that total VOCs 253 

concentrations vary by less than a factor of 2 between winter and spring in India. Therefore, we don’t 254 

expect that changes in VOCs concentrations would significantly influence the overall NO3· reactivity.  255 

Production rates of Cl· and OH· radicals. The Cl· production rate (P(Cl·)) is calculated according 256 

to Eq. 5. For the 2023 campaign, we calculated P(Cl·) both from ClNO2 photolysis and from all the 257 

detected photolabile reactive chlorines. A direct comparison between 2019 and 2023 was conducted 258 

using P(Cl·) from ClNO2 photolysis. In 2019, only ClNO₂ photolysis was considered as a source of 259 

Cl·, since mixing ratios of other reactive chlorines were not reported in the previous study (Haslett et 260 

al., 2023). Additionally, we estimated a lower-limit OH· production rate (P(OH·)) in Delhi from the 261 

photolysis of O3 in the presence of water vapor (Eq. 6) (Dunlea and Ravishankara, 2004). 262 

𝑃(𝐶𝑙) = 𝑗ClNO2
[𝐶𝑙𝑁𝑂2] +  2 × 𝑗Cl2

[𝐶𝑙2] + 𝑗NCl3
[𝑁𝐶𝑙3] + 𝑗NHCl2

[𝑁𝐻𝐶𝑙2]    (Eq. 5) 263 

𝑃(𝑂𝐻) =
2 × 𝑗O1D[𝑂3] + 𝑘H2O[𝐻2𝑂]

𝑘H2O[𝐻2𝑂] + 𝑘N2
[𝑁2]+𝑘O2

[𝑂2]
    (Eq. 6) 264 

where 𝑗O1D  is the photolysis frequency of O3, 𝑘H2O = 1.6 × 10−10 × exp (60/𝑇) , 𝑘N2
= 2.2 ×265 

10−11 × exp (110/𝑇), and 𝑘O2
= 3.3 × 10−11 × exp (55/𝑇) (Burkholder et al., 2020). 266 

3 RESULTS AND DISCUSSION 267 

3.1 Characteristics of N2O5 and ClNO2 variations  268 

We observed pronounced nocturnal enrichment of N2O5 and ClNO2 in 2023 (Fig. 1a, b). N2O5 269 

and ClNO2 up to 566 and 1340 ppt were measured during the nighttime, with mixing ratios frequently 270 

exceeding 10 and 100 ppt, respectively (Fig. S8). Overall, the nighttime N2O5 and ClNO2 mixing ratios 271 

in 2023, with an average of 13.1 ppt and 80.1 ppt, respectively, are significantly (Mann-Whitney test, 272 

p<0.01) higher than those measured in 2019 (4.5 and 36.3 ppt, respectively) (Fig. 1a, b). 273 

As shown in Table S3, the maximum N2O5 mixing ratio in Delhi is a third to half of those observed 274 

in urban areas of the United States (Thornton et al., 2010;Osthoff et al., 2008) and England (Bannan 275 

et al., 2015), and approximately an order of magnitude lower than those measured in aged air plumes 276 

from industrial regions in China (Chen et al., 2023;Wang et al., 2016;Ye et al., 2021). By contrast, the 277 

peak ClNO2 level in Delhi is much higher than those reported in urban regions of the North America 278 

(Thornton et al., 2010;McNamara et al., 2020;Wang et al., 2023a) and Europe (Bannan et al., 279 

2015;Phillips et al., 2012;Priestley et al., 2018), and similar to or 1~2 times lower than those observed 280 

in the North China Plain (Tham et al., 2016;Xia et al., 2021;Peng et al., 2021;Chen et al., 2025a). The 281 

observed pattern of low N2O5 and high ClNO2 indicates efficient conversion of N2O5 to ClNO2 in 282 
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Delhi. 283 

