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Natural and anthropogenic biomass burning are among the major sources
of particulate pollution worldwide that affects air quality, climate and
human health. Delhi, one of the world’s most populated cities, experiences
severe haze events caused by particulate pollution during winter, but the

underlying pathways remain poorly understood. Here we observe intense
and frequent nocturnal particle growth events during haze developmentin
Delhi from measurements of aerosols and gases during January-February
attheIndian Institute of Technology in Delhi. The particle growth events
occur systematically despite the unfavourable condition for new-particle
formation, including the lack of photochemical production of low-volatility
vapours and considerable loss of vapours under extremely polluted
conditions. We estimate that this process is responsible for 70% of the

total particle-number concentration during haze. We identify that the

condensation of primary organic vapours from biomass burning is the leading
cause of the observed growth. The sharp decrease in night-time temperatures
and rapid increase in biomass-burning emissions drive these primary organic

vapours out of equilibrium, resulting in their condensation and the growth
of nanoparticles into sizes relevant for haze formation. This high impact of
primary biomass-burning emissions on night-time nanoparticle growth is
unique compared with most urban locations globally, where low-volatility
vapours formed through oxidation during the day drive particle growth and
haze formation. As uncontrolled biomass burning for residential heating and
cookingisrifein the Indo—Gangetic plain, we expect this growth mechanism
tobe asource of ultrafine particles, affecting the health of 5% of the world’s
population and impacting the regional climate. Our work implies that
regulating uncontrolled biomass-combustion emissions may help inhibit
nocturnal haze formation and improve human health in India.

Airpollutionisresponsible for 18% of the total annual premature deaths
in India’. New Delhi, which lies in the Indo-Gangetic Plain (IGP), has
been ranked the world’s most polluted capital for the past three years',
with particulate matter (PM) levels of more than 500 pg m during
winter’. Widespread anthropogenic emissions over the IGP result in
the formation of winter haze under conducive weather conditions,
especially during the night**.

New-particle formation (NPF)° and growth events have been
recently suggested to be linked to haze formation in highly polluted
urban environments®, for example, in Beijing’. These events are gener-
ally observed during the day®, driven mainly by the nucleation of H,SO,
from SO, photo-oxidation followed by the growth of the newly formed
particles into sizes relevant to haze. The drivers of nocturnal haze
formation in Delhi remain much less understood. Because of the low
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Fig.1| The phenomenology of non-NPG and NPG events. a-f, Averaged diel
variation of particle-number-size distributions and particle mode diameter
colour coded with CS (a), fractional contributions to total PM, and organic
factors alone (b), organics (the line and the error bars represent the mean +1s.d.)
(dark greenline) and stacked organic factors (colour shaded) (c), total inorganics
(the line and the error bars represent the mean + 1s.d.) and AWC (left y axis) and
stacked AMS (nitrate, sulfate, ammonium and chloride) fractions (right y axis)

(d), BC (the line and the error bars represent the mean +1s.d.) and ozone
(left y axis) and carbon monoxide (right y axis) (e) and RH (left y axis),
visibility and temperature (colour-coded filled circles) (f) for non-NPG days
(left side; n=2) and NPG days (right side; n =9). The solar radiation increases
from7:00 LT and reduces from 16:00 LT. D,,, particle diameter; dN, particle
number concentration.

productionrates of H,SO, during the night, nocturnal NPF and growth
eventsare generally less frequently observed in urban environments’.
Therefore, nocturnal haze has been expected to be driven by direct
particle emissions. There is only a limited number of NPF and growth
studies in India'>", none of which reports nocturnal NPF and growth
during intense haze formation.

Recent ambient observations of particle-phase composition'"
highlighted the elevated chloride concentrations in Delhi, suggest-
ing that the partitioning of chloridric acid may sustain growth under
low-ambient-temperature and high-relative-humidity conditions during
nocturnal haze in Delhi*. However, it is unknown whether ammonium
chloride (NH,CI) formation can contribute to the growth of nanopar-
ticles during the night. Meanwhile, widespread agricultural-residue
burning at the onset of winter and local burning of biomass, trash and
solid waste” are alsoimportant regional pollutionsources™ of directly

emitted primary organic aerosols"” (OAs) and oxygenated OA (OOA)
precursors'®', Laboratory and modelling studies have shown that
these precursors can rapidly form OOAs under dark conditions when
exposed to nitrogen dioxide (NO,) and ozone (precursors of NO;)*?,
However, how important night-time chemistry is for nocturnal particle
pollutionin Delhiremains unknown, especially with the high night-time
concentrations of NO and organic vapours, which effectively scavenge
NO; radicals. Therefore, the most important sources and processes
involved in nocturnal haze formation in Delhi remain unknown.
Inthis Article, through intensive wintertime field measurements
in Delhi, we provide direct observational evidence and a mechanistic
understanding of nocturnal growth of nanoparticles during haze for-
mation. We show that primary organic vapours emitted from biomass
burning are the major driver of early particle growth through rapid
condensation under favourable atmospheric conditions.
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Fig.2|Growth-rate observations and their comparison with other reported
values across the world. a, Box-and-whisker plots of size-resolved growth rates
for all the growth events (n = 27) from SMPS (in size bins 25-40 nm, 40-60 nm,
60-100 nm and >100 nm) along with the growth rates reported from other
environments from the world (the urban polluted regions (Urban (P)) are
distinguished by high condensation-sink values) (Supplementary Table 4).

