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Key Concepts 

• Vegetation emits significant amounts of reactive gases, known as biogenic emissions, to 

the atmosphere. 

• The most prevalent biogenic emission from plants is isoprene (C5H8), but plants emit a 

broad suite of chemical compounds.   

• Not all biogenic emissions released into a canopy reach the atmosphere because some 

react within the canopy or deposit onto vegetation; therefore understanding the canopy 

transport is key to explaining atmospheric concentrations of these gases.  

• Biogenic VOC emissions can play an important role in atmospheric chemistry and 

climate by impacting the concentrations of air pollutants, chemical radicals, and 

greenhouse gases in the atmosphere.  

 

 



  



 

Introduction 

Have you ever walked through a forest and noticed that “pine forest” smell? What you smell 

are trace gases released from the forest plants into the atmosphere. These gases are known as 

biogenic emissions, or emissions released to the atmosphere from biological sources. Trace 

gases, such as volatile organic compounds (VOCs) and the oxides of nitrogen (NOx), are emitted 

to the atmosphere from organisms through a variety of biophysical and biochemical processes 

and can play an important role in local, regional, and even global atmospheric chemistry and 

climate. 

 

In the mid-20th century, scientists began to recognize the importance of biogenic emissions to 

the physical states and chemical processes of the atmosphere. Went (1960) presented evidence 

that plants emitted organic compounds to the atmosphere, and further hypothesized that the 

blue haze observed in rural regions, such as over the Blue Ridge Mountains in the eastern 

United States, is the result of biogenically-released compounds that have reacted and 

condensed to form atmospheric particles. Rasmussen(1970; 1972) began to identify specific 

organic compounds that were emitted from plants and other organisms sources, rather than 

anthropogenic (human-made) sources. Since that time, advances in measurement technologies 

have enabled the detection and identification of hundreds of chemical compounds that are 

emitted from vegetation to the atmosphere. Some of these compounds are important to 

atmospheric chemistry, air quality, and climate due to the magnitude of their emissions and/or 

their reactivity with respect to other chemical species. For example, Chameides et al., (1988) 

provided the first quantitative study to show the importance of biogenic VOC emissions for the 

production of ozone (aka photochemical smog) in the southeastern United States. Many studies 

have shown that controls on anthropogenic sources of pollution may be ineffective, or even 

counter-productive, unless biogenic VOC emissions are considered. Therefore, the 

understanding and quantification of biogenic emissions are critical for the development of 

accurate models of the chemistry of our atmosphere, air quality, and climate. In this chapter, 



emissions of biogenic compounds, their exchange between the biosphere and the atmosphere, 

and their impacts on atmospheric chemistry and climate are explored. 

 

1. Emissions to the atmosphere from plants 

Because biogenic emissions are so prevalent in the Earth System, it is critical to constrain the 

magnitude of such emissions and identify the various compounds that are emitted. The spatial 

and temporal variability in emissions is substantial, since emissions are dictated by the 

vegetation type and the physiological state of the vegetation, which is sensitive to seasonal and 

longer-term variation in weather and climate. Because they are so variable in time and space, 

one of the great challenges to assessing the impact of biogenic VOC emissions on the 

atmosphere is to accurately quantify emissions in a way that can be adjusted to various 

spatiotemporal scales within the Earth System.    

 

a. Biogenic VOC Emissions 

Biogenic emissions include a variety of VOCs and other 'inorganic' trace gases, such as nitrogen 

oxides (NOx). Biogenic sources dominate VOC emissions. Globally, plants emit an estimated 

1,000 Tg VOC year-1. This is approximately 10 times more than the total amount of VOC emitted 

worldwide from anthropogenic sources including fossil fuel combustion and industrial sources 

(Warneck, 2000). Thus, one of the initial important concepts to establish is that biogenic 

emissions from the plants, microorganisms and animal in ecosystems are far greater in terms of 

controlling atmospheric states and processes, compared to human-generated VOCs.  An 

important clarification must be emphasized here.  When we discuss the topic of biogenic VOCs 

and influences on the atmosphere, we are not including CO2, which is an inorganic compound.  

We are also not including methane (CH4), in our discussion.  Methane is an organic compound, 

and thus, a legitimate component of what one might refer to as 'biogenic VOCs'.  However, CH4 

is principally produced from anaerobic soils in wetland ecosystems and from emissions from 

the enteric bacteria of ruminant animals.  While plants can act as important conduits for the 

transport of soil-derived CH4 to the atmosphere, they are not the primary source of CH4 

production. Neither the soil nor ruminant animals fit within the frame of reference of this book 



and chapter, which focuses on plant processes.  Thus, for the remainder of this chapter, the 

focus will be on important 'non-methane' biogenic emissions of VOC.  