We further examined N2O5 and ClNO2 variations every night and classified them into the 284 

enhanced and non-enhanced cases (Fig. S9 and Fig. S10). Among the enhanced cases, elevated N2O5 285 

mixing ratios exceeding 10 ppt were characterized by both relatively low NO (median 3 ppb) and 286 

particulate Cl (median 0.7 μg/m3) concentrations, and appreciable ClNO2 levels larger than 100 ppt 287 

were observed under moderate NO (median 7 ppb) and high particulate Cl (median 3.3 μg/m3) 288 

conditions (Fig. S9). No notable N2O5 or ClNO2 mixing ratios were measured among the non-enhanced 289 

cases when NO levels were relatively high (median 31 ppb) (Fig. S10). The occurrence frequency of 290 

the enhanced cases (11 out of total 19 nights) is higher than the non-enhanced (8 nights) cases.  291 

The measured N2O5 generally presents transient, spike-like patterns in 2023 (Fig. S8), peaking 292 

around the early evening (18:00~20:00) when both NO and particulate Cl are relatively low, and 293 

tapering off as the night proceeds (Fig. 1a, c-d). In comparison, the ClNO2 mixing ratio gradually built 294 

up after midnight with the increase of particulate Cl, reaching the highest level during the early 295 

morning hours (06:00~08:00, Fig. 1b, d). Overall, the nocturnal N2O5 mixing ratio shows a significant 296 

negative dependency (rT= -0.64, p<0.01) on the NO concentration (Fig. 2a), and high ClNO2 levels 297 

were accompanied by abundant chloride (Fig. S11a), indicating the critical roles of NO and chloride 298 

in controlling N2O5 and ClNO2 formation in Delhi. 299 

The nocturnal mean ClNO2 production efficiency (𝜀(ClNO2)) also increases from 3.0% in 2019 300 

to 4.3% in 2023, which is comparable to the values reported in marine and coastal areas(Eger et al., 301 

2019;Xia et al., 2025). In addition, the diurnal profile of N2O5 in 2023 was inverted compared to 2019, 302 

with higher levels in the early evening rather than during the daytime (Fig. 1a). Consistently, distinct 303 

diurnal variations of N2O5 were also observed under relatively low- and high-NO conditions in 2023 304 

(Fig. S12). The emerging early evening peak of N2O5 leads to a new N2O5-driven ClNO2 enhancement 305 

pattern in 2023 (the dashed linear fitting line in Fig. 1e), characterized by a strong positive correlation 306 

(r = 0.93) between N2O5 and ClNO2 under conditions of elevated N2O5 (10~400 ppt) and limited 307 

chloride (0.1~3.4 μg/m3). This pattern resembles those observed in other continental air masses 308 

(Thornton et al., 2010;Bannan et al., 2015;Zhou et al., 2018), while the ClNO2 to N2O5 ratios are 309 

slightly higher in Delhi, ranging from 0.3 to 3.2, with an average of 1.2. Notably, despite the substantial 310 

decline in particulate Cl from 2019 (20.8 μg/m3) to 2023 (4.7 μg/m3), the higher ClNO2 levels in 2023 311 

indicate that the promoting effect of elevated N2O5 potentially outcompetes the limiting impact of 312 

reduced chloride. Additionally, the estimated ClNO2 yield is around unity in Delhi (Fig. S13a). 313 
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 314 

Fig. 1 Field characterization of N2O5 and ClNO2 in Delhi. Campaign-averaged diurnal variations 315 

of (a) N2O5, (b) ClNO2, (c) NO, and (d) particulate Cl and gaseous HCl. Scatter plots of N2O5 versus 316 

ClNO2 mixing ratios in (e) 2023 and (f) 2019, color-coded by the particulate Cl concentrations. The 317 

observation (Haslett et al., 2023) in 2019 is included for comparison, where the gaseous HCl 318 

measurements are not available. The right axis in (a) indicates solar radiation during the campaign in 319 

2023. The exact sunrise (07:07~07:15) time in 2019 is about 30 min later than that in 2023 320 

(06:55~06:32), while the sunset time in 2019 (17:24~18:03) is about 30 min earlier according to the 321 

records from timeanddate website. Gaseous HCl and particulate Cl measured by CIMS are also shown 322 

in (d). The upper and lower edge of the box and whisker in (a), (b) and (d) represent the 25th and 75th, 323 

and 10th and 90th percentiles, respectively. The dots and squares denote mean values and the lines inside 324 

the boxes indicate median levels. The shaded area in (a)-(d) indicates the 10th and 90th percentile range. 325 