100 3 @ This study
64 @ Urban (P)
.18 Urban
| @ Rural 2
B Remote O
24
o B

= 10 4 8
c ]
£ F R
o i
& ] B8 mo o

24

14 Growth rate for

7 1: AILNPG
67 2: Prolonged NPG
2
LB ) e e e e e T T
0.001 0.01 01
Cs (s

The bottom and top of each box indicate 25th and 75th percentiles, respectively;
the top and bottom of each whisker indicate the 5th and 95th percentiles. The
horizontal line within each box indicates the median; the red coloured square
symbolindicates the arithmetic mean. b, GR versus CS variation of the same
(n=39). The square boxes and the error bars represent the mean +1s.d.

Nocturnal particle growth during haze formation
inDelhi

Intensive ambient measurements of aerosol physical and chemical
properties using state-of-the-art instrumentation were conducted dur-
ingJanuary-February 2019 at the Indian Institute of Technology (IITD),
Delhi, India (Methods). AtIITD, out of the 33 nights of the measurement
period, we observed rapid particle growth events on 27 nights. We refer
tothese asnocturnal particle growth (NPG) events. Out of these 27 NPG
events, 9 showed prolonged growth extending up to noon the next day.

Figurelillustrates the evolution of particle size and chemical com-
positionduring these nine prolonged NPG events and contrasts it with
dayswhenno NPGwas observed (non-event days). During NPG events,
high growth rates ranging between 9 and 55 nm h™ were observed in
the 20-100 nm size range in the early evening (Fig. 1a and Extended
DataFig.1). These figures show that the aerosol concentrations before
growth are similar during NPG and non-NPG days. Extended Data
Fig. 2 isrelated to the average of 27 NPG days whereas the top right
panel of Fig. 1 relates to the average of 9 strong NPG events that occur
throughout the night and are extended up to noon the next day. The
particle-number mode diameter increased from19 to 70 nmbetween
16:00 and 18:00 LT and continued to increase slowly past midnight.
During growth, the submicron aerosol mass loadings increased from
~200 pg m~>to ~400 pg m~ between 18:00 and 22:00 LT (Fig. 1b—d).
During this period, a similar increase was observed in the concentra-
tions of primary pollutants, for example, carbon monoxide (CO) from
0.3 to 4.2 ppm and black carbon (BC) from 4 to 44 pg m (Fig. le).
Mass concentrations of PM of less than 1 um diameter in size (PM,)
were 269 +122 pg m~ on the NPG days compared with 72 +13 pg m™
fornon-eventdays (24 h average). The NPG days also show four to five
times higher particle-number concentrations (Extended Data Fig. 3 and
Supplementary Text 1). Through parallel measurements conducted at
asuburbanssite ~20 km downwind from IITD, we show that these NPG
events are not local phenomena but occur in the wider area of Delhi
(Extended Data Fig. 4). The nocturnal growth is supported by condu-
cive atmospheric conditions, favouring a rapid drop in temperature
from25°Cto 5 °C and anincrease in relative humidity (RH) from 40%
t090% (Fig. 1f).

Size-resolved growth rates (ss-GRs) were calculated for all the
events for the size bins 25-40 nm,40-60 nm, 60-100 nmand >100 nm.
The highest GR was observed at 40-60 nm (33.2 + 35.9 nm h™), fol-
lowed by20-40 nm (22.3+19.4 nmh™),60-100 nm (10.3 +5.7nmh™)

and >100 nm (9.8 + 7.4 nm h™) (Fig. 2a). The prolonged NPG events
showed substantially higher growth rates for the particlesin the range
of 25-60 nm (GRys_¢, = 40 nm h™") compared with the total average of
allNPG (GR,5_¢o =28 nm h™) (Supplementary Table 1). The values are
presented in Fig. 2b, along with the variations and comparisons with
otherreported valuesin different environments worldwide. GRs are at
the high end of what has beenreportedin polluted urban environments
across the world; for example, they are three to four times higher than
inwintertime in Beijing?. The condensation sink (CS)—particles acting
asasink of newly formed particles and condensable vapours (measured
per second)—is comparatively high in Delhi. Despite this high CS***, the
GR remained extremely high, indicating that the emission or produc-
tionrates of the condensable vapours are critical.

