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Volatile organic compounds and their
measurements in the troposphere
L. K. Sahu*
Volatile organic compounds (VOCs) are ubiquitous atmospheric constituents of both anthropogenic
and natural origin. VOCs are important precursors of tropospheric ozone (O3), and can impact air
quality and global climate. Most of primary VOCs and their oxidized products makeup a major
fraction of secondary pollutants in urbanized regions. Due to fast reaction rates mainly with the
hydroxyl radical (OH), the VOCs control the oxidizing capacity of the troposphere. Measurements
of VOCs are important to study the photochemical transformation, both qualitatively and quantitatively. Many aspects of VOCs in the atmosphere remain poorly understood – these include the
detection and quantification of by-products of VOCs, their oxidation reactions and their role in
oxidant and secondary aerosol formation. In the photochemistry of tropical troposphere, VOCs
play a key role due to high abundance of water vapour (H2O) and intense solar radiation flux.
Measurements of these species are rare over the Indian subcontinent and surrounding marine
regions. Traditionally, gas chromatography-based methods have been used for the detection of
VOCs. Recently, the fast time response and sensitive techniques like proton-transfer reaction mass
spectrometer are the emerging tools to detect trace levels of various VOCs in the atmosphere.
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AIR pollution caused by anthropogenic emission of various gaseous and particulate species poses an increasingly
serious concern for human health, agriculture (crop yield)
and global climate. Among the gaseous constituents, the
volatile organic compounds (VOCs) are key components
in both polluted and remote regions of the troposphere.
VOCs are defined as organic species which have high
vapour pressure in the earth’s atmosphere1. VOCs may
include a wide range of pollutants, such as non-methane
hydrocarbons (NMHCs), carbonyl compounds and
organic compounds containing halogens, sulphur or
nitrogen2. The oxygenated volatile organic compounds
(OVOCs), including the functional groups of alcohols,
aldehydes, ketones, carboxylic acids and esters are an
important subcategory of VOCs. Primarily, VOCs are
released into the atmosphere by both anthropogenic and
natural processes. The emissions related to the presence
or activities of humans are also known as anthropogenic
emissions. On the other hand, the biogenic emissions are
caused by living organisms or biological processes necessary for the maintenance of life cycles. The major anthropogenic sources include motor-vehicle evaporative and
exhaust emission, industries, biomass and biofuel burning, use of chemical solvents, etc. In Asia, anthropogenic
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emissions of VOCs are the largest from the residential
combustion of coal and biofuels (~ 34%), and from transportation (~ 27%). Significant contributions to the global
inventory of VOCs are also due to the emissions from
biomass burning and wild/forest fires. Emissions of
VOCs from biogenic sources, also known as biogenic
volatile organic compounds (BVOCs), are the largest
contributor to global VOCs. The dominant sources of
biogenic emissions are global vegetation and oceans. In
tropical photochemistry, BVOCs are estimated to have a
disproportionately large impact compared to higher latitudes.
Global emissions of BVOCs are estimated to be about
1150 teragrams of carbon per year (TgC year–1, 1 teragram = 1012 g), which exceeds those of their anthropogenic counterparts by about a factor of 10. Typically,
BVOCs have much shorter atmospheric lifetimes than anthropogenic VOCs due to faster reaction rates with OH.
In the forested/vegetated areas, isoprene and monoterpenes (α-pinene and β-pinene) are the dominant VOCs
which are reactive compared to lighter hydrocarbons3.
Among the most abundant BVOCs emitted from vegetation, isoprene and monoterpenes contribute 44% and 11%
respectively, to the global budget of biogenic emission.
Emissions of BVOCs are influenced by meteorological
parameters like solar radiation and temperature. The landuse changes and deforestation can alter the BVOC emissions and also the composition.
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Oceans are sources of a number of VOCs, but emissions of alkenes are substantial on a global scale. The
mechanisms by which VOCs are generated in sea water is
still not clearly understood. However, a photochemical
mechanism acting on dissolved organic matter (DOM)
has been widely accepted. Dimethyl sulphide (DMS,
CH3SCH3) is one of the most important VOCs in the
marine boundary layer (MBL) produced by biological
processes from phytoplankton in surface sea waters.
Further, DMS is oxidized to form sulphuric acid in the
atmosphere. The global emissions of VOCs are 60–
140 TgC year–1 from anthropogenic and 1150 TgC year–1
from biogenic sources. Because of the prevailing high
temperatures and solar fluxes in tropical regions, the
emission of BVOCs from terrestrial vegetation can be
higher compared to those in higher latitudes. According
to the estimates, the emissions in tropical regions contribute almost half of all BVOC emissions to the atmosphere.