 326 
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3.2 Influencing factors of N2O5-ClNO2 chemistry  327 

Lower NO concentrations in 2023 relative to 2019 reduce NO3· losses to reactions with NO, 328 

resulting in elevated nocturnal N2O5 levels. The reaction with NO dominated NO3· losses both in 2019 329 

and 2023 (~99%, Table S2 and Fig. S7a), contributing to the low abundances and short-lived 330 

occurrences of N2O5 in Delhi (Haslett et al., 2023). The strong anti-correlation between nocturnal N2O5 331 

and NO persists in 2023, where the N2O5 mixing ratios overlap with those in 2019 when NO 332 

concentrations are within the same range (approximately 2–100 ppb) (Fig. 2a). However, in 2023, the 333 

frequency of relatively low-NO conditions (<2 ppb) rose from 0 to 8% and extreme NO levels (>100 334 

ppb) nearly disappeared, indicating that NO titration in suppressing N2O5 production has diminished 335 

(Fig. 2a). With the decline in NO concentrations from 2019 (nighttime averages 124 ± 25 ppb) to 2023 336 

(44 ± 9 ppb) (Fig. 1c), the nighttime NO3· reactivity towards NO dropped by ~66% from 83.7 s-1 to 337 

28.4 s-1, extending NO3· lifetimes approximately two folds during the nighttime in 2023 (0.04 s). The 338 

reduced NO3· losses to NO increased the availability of NO3· for reacting with NO2, thereby enhancing 339 

N2O5 production. Additionally, no significant correlation between chloride and ClNO2 was observed 340 

in 2019, likely because the chloride increases were accompanied by a substantial elevation in NO, 341 

which suppressed N2O5 formation (Fig. S11b). 342 

Higher NO3· production rates (P(NO3)) enhance N2O5 formation. Due to the increases in 343 

nocturnal O3 levels (from 3.5 to 6.8 ppb) and the reaction rate constant between NO2 and O3 (from 344 

2.36×10-17 to 2.93×10-17 cm3·molec-1·s-1), the average nocturnal P(NO3) in 2023 almost doubled 345 

(0.75 ppb h-1) compared to 2019 (0.41 ppb h-1) (Fig. 2b). The observed (P(NO3)) in Delhi 2023 exceeds 346 

those reported in the United States (Wang et al., 2023b;Noxon et al., 1980) and Europe (Ljungström 347 

and Hallquist, 1996;Wang et al., 2023b), and 1~2 times lower than those observed in China (Wang et 348 

al., 2024;Yan et al., 2021;Chen et al., 2023). Consistently, N2O5 mixing ratios in 2023 peak after sunset 349 

around 18:00~19:00 (Fig. 1a), coinciding with the period of elevated P(NO3) (Fig. 2b) and relatively 350 

low NO levels (Fig. 1c). Other factors, such as the decreased aerosol surface area (2637 ± 152 and 351 

1411 ± 162 μm2/cm3 in 2019 and 2023, respectively) results in reduced first-order heterogenous loss 352 

rate coefficient of N2O5 (khete) from 0.74 ± 0.09 s-1 in 2019 to 0.14 ± 0.02 s-1 in 2023, which also 353 

contributes to the elevated nocturnal N2O5 mixing ratios observed in 2023. Overall, the enhanced 354 

NO3· production and reduced losses to NO led to elevated NO3· and N2O5 levels in 2023, aligning 355 

with the higher estimated steady-state NO3· mixing ratios (0.25 ppt vs. 0.03 ppt in 2019) (Fig. S7b).  356 

As is shown in Fig. S1c, NO emissions in Delhi almost doubled in recent years, mainly driven by 357 

the increase in the number of vehicles (Beig, 2010, 2018;Sahu et al., 2023). The observed decrease in 358 

NO concentrations during the 2023 campaign is therefore not driven by the changes in emissions. 359 

Notably, the 2019 and 2023 measurements were conducted in different seasons, i.e., January to early 360 

February (winter) in 2019 and late February to mid-March (early spring) in 2023. As is shown in Fig. 361 