Aerosol composition and sources during haze
Figure 1b shows the particle chemical composition during event and
non-event days. Organics accounted for about 58% of the total PM,
mass during NPG events, while the remainder is composed of inorgan-
icsand BC. The OA concentrations show the mostimportantincrease
during the events (by afactor of five), followed by chloride and nitrate
(Fig. 1c,d). The highest organic mass concentration is observed at
22:00 LT, concurrent with the highest PM; mass concentrations. The
inorganic fraction increases by a factor of two throughout the night
duringthe NPG events. Sulfate concentrations remain almost constant
during the events and contribute on average 11% to the total inorganic
fraction. While nitrate was the most importantinorganic component on
average (37% of the inorganics), chloride showed the sharpest increase
during the event days (from 8% to 27% of the inorganics). The frac-
tion of ammonium nitrate was higher before the event, while NH,CI
dominated as the temperature dropped and the RH increased. The
primary enhancement in the inorganic fraction mass concentration
can be attributed to NH,CI. Unlike the organic fraction, NH,Cl con-
centrations continued to rise throughout the night, which, together
with the increase in relative humidity, resulted in an increase in the
aerosol liquid-water content (AWC) from 20 pg m>t0190 pg m~. This
is consistent with the findings in ref. ", indicating that such high AWC
offers anaqueous medium into which additional NH,Cl can partition.
Positive matrix factorization (PMF; Methods) was performed
on the high-resolution time-of-flight aerosol mass spectrometer
(HR-ToF-AMS; Methods) data to identify and quantify the sources of
organics. PMF analysis resulted in five identifiable factors (Fig. 1b):
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Fig. 3| Size-resolved chemical speciation during nocturnal growth days.
a, The evolution of the hourly averaged mass-size distributions of organic
andinorganic species with a gap of one hour during nocturnal growth events

observed on16 January 2019. b, Relative contributions of organics, nitrate,
sulfate,ammonium and chloride in different size bins from 60 nm to1,000 nm
for all NPG days.

hydrocarbon-like OA (HOA) related to traffic, two biomass-burning OA
(bbOA) factors, bbOA-1and bbOA-2, and two OOA factors, less-oxidized
0OO0A (LO-00A) and more-oxidized OOA (MO-OO0OA) (Extended Data
Fig. 5a and Supplementary Text 2). The HOA factor exhibits high con-
tributions from C,H, fragments (C;H;’, C;H,", C,H,"and C;H,") related
to hydrocarbon fragmentation. Both bbOA factors are characterized
by high contributions from m/z 60 (C,H,0,") and m/z 73 (C;H;0,")
from the fragmentation of cellulose pyrolysis products (for example,
levoglucosan)®. These fragments have a higher contribution in bbOA-2,
while bbOA-1is comparatively morerichin oxidized fragments, prob-
ablyindicative of more aged emissions (Extended Data Fig. 5b). Another
distinctive feature between these two factors is that, while bbOA-1
increases by a factor of ~2-3 during the night, bbOA-2 increases by a
factor of ~10. Among the two oxygenated factors, MO-OOA is more
oxygenated than LO-OOA, with abulk O/Cratio of -1. On average, dur-
ingthestudy period, the OOAs were the most important contributors
to the total OA mass (47%) (Extended Data Fig. 6a,b), while during the
NPG events, bbOA dominated (Extended Data Fig. 6¢). Among the OA
factors, bbOA-2 showed the most considerableincrease during the NPG
days (Extended Data Fig. 7a,b). This is in stark contrast with NPF and
growth events observed across the globe in general, and in Beijing in
particular, where growth follows mainly an increase of the secondary
fraction of the aerosol®.

Mechanistic understanding of particle growth
InFig.3a, we examine the chemically resolved mass-size distributions
from HR-ToF-AMS measurements for a typical NPG event (16 January

2019). As the concentration of the organics increased five times com-
pared with the values right before the growth event, their size mode
shifts from 426 nm to comparatively smaller sizes of 234 nm. The
inorganic species also showed an important increase throughout the
night. However, this fraction, including NH,Cl, was in the accumula-
tion mode, and the growing sub-100 nm particles were composed of
organicsonly. Thisis clearlyillustrated in Fig. 3b, showing that 60-80
and 80-100 nm particles were 99% and 90% composed of organics,
respectively. By contrast, the organic contribution decreased to only
50% for 400 nm particles, replaced by NH,Cl that contributed to 32.5%
inthis size range. Thus, the smaller growing particles consisted entirely
of organics, while the NH,Cl was found in larger particles, which sug-
gests that NH,Cl is probably less involved in early particle growth. By
contrast, NH,Cl appeared to form by condensation of HCl and NH,
onto the electrolyte-rich accumulation-mode particles where most
of the aerosol water resided. In addition, while the enhancement of
the organic concentration coincided with the growth of small parti-
clesearlyintheevening, the NH,Clformation appeared to sustain the
growth of larger particles later in the night when the low temperature
and high RH and liquid-water content promoted the partitioning of HCI
and NH, (ref.”). We calculated the growth rates of single components
fromthe chemically resolved mass-size distributions measured by the
HR-ToF-AMS and compared them with the growth rates of the overall
aerosol size distributions measured by the scanning mobility particle
sizer (SMPS). Only the growth in the size distribution of the organic
fraction notably correlates with the particle growth rates (Extended
DataFig.8a,b) (Pearson’s R: 0.51, P=0.02), while theinorganic fractions
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Fig. 4 |Identification of the potential pathway for nocturnal particle growth
from the gas-phase composition. a, The time evolution of the gas-phase
factors from FIGAERO-CIMS along with the ratio of the particulate and gaseous
phases of bbOA for nocturnal growth event and the solar radiation. b, Chemical
compound information of the night-time biomass-burning factor. ¢, Ratio
between the measured OA concentrations from biomass burning (OAy,) and total