Environmental and climatic impacts of VOCs
VOCs have direct impact on the environment, but contribute indirectly via secondary organic aerosol (SOA)
formation in climate change. In urban and industrialized
regions use of fossil fuels dominates, whereas in rural
areas cow dung and wood burning can be significant
sources of VOCs. On the other hand, the natural sources
take the lead in the emissions of VOCs in remote areas
like ocean and forest. As shown in Figure 1, the atmospheric chemistry of VOCs in urban areas results in the
formation of ‘photochemical smog’, in which the major
components are ozone (O3) and SOA. Significant fractions of carbonyl species are also due to secondary
formation involving photo-oxidation of primary VOCs.
Several VOCs can adversely impact human health – the

most common are eye, nose and throat irritations. Elevated levels of toxic hydrocarbons, such as 1,3-butadiene,
benzene, toluene and xylene have also been observed in
different polluted regions of the world. In summary, the
VOCs play an important role in a variety of atmospheric
or environment-related issues as listed as1: (i) Precursors
of ground-level photochemical formation of O3. (ii)
Halogenated VOCs can deplete O3 in the stratosphere.
(iii) Adverse impacts on human health, as some VOCs are
toxic. (iv) Global-scale increase in VOCs can enhance the
lifetimes of greenhouse gases (GHGs).
The oxidation efficiency of VOCs is determined by the
reactions with OH radicals in the atmosphere, although
the reactions with O3 and nitrate (NO3) can also be significant for unsaturated species. The OH radicals are
formed through the photo-dissociation of O3 by solar
ultraviolet (UV) radiation.
O3 + hν (λ < 320 nm) → O2 + O(1D),
O(1D) + H2O → 2OH.
The photolysis of nitrous acid (HONO) can also be a significant source of OH in highly polluted regions.
HONO + hν (λ < 400 nm) → OH + NO.
Though OH radicals react with many trace constituents,
the oxidation rates of VOCs are much faster than the relatively more abundant trace gases4 like methane (CH4) and
carbon monooxide (CO). The following nonlinear reactions involving VOCs and NOx (NOx = NO + NO2) in the
presence of solar radiation leads to the production of O3
and a variety of partially oxidized species.
VOCs + OH + O2 → RO2 + H2O,
RO2 + NO + O2 → NO2 + HO2 + CARB,
HO2 + NO → NO2 + OH,
2(NO2 + hν + O2 → NO + O3)
Net: VOCs + 4O2 → 2O3 + CARB + H2O.