S14, elevated O3 concentrations were observed in spring compared to winter, which facilitates the 362 
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removal and decrease of NO and P(NO3). Overall, the seasonal variability in NO concentrations is the 363 

main driver of the differences in NO and P(NO3) observed between the two campaigns. 364 

 365 

Fig. 2 Factors contributing to nocturnal N2O5 enhancement. (a) Scatter plot of nighttime NO versus 366 

N2O5. Nighttime is defined as the period from 20:00 to 04:00, excluding the transition period between 367 

day and night when the air mass was unstable. The purple and grey dashed lines indicate the average 368 

NO concentrations during the 2023 and 2019 campaign, respectively. (b) Campaign-averaged diurnal 369 

variations of P(NO3) in 2023 and 2019, respectively. The right axis in (b) displays the 2023-to-2019 370 

ratio of P(NO3). The dots and squares denote mean values and the shaded area indicates the 10th and 371 

90th percentile range. 372 

High chloride concentrations promote N2O5 uptake and ClNO2 production in Delhi. The field-373 

derived uptake parameter (γ × f) in Delhi is similar with those observed in marine air (~0.02 on 374 

average)11 and several times to an order of magnitude higher than those reported in other continental 375 

regions (6×10-4~8×10-3) (Xia et al., 2021;Tham et al., 2018;Xia et al., 2020;Mielke et al., 2013). As 376 

is shown in Fig. 3a, this parameter increases with the chloride level in Delhi, reflecting the combined 377 

effects of chloride in promoting N2O5 uptake and ClNO2 yield observed in prior laboratory studies 378 

(Bertram and Thornton, 2009;Jahl et al., 2021). By contrast, despite comparable high chloride was 379 

observed in Wangdu (Xia et al., 2021) (upper triangle in Fig. 3b), both the uptake parameter (~6×10-4 380 

on average) and the nocturnal ClNO2 level (typically <50 ppt) are significantly lower than those 381 

measured in Delhi. This is likely due to the lower ambient water content (~0.4%) compared to Delhi 382 

(~1.5%), which limits aerosol liquid water content and thereby suppresses N2O5 hydrolysis on particles 383 

(Xia et al., 2021;Tham et al., 2018).  384 

The high chloride in Delhi is largely in the form of semi-volatile NH4Cl, originating from gas to 385 

particle partitioning. We observed a concurrent late-evening enrichment of non-refractory chloride 386 

measured by CIMS and Cl element measured by XRF (Fig. 1d), indicating the semi-volatile nature of 387 
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particulate Cl (i.e., NH4Cl) in Delhi. Additionally, direct measurements of both HCl and particulate Cl 388 

enabled us to examine the gas–particle partitioning behavior of Cl. As shown in Fig. 3b, the particle-389 

phase Cl fraction amounted to up to 89% on average at 6:00 whereas it remained below 20% in the 390 

afternoon (12:00-18:00). This diurnal variation is attributed to lower temperatures (15-25 °C) and 391 

higher RH (56-92%) in the early morning hours, which favored the co-condensation of HCl and water 392 

vapor into particles as NH4Cl under the NH3-rich conditions commonly found in Delhi (Acharja et al., 393 

2023;Gunthe et al., 2021). A recent study suggests that increasing RH promotes the migration of 394 

chloride from the particle bulk phase to the gas-particle interface (Fauré et al., 2024). This phenomenon 395 

helps explain the observed post-midnight accumulation of ClNO2 and consistently low N2O5 levels in 396 

Delhi, which are attributed to enhanced heterogeneous conversion of N2O5 to ClNO2 on aerosol 397 

surfaces. The observed thermodynamically-driven partitioning behavior of Cl agrees with previous 398 

model simulations (Gunthe et al., 2021;Chen et al., 2022b). 399 

 400 

Fig. 3 Factors contributing to nocturnal ClNO2 enhancement in Delhi. (a) Dependence of the field-401 

observed uptake parameter (𝛾 × 𝑓) on particulate Cl concentrations in 2023. The campaign-average 402 

value for 2023 (excluding unusually high values of 𝛾 × 𝑓 > 0.1) is shown as an open circle. The 403 

values derived from previous observations in Delhi 2019 (Haslett et al., 2023), Beijing (Chen et al., 404 