organic material from biomass burning (OM,;,) (as retrieved from box-modelling
thermodynamic partitioning calculation and assuming bbOA to be internally and
externally mixed with OA) for the NPG events. Each time step indicates a15 min
time span from16:00 LT to12:00 LT the next day (n=9 d). The errors constitute
uncertainties on the bbOA mixing state with the other organics. The line and the
error bars represent the mean +1s.d.

show insignificant correlation (Extended Data Fig. 8c), indicating the
dominance of the organics in growth. Overall, both the timing of the
increase inthe NH,Cland OA concentrations and their size distributions
strongly suggest that the organics govern the sub-100 nm particle
growth during the first hours of the growth events, while NH,Cl sustains
the growth of accumulation-mode particles in the evening. The main
contributor to the organic fractionshowing astarkincrease duringearly
particle growthis bbOA-2, together with bbOA-1and LO-OOA (Extended
DataFig.7).Inthefollowing, we further investigate the growth process
by organic vapours.

Toidentify the sources of condensing organic vapours during early
particle growth, PMF was performed on the gas-phase measurements
obtained fromthefilter inlet for gases and aerosols chemical ionization
mass spectrometer (FIGAERO-CIMS). A six-factor solution was found
torepresent the datawell (Fig. 4a and Supplementary Text 3). Only one
factor, which was identified to be related to night-time biomass burn-
ing, peaks during night-time. All others do not as they exhibitastrong
decreasing trend. This factor isdominated by key markers of biomass
smoke such as anhydrous sugars (C,H,,0;) from the pyrolysis of cel-
lulose, nitro-catechol (C,HsNO,), nitro-phenol (C¢qH;NO;) and others
(CsH40,, C;H50,, C;HgO,) (Fig. 4b). We note that the high levels of NO
(~200-300 ppb) and organic vapours probably scavenged both O;and
NO,radicals, whichinhibited the nocturnal oxidation of biomass smoke

under our conditions and may explain the low contribution of second-
ary vapours in the night. The enhancement in the biomass-burning
factor coincided remarkably well with the early growth observed in
the particle phase (Fig. 4a). While this factor contributed on average
~30% to the signals of total vapours measured by FIGAERO-CIMS, its
contributionincreased to~70% during the NPG events (Extended Data
Fig.9a,b). Thisindicates that biomass-burning vapours are prominently
present during NPG events and may play akey role in growth.

Anhydrous sugars were also measured in the particle phase by
FIGAERO-CIMS. The diel cycle of the particle-phase signals followed the
concentrations of bbOA-2, increasing more than fourfold during the
NPG events (Extended Data Fig. 9¢). These biomass-burning combus-
tion products showed enhanced gas-to-particle partitioning®® during
early growth as their fractionin the particle phase with respect to the
gas phaseincreased more than threefold (Fig. 4a). Thus, the enhanced
partitioning of primary biomass-burning vapours into the particle
phase indicates they may contribute to nanoparticle growth during
the nocturnal haze events in Delhi. We estimate the contribution of
these primary vapours to early particle growth.