 

There are many VOC species that are emitted from vegetation. Table 1 lists of the most 

prevalent biogenic gaseous emissions and their estimated global annual emission rates. The 

most dominant biogenic VOC emission is the unsaturated hydrocarbon isoprene (C5H8). 

Isoprene has two double carbon bonds and is therefore very reactive in the atmosphere. 

Recent estimates predict that isoprene emissions from vegetation globally are on the order of 

500-600 Tg year-1, more than half of the total biogenic VOC emissions (Guenther et al., 2012). 

Other commonly-emitted compounds are monoterpenes (compounds containing 10 carbons, 

C10H16) and sesquiterpenes (compounds containing 15 carbons). Biogenic VOC emissions 

include oxygenated compounds, alkanes, alkenes, and acidic compounds (Table 1).  

  



 

TABLE 1: Annual global emissions of biogenic compounds. Adapted from [Guenther et al., 

2012]. 

Compound Class Compound Emissions 
(Tg yr-1) 

Isoprene Isoprene  535 
Monoterpenes α-Pinene 66 
  t-β-Ocimene 19 
  β-Pinene 19 
  Limonene 11 

  Sabinene 9 
  Myrcene 9 
  3-Carene 7 
  Camphene 4 
  Other Monoterpenes 18 
Sesquiterpenes (SQT) α-Farnescene 7 
  β-Caryophyllene 7 
  β-Farnescene 4 
  Other Sesquiterpenes 11 
Oxygenated VOC 2-3-2 Methyl Butenol (MBO) 2 
  Methanol 100 
  Acetone 44 
  Ethanol 21 
Bidirectional VOC Acetaldehyde 21 
  Formaldehyde 5 
  Acetic Acid 4 
  Formic Acid 4 
Stress VOC Ethene 27 
  cis-3-Hexenol 5 
  Other Stress VOC 16 
Other VOC Propene 16 
  Butene 8 
  Other VOC 8 
Carbon Monoxide (CO)  82 
  TOTAL (VOC and CO) 1087 

 

 

 



In general, the spatial distribution of the emissions closely follows the spatial distribution of 

vegetation on the globe. Figure 1 shows the global land cover and land use distributions as 

observed by satellite instruments from space. Biogenic emissions are closely aligned with these 

types of global vegetation maps.  The specific types, as well as the quantity of volatile organic 

compounds produced by ecosystems are highly dependent on distributions of plant species and 

growth form. For example, most oak trees (Quercus) emit isoprene at high rates; however, pine 

trees (Pinus) do not emit isoprene, but they do emit monoterpenes. Isoprene can be emitted in 

large quantities from areas with tropical forests and deciduous hardwood forests. 

Monoterpene emissions are largely emitted from areas where boreal or temperate coniferous 

species dominate the ecosystems. This is reflected in the maps of biogenic VOC emissions 

shown in Figure 2.  

 

 

Figure 1: Global land cover and land use, as defined by the MODIS Land Cover Type Product 

(http://modis.gsfc.nasa.gov/data/dataprod/dataproducts.php?MOD_NUMBER=12) 

 
 

 

 

 

 

http://modis.gsfc.nasa.gov/data/dataprod/dataproducts.php?MOD_NUMBER=12


Figure 2: Global annually-averaged emission rate estimates (µmoles compound m-2 hr-1) of 

several important biogenic VOC species for using the Model of Emissions of Gases and Aerosols 

from Nature (MEGAN) v2.1 and the Community Land Model version 4 [Guenther et al., 2012]. 

[SQT = Sesquiterpenes]. Note the different scales for each figure.  