2025b), Wangdu (Xia et al., 2021;Tham et al., 2018), Pasadena(Mielke et al., 2013), and marine air in 405 

Europe(Eger et al., 2019) are shown as different markers. The reference line of 𝛾 × 𝑓 equals to 0.1 is 406 

also plotted. (b) Campaign-averaged diurnal variation of RH in 2023, color-coded by ambient 407 

temperature. The size of the datapoints is proportional to the observed Cl fraction in the particle-phase, 408 

which is calculated as Clp/(Clp + HClg). 409 

ClNO2 levels in Delhi were influenced by the transport of ClNO2-laden biomass burning plumes 410 

from upwind regions, and vertical intrusion initiated by the breakup of the residual layer during the 411 

early morning (6:00~8:00). We observed some cases with unusually high 𝛾 × 𝑓 values exceeding 0.1, 412 

implying additional ClNO2 sources beyond the local N2O5 uptake. Most of the high values were found 413 
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during episodes of easterly (50~130°) winds with elevated particulate Cl concentrations (Fig. 4a), 414 

when the air masses passed over biomass-burning hotspots (Fig. S15). This suggests substantial ClNO2 415 

production on high chloride containing biomass burning aerosols, as observed in previous laboratory 416 

experiments (Ahern et al., 2018;Jahl et al., 2021). A typical case is shown in Fig. S16, where ClNO2 417 

abruptly increases concurrently with the sharp rise in particulate Cl, biomass-burning tracers (K and 418 

HCN), and easterly wind speeds. Additionally, a continued rise in ClNO2 was observed after sunrise 419 

(6:00~8:00; Fig. 1b and Fig. S16), likely due to the downward mixing of ClNO2-rich air masses aloft, 420 

as reported in other locations (Tham et al., 2016;Haslett et al., 2023).  421 

Delhi is an inland city located roughly 1,000 kilometers away from the nearest coastlines. 422 

Significant chlorine emissions from natural sea salt aerosols are not expected. The high chloride levels 423 

observed in Delhi point to intense chlorine emissions from anthropogenic sources. The nighttime Cl 424 

strongly correlates with K (r = 0.82) and HCN (r = 0.73) (Fig. 4b-c and Fig. S17), indicating significant 425 

Cl emissions from biomass burning in Delhi. The ambient nighttime Cl to K ratio (1.6±0.8) in Delhi 426 

is about three-fold higher (0.4±0.2) than those measured from biomass/biofuel emission sources 427 

(Table S4), indicating additional sources of Cl potentially from plastic-contained garbage burning, 428 

industrial processes, and coal combustion (Gunthe et al., 2021). Consistently, we observed a moderate 429 

correlation between Cl and and the coal combustion tracer SO2 (r = 0.51). In contrast, the poor 430 

correlation of Cl with NO (r = -0.30) and CO (r = -0.08) indicated limited contributions from vehicle 431 

exhaust, consistent with their low Cl emission factors (Table S4).  432 

Since the above discussions are built on two short-term campaigns, we further assess the 433 

prevalence of N2O5 and ClNO2 production in Delhi based on the long-term distributions of the 434 

identified influencing factors, i.e., NO, P(NO3), and chloride (Fig. S2). The occurrence distribution of 435 

nighttime NO and P(NO3) during the 2023 campaign largely overlapped with the conditions commonly 436 

occurred in Delhi (Fig. S2a-b), indicating comparable N2O5 production potential throughout the years 437 

in Delhi. In addition, the occurrence frequency distribution of chloride in 2023 campaign is comparable 438 

to that observed from January to April of 2022 and much higher than those reported from May to 439 

September (Fig. S2c). The seasonal variation of chloride reflects the temperature-driven evaporation 440 

of semi-volatile NH4Cl as discussed previously. Given the critical role of chloride in promoting N2O5 441 

uptake and driving ClNO2 production in Delhi, these results suggest that elevated nighttime N2O5 and 442 