To contribute to particle growth, biomass-burning vapours are
required to be supersaturated compared with the particle phase. In
view of the strong drop in temperature and the rapid increase in pri-
mary biomass-burning emissions during haze formation, we expect
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biomass emissions not to equilibrate, butrather approach amodest
steady-state supersaturation that drives the condensation of vapours
to balance their emissions and the decrease in their saturation vapour
pressures. In this Article, we examine whether the condensation of
primary supersaturated biomass-burning vapours can explain the
observed growth. We used thermodynamic modelling to estimate
the extent to which the partitioning of biomass-burning vapours
contributed to the enhancement in the OA mass concentrations®.
In this model application, which is based on the volatility basis set,
the effects of relative humidity, temperature, concentrations and the
mixing state of the primary bbOA fraction with the other OA com-
ponents are considered. The potential effect of atmospheric ageing
on the formation of additional low-volatility compounds capable of
partitioning into the particle phase was not accounted for. In Fig. 4c,
the modelling results are shown for both internally and externally
mixed bbOA. The resulting simulations suggest that the fraction of
biomass-burning speciesinthe particle phaseis enhanced from 50%
to 80% during the early growth period, that is, ~40%, or 44 pg m™3,
of total bbOA was due to the condensation of semi-volatile vapours
(Fig. 4c). This partitioning enhancement was due primarily to the
decrease in the vapour pressure of biomass-burning compounds
with the decrease intemperature from-25°Cto-5 °C, to theincrease
inthe absorptive organic mass concentration and, to alesser extent,
to the increase in RH from 40% to 90% (Fig. 1f). Modelling results
are consistent with the enhanced partitioning of anhydrous sugars
observed by our FIGAERO-CIMS. The condensation of the 44 pg m
of biomass-burning vapours took place within the first 4 h of the
event, which is equivalent to a net condensation flux of 11 ug m=h™.
From this flux and using the measured average particle conden-
sation sink (180 h™"), we can estimate the concentrations of con-
densing biomass-burning organic vapours to be equal to 61 ngm™,
or 2.3 x 108 molecules cm™ (assuming compounds have the same
molecular weight as levoglucosan, 162 g mol™). The condensation
of these vapours would result in a size-independent growth rate of
~11nm h™ (ref. *°), which is on the same order as the average growth
rates of sub-100 nm particles of ~19 nm h™ measured during the NPG
events. Thus, our calculations indicate that the condensation of
supersaturated biomass smoke vapoursis a plausible explanation for
the observed organic-driven growth of sub-100 nm particles during
the first hours of haze formation. We show that modest supersatura-
tions in biomass-burning vapours of less than 0.1% of the total bbOA
concentration are sufficient for explaining the observed growth.
Once temperatures stabilize and emission rates balance loss rates,
equilibrium canbe reached within seconds and particles willno longer
grow by the condensation of biomass-burning vapours. This appears
tooccurat~21:00 (Fig. 4c¢).

We demonstrate through particle- size-resolved chemical informa-
tion and time-series analysis that the organic fraction dominates the
sub-100 nm particle growth. Chemical analysis of the organic vapours
shows a stark increase in biomass-burning emissions and partition-
ing ratios during sub-100 nm particle growth. Through thermody-
namic modelling, we show that the available bbOA vapours are able
to grow particles across all sizes by 11 nm h™’, which is comparable to
the observed sub-100 nm particle growth of 19 nm h™. Taken together,
the aerosol size-resolved chemical observations, the molecular analy-
ses of organic vapours and the thermodynamic modelling provide
strong evidence that organic vapours associated mainly with primary
biomass-burning emissions are one of the key ingredientsinvolved in
theintense nocturnal particle growth during haze formationin Delhi.

Atmosphericimplications

Intense nocturnal particle growth events occur systematically during
the development of haze in the wider area of Delhi despite the low
production rates of low-volatility vapours and their substantial loss
under extremely polluted conditions. We show that the condensation

of primary organic vapours from biomass burning leads to the intense
growth of sub-100 nm particles into sizes relevant for haze formation.
The sharp decrease in night-time temperatures and rapid increase in
biomass-burning emissions result in athermodynamic driving force
that drives the condensation of these primary vapours into the par-
ticle phase.

Delhi’s nocturnal particle growth events contrast sharply with
observations at other urban locations around the world, in particular
in Beijing, where secondary vapours formed through daytime photo-
chemistry dominate particle formation and growth. At these locations,
nocturnal changesin temperature and emission rates are probably less
importantin magnitude and speed than those observed in Delhi, which
results in lower concentrations of supersaturated vapours to sustain
nocturnal growth. Inurban settings, such deviations from equilibrium
are expected to occur on local scales near incomplete combustion
emissions, where the cooling of concentrated organic vapours can
rapidly generate primary particles. Furthermore, biomass burning
for land clearing or from natural wildfires is a major global source of
organic vapours in addition to directly emitted cloud condensation
nuclei (CCN). These vapours can form an important, yet overlooked,
driving force for nanoparticle growth towards CCN sizes, especially
during the rapid cooling of vertically transported biomass-burning
plumes. Further, nanoparticles are the most dangerous fraction of
particulates owing to their deeper reach in the human body. With the
increasing globalimportance of wildfiresinawarmer atmosphere, we
expect the condensation of biomass-burning vapours to have impor-
tant effects for particle concentrations, size distributions and mixing
states, hence influencing CCN concentrations and clouds on a global
scale and human health on alocal/regional scale.