 
 

 

The mechanisms by which VOCs are produced and emitted also vary . Observations have shown 

that some biogenic VOCs, such as isoprene and some monoterpenes, are emitted as a function 

of environmental conditions that change on short time scales, most importantly temperature 

and light. The time scale for the response of these emissions is similar to that of 

photosynthesis, and in fact these emissions have been shown to be metabolically connected to 

photosynthesis through various processes in the chloroplast. Other controls, such as leaf age 

and leaf area index (LAI), can impact emissions but to a smaller extent. The reasons for the 

emissions of biogenic VOCs vary and are in some cases not fully understood. For example, 

several hypotheses exist to explain the ultimate aspects of natural selection that have led to the 

evolution of isoprene emissions from leaves.  One hypothesis is that isoprene emission provides 

protection from elevated temperatures or from high levels of atmospheric oxidants like ozone 

(Sharkey et al., 2008). Other compounds are emitted as a response to insect attack or other 

abiotic or biotic stresses. These stresses include light intensity, temperature, moisture 



availability, as well as exposure to ozone pollution and insect attack. Monoterpene production 

in leaves and needles has been attributed to protection from abiotic stresses, similar to the 

case for isoprene, in some species, and to protection from insect herbivory in other species.  

Plants may produce monoterpenes in different tissues and store them at different levels, 

depending on these variable adaptive roles. In some leaves monoterpenes are produced in 

chloroplasts and not stored, rendering them susceptible to immediate 'leakage' to the 

atmosphere; these compounds are thought to be most effective at protecting leaves from 

abiotic stresses such as extreme heat, light, and drought. In other leaves, particularly the 

needles of coniferous species, monoterpenes are produced in the cells of resin ducts and 

blisters, and are stored as a means of deterring insect consumption; these compounds leak 

more slowly to the atmosphere and are thought to be most effective at protecting leaves from 

the biotic stress of herbvivory. 

 

To estimate the quantity of emissions, particularly for atmospheric chemistry and climate 

applications, biogenic VOC emissions are commonly represented by Equation 1:  

 

     𝐸𝑖 = 𝐸𝐹𝑖 ∗ 𝛾𝑖     (1) 

 

where Ei is the emission of compound i (mass area-1 time-1), EFi the potential emission rate of 

compound i at a set of standard conditions, and γi is an activity factor that accounts for all 

environmental and phenological variables that control the emissions. EFi is also known as an 

emission factor and its value can be a function of a specific plant genus or ecosystem type. 

Table 2 shows the emission factors of isoprene and some selected monoterpenes for several 

specific tree and ecosystem types. As noted, different vegetation species emit different 

compounds, and in different quantities. The emissions factors of isoprene are much higher than 

those of other biogenic emission species. As shown here and mentioned previously, forested 

ecosystems, particularly those dominated by broadleaf trees, have the highest isoprene 

emissions. Crops and grasses have the lowest isoprene emission factors.  

 



  



Table 2: Emission Factors (mg compound m-2 hr-1) of selected compounds from different plant 

functional types. [Guenther et al., 2012] 

Plant 
Functional Type 
(PFT) Isoprene Limonene 3-Carene 

t-β-
Ocimene β-Pinene α-Pinene 

Other 
Monoterpenes 

β-
Caryophyllene 

Other 
Sesquiterpen  

Needleleaf 
Evergreen 
Temperate Tree  600 100 160 70 300 500 180 80 120 
Needleleaf 
Evergreen 
Boreal Tree 3000 100 160 70 300 500 180 80 120 
Needleleaf 
Deciduous 
Boreal Tree 1 130 80 60 200 510 170 80 120 
Broadleaf 
Evergreen 
Tropical Tree 7000 80 40 150 120 600 150 60 120 
Broadleaf 
Evergreen 
Temperate Tree 10000 80 30 120 130 400 150 40 100 
Broadleaf 
Deciduous 
Tropical Tree 7000 80 40 150 120 600 150 60 120 
Broadleaf 
Deciduous 
Temperate Tree 10000 80 30 120 130 400 150 40 100 
Broadleaf 
Deciduous 
Boreal Tree 11000 80 30 120 130 400 150 40 100 
Broadleaf 
Evergreen 
Temperate 
Shrub 2000 60 30 90 100 200 110 50 100 
Broadleaf 
Deciduous 
Temperate 
Shrub 4000 100 100 150 150 300 200 50 100 
Broadleaf 
Deciduous 
Boreal Shrub 4000 60 30 90 100 200 110 50 100 
Arctic C3 Grass 1600 0.7 0.3 2 1.5 2 5 1 2 
Cool C3 Grass 800 0.7 0.3 2 1.5 2 5 1 2 
Warm C4 Grass 200 0.7 0.3 2 1.5 2 5 1 2 
Crop 1 0.7 0.3 2 1.5 2 5 4 2 

 

 

The emission factors in Table 2 and published elsewhere have been developed from laboratory 

and field measurements of leaf and branch enclosures, as well as above-canopy flux 

measurements. The photos of Figure 3 show examples of leaf enclosure measurements in the 

laboratory and field. For these types of measurements, the concentrations of biogenic VOCs are 



measured in the inlet and outlet of the enclosure, and an emission factor is developed based on 

the increase in outlet concentrations and the mass of plant material in the enclosure.  