ClNO2 levels are most likely observed during the warm and cold seasons, respectively, in Delhi. 443 
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 444 

Fig. 4 Potential sources of chlorine in Delhi. (a) Scatter plot of uptake parameter (𝛾 × 𝑓) and wind 445 

direction color-coded by particulate Cl concentrations. The shaded area in (a) indicates the region with 446 

wind direction ranging from 50° to 130°. Correlation of nocturnal total Cl (sum of Clp and HClg) with 447 

(b) particulate K and (c) gaseous HCN. The reported HCN mixing ratio can be considered a lower-448 

limit estimate (see Methods 2.1). 449 

3.3 Impacts on atmospheric radical production and VOCs oxidation  450 

Enhanced N2O5-ClNO2 chemistry at lower NO levels emphasizes the important roles of Cl· and 451 

NO3· in initiating the oxidation of VOCs in Delhi. The average daytime P(Cl·) (Eq. 5) from ClNO2 452 

photolysis in 2023 (0.035 ppb/h) is about approximately twice that observed in 2019 (0.015 ppb/h). 453 

The maximum daytime-averaged P(Cl·) (0.24 ppb/h) from the photolysis of all the detected 454 

Cl· precursors (Cl2, ClNO2, NHCl2, and NCl3) is up to an order of magnitude higher than values 455 

reported for the urban inland areas of Europe and North America (0.02~0.07 ppb/h)(Priestley et al., 456 

2018;McNamara et al., 2020;Faxon et al., 2015), and remains several times lower than those observed 457 

during the pollution episodes in China (0.5~1.1 ppb/h) (Chen et al., 2023;Tham et al., 2016;Liu et al., 458 

2017). ClNO2 photolysis dominates the production of Cl· around the sunrise hours (7:00~8:00) when 459 

the P(Cl·)total to P(OH) ratio (42 on average) was also the highest (Fig. 5a), suggesting non-negligible 460 

Cl-initiated oxidation of VOCs under these conditions in Delhi.  461 

Consistently, we observed specific gaseous organic oxidation products indicative of the 462 

prevalence of chlorine chemistry (Fig. 5b). We identified organochlorinated species, i.e., C2H3O2Cl 463 

and C3H5O2Cl (presumably chloroacetic acid and chloropropionic acid), which were previously 464 

measured in chamber experiments from Cl· reacting with ethylbenzene (Jahn et al., 2024) and isoprene 465 

(Wang et al., 2022) and used as markers for the occurrence of chlorine chemistry in field studies 466 

(Priestley et al., 2018;Li et al., 2025). The daytime concentration fraction of C2H3O2Cl in the total 467 

measured gaseous organics increases from ~0.9% in 2019 to ~1.8% in 2023. Additionally, the daytime 468 

average peak mixing ratio of C2H3O2Cl (~100 ppt) in 2023 is about 5~30 times higher than those 469 

measured in Hong Kong (12~20 ppt) (Li et al., 2025) and Manchester (~3 ppt) (Priestley et al., 2018), 470 

indicating significant C2H3ClO2 production in Delhi. We also identified a series of hydroxynitrates 471 

(HN) homologues, i.e., C8H17O4N, C10H21O4N, and C12H25O4N, which were potentially early-472 

generation products from the chlorine-initiated oxidation of C8,10,12-alkanes under high NOx conditions 473 



17 

 

(Wang and Hildebrandt Ruiz, 2018). Here their sharp increase in the early morning hours (7:00~8:00) 474 

when Cl· was likely the dominant atmospheric oxidant (Fig. 5a-b), together with the positive 475 

correlations between these HN and the product of P(Cl) and NO (𝑟7:00~8:00= 0.59, Fig. 5e), underscores 476 

the Cl· initiated alkane oxidation in the presence of NO as an important source of HN in Delhi. It is 477 

noted that these HN can also be formed via OH-initiated oxidation processes (Lim and Ziemann, 2009), 478 

but would then likely peak later in the day when OH concentrations are higher. Here, a quantitative 479 

comparison between the Cl- and OH-initiated reaction pathways is missing in current study due to the 480 

lack of VOCs precursor measurements and warrants further investigation. 481 

The NO3-initiated nocturnal oxidation of VOCs was strengthened during the 2023 campaign. The 482 

fraction of nitrogen-containing organics (CHON) in the total measured gaseous oxygenated organic 483 

compounds in 2023 (~46%) was similar to that observed in 2019 (42%). However, the diurnal pattern 484 

of the CHON fraction was inversed, exhibiting a moderate increase (~9%) during the nighttime (Fig. 485 