Our results show that uncontrolled biomass burning not only is
an important source for the total aerosol mass in Delhi but also con-
tributes to the particle-number concentration by driving nocturnal
particle growth. Using BC as the main tracer, we estimate that ~70% of
the total particle-number concentration during the development of
hazeisnotrelated to direct emissions (Extended DataFig.10a,b). Given
thatuncontrolled biomass burning for residential heating and cooking
is rife in the IGP, we expect this growth mechanism to be a source of
ultrafine particles (the most dangerous fraction of particulates owing
totheirdeeper reachinthe humanbody)in the entire region, affecting
the health of 5% of the world’s population and impacting the regional
climate. Therefore, the reduction of uncontrolled combustion, espe-
cially during conducive weather conditions, may limit the amount of
supersaturated vapours available for nanoparticle growth and hence
may be an effective strategy for the mitigation of nocturnal particulate
number during haze in Delhi.
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Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
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Methods

Site information and measurement facility

We conducted measurements at the Department of Atmospheric
Sciences, [ITD (28.54° N, 77.19° E), Delhi. Instruments were deployed on
the third floor of the building (-15 m above ground level). We performed
measurements from 5January to10 February in 2019. Delhiis the capital
city ofIndiaand has been one of the world’s most polluted cities for the
past few years'. The geography of this region also plays a vital rolein pol-
lutantaccumulation withinthe boundary layer. Delhiliesin the western
IGP, aforeland basinthat developed adjacent to the Himalayan mountain
belt. Delhiis a populated region (>12,000 people kmwith a total area
0f 1,483 km?) and is subjected to a myriad of anthropogenic pollution
sources such as heavy traffic, thermal power plants, industry (clusters of
metal-processing smelters and steel-picklingindustries), rubber/plastic
processing units and lead batteries, toname a few"”. Thus, this region,
whichoften experiences stable meteorological conditions and calmwind
conditions, is loaded with heavy pollution every winter.

During the observation period, the average wind speed varied
from 0.5t0 3.0 ms™, with a mean speed of 1.07 m s during the night.
The winds from northwest and southeast were more prevalentduring
the study period. An arterial road with high traffic intensity through-
out the day and heavy diesel vehicles at night is north (~200 m) of the
sampling site. Anindustrial estate (Okhla) is situated to the east of our
samplingsite. Thisareaisaround 9 km (aerial distance) fromIITD and is
anindustrial hub that contributes to emissions from metal-processing
(finishing and plating) industries, automobile industries and distiller-
ies, to name a few. Delhi is situated in the IGP, which is also a global
hotspot of ammonia (NH,) due tointense agricultural activities, exces-
sive fertilizer use and fertilizer production plants*. Inaddition, every
year, the high biomass-burning emissions at the onset of winter (due to
rice-stubble burning) transported from the upwind regions of Punjab
and Haryana further worsen the air pollution scenario. Furthermore,
comparatively stable atmospheric conditions (owing to its geogra-
phy), abundant ammonia and continuous primary emissions into the
atmosphere along with the already existing anthropogenic pollution
and secondary OA precursors transformthisregionintoanideal open
atmospheric chamber for such studies.

Instrumentation and data analysis

A suite of instruments was deployed for measuring the
particle-number-size distribution, size-resolved chemical composi-
tion, trace gases, volatile organic carbon and meteorological param-
etersat thesite. A scanning mobility particle sizer (GRIMMS SMPS, long
differential mobility analyser) was used to scan the particles on the basis
oftheir electrical mobility, and a butanol-based condensation particle
counter (CPC model 5.416) was used to count the number of particles
ofthat specific mobility. The particle-number-size distributions were
measured ataflow rate of 0.3 I min™with 3 I min~'sheath flow. The long
differential mobility analyser was factory calibrated, and it measured
size distributionin45bins from19.97 nmto 999 nm. The dry fractions
ofthe particle size distributions were measured at 5 min resolutionin
real time. The particle-number concentration was extracted by data
inversion and was then corrected for diffusion losses and multiple
charge correction. Itwas placed in tandem with an HR-ToF-AMS drawing
ambient air from a PM, inlet (PM, cyclone isinstalled at the inlet of the
sampling line to measure the particulate matter having an aerodynamic
diameter less than or equal to 1 pum).

The Aerodyne HR-ToF-AMS*™* was used to measure the
size-resolved chemical compositions of sub-micrometre particles
at 2 min resolution. It was operated in the highly sensitive V mode,
and all the required calibrations such as particle velocity, ionization
efficiency and inlet flow were performed using well-known standard
protocols®. The mass-based ionization-efficiency calibration was done
using 300 nm ammonium nitrate particles, and the default relative
ionisation efficiency mentioned elsewhere® were used for calculations.

The detailed discussion on the instruments is fully characterized and
validated in previous studies®*®. The composition-dependent collec-
tion efficiency® was used to calculate the final concentration*’. Stand-
ardtoolkits (SQUIRREL (Sequential Igor Data Retrieval) and PIKA (Peak
Integration by Key Analysis) scripted inIGOR (Wavemetrics, Inc.) were
used for high-resolution chemical analysis. Detailed description of the
analysis has been discussed™. Since the lens transmission efficiency
of HR-ToF-AMS is low for diameters less than 60 nm, the size-resolved
chemical composition above 60 nm was used for analysis.