Figure 1. Sources of volatile organic compounds (VOCs) and their
reaction cycles leading to photochemical formation of ozone (O3) and
secondary organic aerosols (SOA) in the troposphere.
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where CARB represents for carbonyl compounds in the
atmosphere.
The alkyl nitrates are known to form photochemically
in the atmosphere following the OH-initiated oxidation of
VOCs in the presence of nitric oxide (NO). Alkyl nitrates
have relatively low reactivity compared to other components of atmospheric reactive odd nitrogen compounds
(NOy) and act as long-range carriers of NOx to the remote
troposphere. Alkyl nitrates have atmospheric lifetimes
ranging from one month to several days depending on
their chain length. Among the various by-products, peroxyacetyl nitrate (PAN) plays an important role in both
chemistry and transport. PAN is chemically more stable
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than oxides of nitrogen, and can be transported over
cleaner region and also to the upper troposphere. Subsequently, PAN-type species, also known as reservoir
compounds, release NOx due to thermal and chemical
decomposition. PAN and similar species are formed
mostly due to the photo-oxidation of higher-order hydrocarbons. In the planetary boundary layer (PBL) NO3 can
react rapidly with several organic compounds, in particular with monoterpenes and isoprene4. Understanding the
roles of various precursors of O3 and modelling them
accurately to derive the impact of emission abatements is
important for policy makers.
The rate of photochemical production of O3 in the PBL
of urbanized/polluted regions not only depends on the
ambient levels of VOCs and NOx, but also on their ratio
(VOC/NOx)5. Because of this complexity (or nonlinearity)
in the chemistry and the roles of various meteorological
parameters, the quantitative links of emissions of VOCs
and NOx to the concentrations of O3 and major photochemical oxidants at a particular location and time are not
straightforward. The databases of VOC emissions used in
atmospheric chemistry or transport models have large uncertainties. Therefore, the predictions of O3 photochemistry involve model studies dealing with many nonlinear
reactions and meteorological inputs and hence the results
are expected to be highly uncertain. Another approach,
used for specific regions, is to generate O3 isopleth data.
The isopleth represents photochemical formation rate of
O3 as a function of the average emission rates of VOCs
and NOx. Ideally, O3 isopleth diagrams can be produced
by chamber experiments. However, ambient monitoring
data have also been used in the empirical kinetic modelling approach (EKMA) developed by the US EPA (Environmental Protection Agency), which relates hourly peak
in O3 with the average of precursor (VOCs and NOx)
concentrations. From several EKMA studies, it has been
established that the VOC and NOx precursors yield a peak
O3 when the VOC/NOx ratio is between 7 and 10.
Based on photochemical models and empirical parameterizations, generally the decreasing NOx can lead to
an increase in O3 at high NOx/VOC ratios. Under this
condition, the photochemistry leading to the net production of O3 falls in a stage known as VOC-limited regime.
The O3 photochemistry in a high VOC/NOx regime is
known as NOx-limited. VOCs–NOx sensitivity of O3
production varies with the time of the day, from event to
event and by locations within the same region. The
abatement strategies become complicated when photochemical regimes can change from NOx-sensitive to
VOCs-sensitive at a given location. In an urban/polluted
region, the prevailing regime can be subjected to the photochemical lifetimes of various VOCs, NOx and the dilution due to the meteorological conditions. The number of
grams of O3 produced in air per gram of total VOC
(TVOC) is defined as specific reactivity. Estimation of
the specific reactivity for a given category of source
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requires knowledge of the speciated VOCs and their concentrations as well as how much each contributes to the
photochemical production of O3. A major problem to the
study of O3–NOx–VOC sensitivity has been the lack of
evidence based on direct measurements rather than model
calculations. VOCs are also classified in terms of their
ability to form ozone, since compounds which are oxidized quickly lead to substantial O3 formation close to the
source, whereas those which are oxidized more slowly
will lead to O3 formation away from the source. More reactive compounds such as alkenes will contribute most to
ozone formation near the point of emission. As time goes
by, less reactive compounds such as the alkanes will
become more important in producing O3. High concentrations of reactive VOCs, such as olefins and aromatics,
can be responsible for O3 and SOA formation.
Indirectly, VOCs an play an important role in the earth’s
radiation budget as large fractions of atmospheric aerosols (scattering type) are derived from organic matter
with various volatilities. In the polluted environment, the
dominant fraction of organic aerosols (OA) is secondary.
In the atmosphere, it is formed from gas-phase species.
Recent studies have indicated that SOA formation in polluted air is much more efficient than expected from the
measured VOCs and yields determined in the laboratory6.
Many halogenated VOCs get photolyzed or react with
OH in the troposphere leading to the release of halogen
radicals. The source of halogenated VOCs is related to
several natural and anthropogenic processes, including
the emissions from terrestrial plants, fungi, ocean, biomass burning, fossil-fuel combustion, etc. Methyl chloride (CH3Cl) is one of the important halogenated VOCs
emitted by biomass burning, forest fire and terrestrial
vegetation. As shown in Table 1, CH3Cl is relatively less
reactive compared to various NMHCs and can reach the
stratosphere and make important contribution to organic
chlorine.

Estimation of photochemical ‘age’ of air mass
In addition to studying the photochemical processes, the
measurements of primary VOCs having different lifetimes
Table 1.

Species
Ethane
Propane
n-Butane
Ethene
Propene
Benzene
Isoprene
α-Pinene
β-Pinene
CH3Cl

Reaction rate constants (k) of some VOCs for the reaction
with OH radical4,13
OH rate constant (k) at 298 K
(cm3 molecule-1s-1)
0.257 × 10
1.15 × 10–12
2.54 × 10–12
8.52 × 10–12
26.3 × 10–12
1.23 × 10–12
101 × 10–12
53.7 × 10–12
78.9 × 10–12
3.6 × 10–14

–12

Major sources
Anthropogenic
Anthropogenic
Anthropogenic
Anthropogenic/biogenic
Anthropogenic/biogenic
Anthropogenic
Biogenic
Biogenic
Biogenic
Natural/anthropogenic
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can be used to estimate the photochemical age of air
mass7. If two species, for example, VOC1 and VOC2,
have common sources but different reactions rates with
OH radicals, then the photochemical age (Δt) of an air
parcel can be calculated from the following equation.
Δt =

1
( kVOC1 − kVOC2 )[OH]