 

Figure 3: Photos of leaf enclosure measurements in the laboratory and in the field.   

 
 

 

The activity factor (γi) in Equation 1 represents the various controls that can regulate emissions 

of a specific compound (Guenther et al., 2012). This parameter includes emission response to 



light (γP), temperature (γT), leaf age (γA), soil moisture (γSM), leaf area index (LAI), and 

atmospheric  CO2 concentrations (γC) as: 

 

𝛾𝑖 = 𝐿𝐴𝐼 ∗ 𝛾𝑃,𝑖 ∗ 𝛾𝑇,𝑖 ∗ 𝛾𝐴,𝑖 ∗ 𝛾𝑆𝑀,𝑖 ∗ 𝛾𝐶,𝑖   (2) 

 

The responses to various environmental and ecological conditions, or the individual gamma (γ) 

values, are also dependent on the type of emitted VOC compound. Controls on isoprene 

emissions are dominated by leaf temperature and light exposure. Isoprene is not emitted 

during the nighttime when it is dark. Measurements from enclosures, such as those shown in 

Figure 3, can be used to evaluate the controls (e.g. light and temperature) on the emission rate. 

Based on laboratory and field measurements, Guenther et al.(1991) developed  empirical 

algorithms that describe the dependency of isoprene emissions on light and temperature. 

These equations are still used today to predict emissions from plants. Isoprene emissions 

increase with increasing temperature until a maximum temperature is reached (typically 

~40oC). At temperatures above this point, emissions decrease. Emissions also increase with 

increasing sunlight until a saturation point is reached, after which no further increase in 

emissions is observed. Figure 4 illustrates the light and temperature dependencies of isoprene 

emissions.  

 

 

 

 

 

 

 

 

 

 

 



Figure 4: Schematic of isoprene emissions as a function of temperature and light.  

 
 

Unlike isoprene, the emissions of monoterpenes from stored reserves in resin canals and resin 

blisters are  less  influenced by available sunlight.  The emissions of monoterpenes that are not 

produced in chloroplasts and are not stored in leaves, exhibit light and temperature 

dependencies that are similar to those for isoprene.  Emissions of monoterpenes from storage 

reservoirs are driven primarily by temperatures, increasing as temperatures increase. Other 

compounds that are emitted from vegetation include oxygenated compounds, such as ethanol 

and methanol. Some compounds can be both emitted from various plants and also taken up by 

the plants, such as acetaldehyde, formaldehyde, acetic acid, and formic acid. Therefore, they 

have bi-directional fluxes, which are dependent on the atmospheric concentrations of the 

specific compounds.  

 

2. Moving VOC from the leaf into the atmosphere 

Once emitted from a plant, biogenic VOC are transported from the point of emission (usually 

the leaf) into the canopy air space, out of the canopy, and into the lower troposphere where 

they can impact atmospheric chemistry and climate. Figure 5 illustrates the layers of the 

atmosphere with respect to biogenic VOC emission. Because the movement of these biogenic 

VOC molecules from the canopy layer into the planetary boundary layer determines chemical 

concentrations in the atmosphere, the transport of biogenic compounds is an important 

component to understanding and simulating the chemistry of the atmosphere. The complexity 



of the transport process depends on several factors, including the chemical reactivity of the 

individual VOC species, the height and structure of the canopy, and the influence of the canopy 

on meteorological conditions and turbulence in the canopy.  Because the majority of biogenic 

VOC mass is emitted from forest canopies, this section will focus on the complexities of 

turbulence in a forest canopy and its impact on biogenic VOC transport. 

 

Figure 5: A schematic of the layers of the troposphere relevant for biogenic VOC. Adapted from 

Arya (2001). 

 
 

a. Transport versus chemistry  

Biogenic VOC molecules are transported through the atmosphere via molecular diffusion, eddy 

transport generated by turbulence near the surface or advection (mean wind flow). Here, we 

define turbulent transport of biogenic VOC as the movement of constituents due to the 

turbulent motions of air, often described as eddy transport.  Molecular diffusion plays an 

important role in moving molecules out of the leaf, but once in the canopy air space, the 

dominant driver of motion to the atmosphere above the canopy is turbulent transport. 