Gas monitors were also deployed to measure the trace gases
CO, NO, (Ecotech Serinus) and O; (model 205, 2B Technologies).
For the measurement of BC, an online seven-wavelength dual-spot
Aethalometer (AE33, Magee Scientific)* was used. Out of the seven
wavelengths, the absorption coefficient at 880 nm was used to esti-
mate the BC concentration, and the measured BC concentrations
were corrected for filter loading and tape advancement error. The
meteorological data were measured using the automated weather sta-
tionat the samessite, whereas the visibility data were obtained by India
Meteorological Department (Palam Airport). The planetary boundary
layer data were calculated by MERRA-2 (Modern-Era Retrospective
Analysis for Research and Applications v.2) reanalysis*.

Tomeasure the gas-phase and particle-phase molecular composi-
tions and compound-specific volatility information, achemical ioniza-
tion mass spectrometer fitted with a filter inlet for gases and aerosols
(FIGAERO-CIMS, Aerodyne)* was deployed. The negative iodide ion
(I') was used as a reagent, making the instrument highly sensitive to
oxidized organic material. The FIGAERO inlet allows both gas- and
particle-phase information tobe collected semi-simultaneously. The gas
phase was sampled directly through a~-2 mlong,1/4 inchinner-diameter
inlet for approximately 20 minin every 90 min period. During the last
3 min of gas-phase sampling, particles were sampled onto a Teflon
filter (PALL Zefluor, 2 pm pore size, 25 mm diameter) at arate of 2 [pm.
Thefilter wasthen placed infront of the CIMS inlet and heated over the
course of 30 min to a temperature of 200 °C, at which it was held for
20 minbefore being cooled again to room temperature over 15 min. Dur-
ing the heating period, organic compounds desorb from the filter and
enter the CIMSinlet, where they cluster withI"and are then observedin
the time-of-flight mass spectrometer. Each particle-phase data pointis
established by integrating the signal from the start of the heating tothe
start of the cooling phase, and each gas-phase data point by averaging
across approximately 20 min of measurements, which yields approxi-
mately one data point every 90 min. Levoglucosan was observedinboth
the gas and the particle phase at AMU 289 (I.C¢H,,05").

Thebulk aerosol water content was calculated by using AMS meas-
urements to estimate the hygroscopic factor. This hygroscopic factor
was thenapplied to eachsize bininthe SMPS measurements. The parti-
cleswerethen modelled to grow and alter the particle size distribution
accordingly. The Zdanovskii, Stokes and Robinson mixing rule was used
following the same method as described in the literature**. Compari-
sons in the literature show that AWC calculated using this technique
agrees well with results from alternative approaches, including direct
measurements of water content and the use of the ISORROPIAII, a
thermodynamic equilibrium model®. In the Zdanovskii, Stokes and
Robinson method, inorganicsalt concentrationsin the atmosphere are
calculated by neutralizing the cation (NH,") with the available anions
(S0,*,NO;", CI"and HSO,") using a simple ion-pairing scheme based
on their stoichiometric concentrations and preferential reactivity*°.
Sulfate ions were assigned first to the neutral salt ammonium bisul-
fate (NH,HSO,), withadditionalammoniumions beingadded to form
ammonium sulfate ((NH,),SO,) if sufficient ion remained.

Particle growth-rate calculation

The particle growth rates were estimated by fitting the temporal varia-
tion of the particle-number mode diameter of the number distribution
to afirst-degree polynomial.
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The condensation sink s calculated by

CS=2m Zo,, B(D,) x D, x N(Dp) (o))

where B(D,) is the transitional correction factor (calculated accord-
ing to the Fuchs-Sutugin equation*®), D, is the particle diameter and
N(D,) is the particle-number concentration. For further calculations
of coagulation sink, standard methods described previously'>* were
applied. Size-resolved growth-rate* calculation is performed to assess
the individual growth of particles in sizes of 25-40 nm, 40-60 nm,
60-100 nmand >100 nm (Supplementary Tables1and 2). The growth
rates in these individual bins provide more information on how sta-
ble these particles are at higher diameter and, hence, further growth
into bigger-diameter particles. The growth rates of chemical species
(organics, nitrate, sulfate, ammonium and chloride) were also calcu-
lated with corresponding SMPS growth rates (Supplementary Table 3).
The growthrates from this study were also compared with worldwide
results (Supplementary Table 4).

For homogeneity and smooth comparisonbetween the SMPS and
AMS size distributions, the diameter used in this study is the mobility
diameter (D,,,,). The time- and composition-dependent particle density
was calculated by the organics, sulfate, nitrate, ammonium, chloride
and BC measured concentrations*. Assuming the atmospheric par-
ticles to be spherical, the aerodynamic diameter was then converted
into mobility diameter®.

Synthesis of Multilinear Engine-2 results from OAs

Source apportionment of OA mass spectra was performed using the
PMF model’". The Multilinear Engine-2 algorithm was used to solve the
PMF model using the Source Finder®* (SoFi, Datalystica Ltd) interface
version 6.6. To explore the rotational ambiguity, the a-value approach
was used to constrain from known factor profiles and/or factor time
series. An eight-factor solution was analysed and verified for environ-
mentalinterpretability. A total of five OA factors were identified in the
PMF analysis: HOA, bbOA-1, bbOA-2, LO-OOA and MO-OOA. Detailed
discussion about the methodology and the factor solution has been
published previously?:.