5c), which resembles those found in other locations (Ye et al., 2021;Huang et al., 2019), indicating 486 

enhanced nocturnal NO3-driven organic oxidation in 2023. We further identified the nighttime gaseous 487 

organic species with the criteria of average nighttime (20:00~04:00) to daytime (7:00~16:00) mixing 488 

ratio larger than 1. Most of the nighttime species are nitrogen-containing compounds, primarily 489 

including C4,5,6H3,5,7O5N and C10H17O4,5N (Fig. 5f), which are typical first-generation oxidation 490 

products from NO3-induced oxidation of heterocyclics (i.e., furan, methylfuran, and dimethylfuran) 491 

(Chen et al., 2022a;Joo et al., 2019;Jiang et al., 2020) and monoterpenes (Jenks et al., 2023;Ayres et 492 

al., 2015), respectively. These oxidation products exhibited strong intra-group correlations (𝑟20:00~4:00 493 

= 0.71 to 0.77), whereas the correlations between the C4,5,6H3,5,7O5N and C10H17O4-5N groups were 494 

weak (𝑟20:00~04:00< 0.2), confirming their production from distinct precursors. Moreover, their low 495 

correlations with CO and NO (𝑟20:00~4:00 < 0.4) largely exclude direct combustion emissions as the 496 

dominant source. Notably, observations of furan-derived NO3· oxidation products have currently been 497 

limited to laboratory studies (Chen et al., 2022a;Joo et al., 2019;Jiang et al., 2020). Our findings offer 498 

direct field evidence of NO3-initiated furan oxidation in the atmosphere.  499 

Another prominent nighttime compound potentially associated with NO3· induced oxidation is 500 

C5H11NO5 (Fig. 5f), which exhibited the largest nocturnal enhancement among all the observed species, 501 

increasing by a factor of 3.6. C5H11NO5 correlates well with C10H17O5N (𝑟20:00~4:00  = 0.71) and shows 502 

a marked increase between 18:00 and 19:00 (Fig. 5d), coinciding with the peak of the estimated 503 

NO3· levels (~2.3 ppt) (Fig. S7b). It is thus likely a co-product from the reaction of NO3· with 504 

monoterpenes. However, this compound has not been reported from any NO3·-initiated oxidation 505 

processes (Jenks et al., 2023;Ayres et al., 2015;Xu et al., 2025). Further investigation is required to 506 

elucidate the formation mechanisms of C5H11NO5 in Delhi’s atmosphere. 507 

In addition to the specific organic products discussed above, the overall oxidation state of the 508 

measured organic aerosols (OA) is elevated in 2023 compared to 2019. The bulk oxygen-to-carbon 509 



18 

 

(O/C) ratio of OA (0.76 on average) was higher than the value (0.66) reported in the 2019 campaign 510 

(Huang et al., 2024), indicating an increased contribution from more oxidized or aged secondary 511 

organic aerosols (SOA) (Jimenez et al., 2009). A clear negative dependence of the O/C ratio on NO 512 

was observed at night when NO exceeded about 10 ppb (Fig. S18), agreeing with the suppression effect 513 

of NO on organic oxidation by increasing the competitive RO2+NO channel under the radical-limited 514 

regime commonly found in Delhi (Nelson et al., 2021;Kenagy et al., 2024). Taken together, the 515 

characteristics of the bulk organics provide additional field evidence for the enhanced atmospheric 516 

organics oxidation in 2023. 517 

 518 

Fig. 5 Enhanced daytime Cl· and nocturnal NO3· initiated oxidation of organics in Delhi. (a) P(Cl) 519 

in 2023 and 2019, and P(OH) from the photolysis of O3 in 2023. The P(Cl)total 2023 includes 520 
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Cl· production from the sum of ClNO2, Cl2, NHCl2, and NCl3 photolysis. The P(Cl)total to P(OH) ratio 521 

in 2023 is shown in the right axis. The value of P(OH) is divided by a factor of 3 to place it on the 522 

same scale as P(Cl). Average diurnal variations of tracer compounds indicating (b) Cl· and (d) 523 