Turbulent eddy motion is far more efficient for moving molecules large distances and is the 



dominant process in the canopy sublayer and the atmospheric surface layer. Advection, or the 

general circulation of the atmosphere, becomes increasingly important in the atmospheric 

boundary layer.  

 

The transport of biogenic VOC within a canopy and out into the atmosphere is further 

complicated by the fast chemical reactivity of some biogenic VOCs (e.g., isoprene and 

sesquiterpenes). The reactivity of each type of biogenic VOC is defined in terms of the 

“lifetime” of the compound (τ), which refers to the average length of time that a molecule will 

reside in the atmosphere before engaging in a chemical reaction that changes its chemical 

structure.  Atmospheric lifetimes reflect the balance between compound emission rate and 

chemical reaction rate, which in turn depends on factors such as the concentrations of 

reactants, temperature and the presence of catalytic surfaces which can reduce reaction 

activation energies.  Generally, the local lifetime of isoprene ranges from a few hours to a few 

days (Fuentes et al., 2000), the lifetime of monoterpenes is on the order of minutes to hours,  

and sesquiterpenes, more complex molecules with multiple double bonds, have a shorter 

reactivity time of seconds to minutes.  As a result, compounds with the shortest lifetimes, such 

as sesquiterpenes, have the potential for reaction within the canopy air space, and thus may be 

unable to escape the canopy and enter the planetary boundary layer. 

 

One metric to estimate the relative importance of the reactivity to the atmospheric transport is 

the Damköhler number, representing the ratio of the chemical lifetime of the compound to the 

transport time out of the forest canopy. If this ratio is low, it indicates that chemical reaction 

times are much longer than transport times, and most of the emitted species will be 

transported out of the canopy. However, as this number approaches and exceeds unity, then 

the chemical reactions occurring within the canopy are faster than the mean vertical canopy 

transport time and the compound may not be emitted to the atmosphere above the canopy. 

Additionally, a Damköhler number near or exceeding one also indicates that there will likely be 

spatial and temporal inhomogeneities of biogenic VOC within the forest canopy.  These 

inhomogeneities in biogenic VOC concentrations, as well as the concentrations of the radicals 



that drive chemical reactions, can effectively lower reaction rates, a process known as 

segregation (Dlugi et al., 2010).  Therefore, understanding the relative roles of transport and 

atmospheric chemistry is important for understanding fluxes out of the top of a forest canopy, 

and will vary depending on the biogenic VOC in question.  

 

The Damköhler number varies as a function of canopy structure and meteorological conditions. 

For example, if we assume an average canopy residence time of 3 minutes, and a chemical 

lifetime of 84 minutes for isoprene (Table 3; isoprene+OH reaction), the Damköhler number 

would be 0.04, indicating that most of the isoprene will be transported to the surface 

layer.  However, at nighttime when canopy residence times lengthen (e.g., 10 minutes), a more 

reactive compound such as terpinolene (a sesquiterpene with a chemical lifetime of 1 minute 

with NO3; Table 3) would yield a Damköhler number of 10, indicating that most nighttime 

sesquiterpene emissions will react before leaving the canopy.  

 

b. In- and above- canopy turbulent transport 

Quantifying within-canopy turbulence can be challenging, and our current understanding is 

predominantly based on field observations and high-resolution large-eddy simulation modeling.  

Typically, winds decrease towards the surface in a vegetated forest canopy, slowing turbulent 

motions. However, processes in the canopy air space can drive secondary circulations that can 

be important for overall fluxes out of the top of the canopy. For example, in forests with little to 

no understory, winds can develop that may increase the movement of biogenic VOC within the 

canopy. In-canopy heating by incoming solar radiation can also generate additional in-canopy 

turbulence; therefore, the density and structure of the vegetation within the forest canopy can 

play a role in the turbulent transport of biogenic VOC.  In general, sub-canopy flow and 

turbulence and its impact on biogenic VOC is very site-specific and depends on the overall 

forest canopy structure.  As the wind flows around leaves, branches and stems of plants, 

swirling currents of air occur as 'wakes' on the downwind side.  These local areas of turbulent 

wakes can potentially act as 'reactor volumes', increasing the time during which reactants can 

interact, and thus enhancing the Damköhler number. Studies of within-canopy reactions and 



the various processes that affect the reaction and transport rates are still rudimentary and 

require further investigation.  