Gas-phase PMF

Source apportionment was performed on the gas-phase data from
FIGAERO-CIMS. A six-factor solution was chosen as the best solu-
tion, yielding a rush hour/ traffic factor, two oxidation (daytime and
residual) factors, one petrochemical vapour factor, one night-time
biomass-burning factor and abackground factor. A detailed discussion
about the PMF and the factor selection will be covered in a separate
paper (Haslett et al.**).

bbOA partitioning modelling using the volatility basis set

To calculate the partitioning of organic material between the gas and
particle phases, we have used the 1.5-dimensional volatility basis set
approach proposed by Koo et al.*>. The model includes five volatil-
ity bins ranging from 107 to 10° pg m in saturation concentrations
(C*) and with molecular structures (weights) for each of the volatility
bins retrieved from the group contribution approach used for the
two-dimensional volatility basis set as well as the van Krevelen rela-
tion**~°. The dependence of C* on temperature is described by the
Clausius—Clapeyron equation®. An effective enthalpy of vaporization
(AH) value of 35 k) mol™is set for all the secondary OA species, whereas
for primary biomass-burning emissions, AHis based on the following
estimations retrieved from ref. %

AH = —4log(C;,

Sosc) + 85k mol ™! ¢)

The model assumes that the equilibrium between the two phases
isreached instantaneously, therefore neglecting kinetic limitations.

Individual cases (eight) were assumed for the model calculations
to incorporate the entire range of atmospheric conditions to predict
internally and externally mixed bbOA. For internally mixed calcula-
tions, we assume that HOA, LO-OOA and MO-OOA are added as addi-
tional pre-existing organic mass. The box model does not account for
changesin partitioning asinduced by changes in pH.

The eight cases for which the model predictions are calculated for
allnocturnal growth events are the following;:

Case 1: externally mixed bbOA, including temperature

Case 2:internally mixed bbOA, including temperature

Case 3: externally mixed bbOA including temperature and RH
variations

Case 4: internally mixed bbOA including temperature and RH
variations

Case 5to Case 8:thesame as Case 1to Case 4 but at constant initial
temperature

We have considered the organic and inorganic particles to be
externally mixed as they show clearly two different particle populations
based onthe AMS particle time-of-flight measurements. However, we
have considered the partitioning of compoundsinto the water related
to the organic fraction.

Contribution of primary- and secondary-particle-source
emissions to accumulation mode

The relative contribution of primary and secondary sources to the
accumulation-mode particles was estimated by using the number
concentration of primary particles using BC as the main tracer of traffic
and other primary emissions. Detailed description of the method and
itslimitationsis presented elsewhere*’. The number concentration of
primary particles is estimated using the relation:

N _direct = BC x S1 3)

where N_direct emissions is the estimated number of
primary-accumulation-mode particles emitted by traffic and other
sources, while S1 is the amount of primary-accumulation-mode
particles emitted per microgram per cubic metre of BC and is
derived semi-empirically from simultaneous observations of the
accumulation-mode particles and BC. We computed the ratio of the
total accumulation-mode number concentration to BC (N_total /BC)
for all measurements and used the 0.1th, 0.5th, 1st, 1.5th, 2nd and 5th
percentiles as S1 at different thresholds as shown in Extended Data
Fig. 10a. We estimate the fraction of indirect emissions (shown in
Extended Data Fig.10b). The latter is calculated as follows:

N_indirect = N_total — N _direct 4)

Here N_indirectisthe number of accumulation-mode particles fromindi-
rectemissions, V_totalis the total measured concentration of particlesin
theaccumulationmodeandN directisthe numberofaccumulation-mode
particles fromtraffic, calculated as described in the preceding. Our results
show that the primary fraction of accumulation-mode particles is con-
tributing up to 33% even at higher PM, s levels.

Data availability

All the data displayed in figures, including concentrations of
particle-number concentration and NR-PM1species measured by the
HR-ToF-AMS in Delhiin this study, are available in the Figshare reposi-
tory: https://doi.org/10.6084/m9.figshare.21932136. Source data are
provided with this paper.

Code availability

Codes for the thermodynamic modelling conducting the analysis
presented here can be obtained upon request from the correspond-
ingauthor.
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Extended Data Fig. 1| A classical event. A typical particle nocturnal growth event of 16th January 2019 (one of the 27 growth event days).
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Extended Data Fig. 3| Particle mass and Number variation. Diurnal variation of size-segregated particle number and mass concentrations on NPG event days.
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Extended Data Fig. 5| OA-PMF factor solutions. a) PMF factor signals for the 5-factor solution, b) factor signals up to m/z100.
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organics,ammonium and chloride from HR-ToF-AMS data (GRAMS >100 nm),
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