NO3· initiated oxidation, respectively. (c) Comparison of the diurnal variations of CHON compounds 524 

fraction in total detected gaseous organics in 2019 and 2023. (e) Correlation coefficients, using 525 

observations between 7:00 and 8:00 of C8H17NO4 with P(Cl)total, meteorological parameters, trace 526 

gases, and related homologue species. (f) Molecular composition and average nighttime mixing ratios 527 

for the nighttime gaseous species. The shaded area in (a-d) indicates the 10th and 90th percentiles and 528 

the dots denote mean values. 529 

4 Conclusions 530 

This study characterized N2O5-ClNO2 chemistry in Delhi (Fig. 6). We observed a clear 531 

dependency on available nocturnal NO that high NO suppresses N2O5 production and reduces the 532 

formation of ClNO2 while decreased NO promotes nocturnal N2O5-ClNO2 chemistry. The former 533 

pattern is consistent with the previously reported significant NO suppression in 2019 (Haslett et al., 534 

2023). With moderate NO in 2023, substantial ClNO2 is produced after midnight hours in Delhi, which 535 

is driven by the elevated RH and chloride levels that promote efficient conversion of N2O5 to ClNO2. 536 

The abundance of chloride strongly correlates with the biomass burning tracers, indicating emissions 537 

from biomass burning as an important source of Cl in Delhi. The increased ClNO2 levels at lower 538 

nocturnal NO conditions implies that the atmospheric oxidation of organics is amplified both during 539 

the nighttime (via NO3· pathways) and daytime (via Cl· pathways) in Delhi.  540 

 541 

Fig. 6 Amplified N2O5 and ClNO2 production and impacts on secondary organic aerosol 542 

formation in Delhi. A schematic comparing N2O5-ClNO2 chemistry between the 2019 and 2023 543 

campaigns. Red arrows indicate reactions that are largely enhanced during the 2023 campaign. 544 
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The differing behaviors of N2O5 and ClNO2 depending on the levels of nocturnal NO emphasize 545 

the need of continuous monitoring of air pollutants in Delhi, which is essential to understand the 546 

evolution of emission sources and atmospheric chemical processes. The complexity of the air pollution 547 

situation in Delhi has been further scrutinized where we noted that as chloride levels declined, nitrate 548 

has become the leading inorganic component since late 2019 (Fig. S2a-b) and plays an increasingly 549 

important role in exacerbating Delhi’s PM2.5 pollution (Fig. S2c). Thus, future studies should pay 550 

attention to elucidating the dominant production pathways of nitrate in Delhi, especially the 551 

contribution from N2O5 heterogeneous hydrolysis (Wang et al., 2017;Yan et al., 2023).  552 

The present study suggests that NOₓ emission control may intensify atmospheric oxidation of 553 

organics and secondary organic aerosol (SOA) formation in Delhi, whereas concurrent chlorine 554 

emission regulations may help mitigate the associated negative impacts. Previous studies have revealed 555 

the critical role chloride has in exacerbating haze formation in Delhi by enhancing aerosol liquid water 556 

content (ALWC) (Chen et al., 2022b;Gunthe et al., 2021), while our study implies that, with the 557 

decrease in NO concentrations, chloride can also be readily activated into photolabile gases, 558 

contributing to the formation of secondary pollutant, e.g., SOA, through generating radicals and 559 

advancing atmospheric organics oxidation. An updated chlorine emission inventory combined with 560 

modelling studies, is necessary to quantitatively evaluate the contribution of chlorine chemistry to 561 

PM2.5 formation under different NOx conditions and inform targeted emission control strategies. 562 

Finally, the interplay between nitrogen and halogen chemistry in India warrants continued 563 

investigation in the context of ongoing industrialization, vehicle electrification, and a changing climate. 564 
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