× [ln(VOC1/VOC2)t =0 − ln(VOC1/VOC2)t ],

where (VOC1)/(VOC2)t is the ratio of the mixing ratios
measured at time t, and (VOC1)/(VOC2)t=0 is the average
emission ratio from the major emission sources. [OH] is
the average concentration of OH radicals. And kVOC1 and
kVOC2 are the reaction rate coefficients for the reactions of
OH with VOC1 and VOC2 respectively. If only the OH
chemistry is important in the decay of a primary VOC,
then the photochemical equation can be written as:
ln

[VOC]t =0
= kOH [OH] × t ,
[VOC]t

where [VOC]t=0 and [VOC]t are the mixing ratios at any
initial time (t = 0) and at a later time (t) respectively. In
this equation, the slope as a function of the time t and the
reaction rate constant kOH allow the estimate of the mean
OH concentration [OH] over the studied period t. The
concentration of OH during the day can be estimated
from the variation in concentration ratios of aromatic
species (like ethyl benzene, toluene, o-xylene and m + pxylene) to benzene. Aromatics are most preferred for this
type of calculation because they have similar lifetimes
and sources to benzene and decay almost by reaction with
the OH radicals. A model simulation neglecting the emissions of OVOC leads to unrealistically low O3 mixing
ratios compared to the field measurements in the biomass-burning plumes. Therefore, the simultaneous observations of various VOCs, NOx and meteorological
parameters can be helpful for photochemical simulation
studies in the boundary layer of polluted regions. In the
tropical regions, strong convective storms can transport
many reactive VOCs to the middle/upper troposphere in
only a few to several hours.

In the PTR-MS protonated water (H3O+) is used as a
source of proton as most of the inorganic constituents of
air possess proton affinities lower than that of H2O,
whereas for most organic constituents the opposite is
true. The fundamental processes can be described by
following reaction.
H3O+ + R → RH+ + H2O.
The fragments of inorganic species can be discarded,
which helps identify the desired organic species. In the
PTR-MS system, the combination of reaction kinetics and
mass spectrometry allows the identification and quantification of individual VOCs on a relatively short timescale.
Using the reaction kinetic data and draft-tube parameters,
the mixing ratio (MIR) of any VOCs can be calculated
as here. If RH+ (representing an ionized VOC) is the
only ionized product and with a condition satisfying
[H3O+] >> [RH+],
[MIR]R × kt = [RH+]/[H3O+],
where k and t are the proton rate transfer coefficient and
reaction time respectively. If both k and t are known, then
the measured ratio of [RH+]/[H3O+] detected by the MS
allows the determination of absolute concentration of RH
(or VOCs). The real-time detection and quantification of
these trace-level constituents require no pre-concentration
prior to the measurements9. Because of the fast response
time (1s) and low detection limit (10–100 pptv), the PTRMS system can be used in a variety of platforms (groundbased, airborne, ship-borne, etc.).

Summary
The recent change in air composition is connected with
growing industrialization and urbanization, developing
megacities and increasing traffic. Human activities have
resulted in changing emissions of many primary trace

Measurement methods of VOCs in ambient air
Several techniques, such as gas chromatograph (GC)
coupled with flame ionization detector (FID) and mass
spectrometer (MS) have been used for the analysis of
VOCs. Due to technical limitations, many VOCs which
play an important role cannot be detected using GC-based
techniques. Recently, the proton-transfer reaction mass
spectrometry (PTR-MS) technique has been used for the
detection of a wider spectrum of VOCs in air (Figure 2)8.
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Figure 2. Schematic representation of a proton-transfer reaction mass
spectrometer (adapted from Blake et al 8).
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gases, including VOCs and GHGs. The increasing emissions of these species due to human activities have implication to direct or indirect climate change, which in turn
can influence the natural emission processes of VOCs
and other species. India is a large subcontinent and has
vast geographical and climatological variability, where
measurements of VOCs are limited10–12. To understand the
inhomogeneity in emissions of VOCs, not only in the
magnitude of emissions but sector-wise contributions,
requires observations of VOCs with a representative
spatio-temporal resolution. Individuals or a group can
contribute little; there is a need of coordinated efforts for
studies of VOCs. Multiplatform observations involving
aircraft, ship and ground stations are the key to understanding the environmental and climatic importance of
VOCs. There is a growing demand for VOCs inventory
data for India by global modellers. Due to tremendous
technological progress in VOCs detection and quantification using GC and PTR-MS, measurements of VOCs
from local to regional scales can be accomplished. The
observations of VOCs along with other species like NOx
will be important to understand the photochemistry leading to formation of O3 and SOA at urban, rural and
remote (both marine and terrestrial) locations.
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