 

As in-canopy turbulence can be important for understanding the how biogenic emissions move 

from the plant and within the forest canopy air space, biogenic VOCs must also be transported 

from the forest canopy air space into the surface layer of the atmosphere. For this transport to 

occur, the VOC molecules must move through the lowest part of the atmosphere that interacts 

with the vegetation, which is frequently defined as the “roughness layer” or the “canopy sub 

layer” (Figure 5). The interface between the canopy and the atmosphere represents a region of 

high wind shear, where horizontal wind flows can be disrupted and create intermittent 

turbulent air motions that aid the transport of biogenic VOC. There is increasing evidence that 

much of this turbulent transport occurs through the mechanism of coherent wind structures 

(Finnigan, 2000).  Coherent wind structures are defined as distinct patterns of turbulence that 

occur at regular intervals and are described by two types of motion:  (1) A “burst” or ejection of 

air from within the canopy to the atmosphere (representing upward motion) and (2) a “sweep” 

of air that brings air from the atmosphere into the forest canopy.  These bursts and sweeps are 

due to instabilities in the air flow caused by the large differences in horizontal wind speeds near 

the top of the canopy.  This can visualized as a type of intermittent canopy 'venting'. 

 Coherent structures, such as the sweeps and bursts, occur on time scales of seconds to 

minutes and are an important factor in the flux of biogenic emissions in and out of a forest 

canopy. While the role of coherent structures on the transport of biogenic VOC has yet to be 

quantified, results of studies on the transport of other trace gases suggest that biogenic VOCs 

are likely to be carried along with coherent structures, and depending on their chemical 

reactivity, vented to the atmosphere. Therefore, identifying these structures and quantifying 

their contribution relative to within canopy reaction rate is key to understanding biosphere-

atmosphere exchange. 

 

c. Top-of-the-canopy fluxes  



The flux out of the top of the canopy into the planetary boundary layer represents the mass flux 

of biogenic VOC to the atmosphere, which is the most important emission metric for 

determining the role of biogenic VOC on atmospheric chemistry and climate. Biogenic VOC flux 

is defined as the mass of carbon (or compound) per area per time and can be measured in the 

field with several different techniques. Some studies have measured the fluxes of biogenic VOC 

at the leaf or branch level, where a leaf or branch is enclosed in a chamber and the flux can be 

quantified by measuring the flow and input and output concentrations (e.g., Figure 3). These 

results must then be scaled with the biomass within the enclosure to represent the full canopy.  

 

In addition to branch enclosure methods, micrometeorological methods are frequently 

employed to measure fluxes out of the canopy.  Micrometeorological methods use high time 

resolution measurements of wind speed, including the turbulent and advective wind 

components, to estimate transport. The two most commonly used micrometeorological 

methods for biogenic VOC flux estimation are relaxed eddy accumulation (REA) and eddy 

covariance (EC).  The REA method collects air samples at the top of the canopy in updrafts and 

downdrafts of the wind to determine a 'top of the canopy' flux.  The EC method uses fast-

response time measurements (e.g., 1-10 measurements per second) to derive fluxes as the 

statistical covariance between the turbulent wind speed and the time-dependent variance in 

VOC concentration.  The EC approach is similar to techniques implemented to measure surface 

energy fluxes (Foken, 2008).  Typically, the REA method is used when high-response chemical 

sampling of the fast fluctuations of biogenic VOC concentrations is unavailable. EC 

measurements of top of the canopy fluxes of biogenic VOC are becoming more common in field 

sampling due to newer measurement techniques. The EC method is also advantageous to 

determine the role of coherent structure transport on the top of canopy fluxes of biogenic VOC, 

as the fast-response time measurements can indicate when coherent structures are present.   

 

An additional metric often used to represent the fluxes of biogenic VOC out of the forest 

canopy is the escape efficiency (Stroud et al., 2005). The escape efficiency is defined as the 

fraction of the mass flux of biogenic VOC transported to the atmospheric boundary layer as 



compared to the mass flux emitted from vegetation. An escape efficiency of one therefore 

indicates that all biogenic VOC that is emitted is mixed into the atmosphere. Stroud et al. (2005) 

show that this escape efficiency is high (0.9) for less reactive species (e.g., isoprene and α-

pinene), but low (0.3) for β-caryophyllene (a sesquiterpene). This method has been employed in 

models to scale top of the canopy flux estimates by removing the effect of in-canopy chemistry, 

which may reduce the source emissions of some very reactive BVOC. 

 

d.  Transport in the atmospheric boundary layer 

If biogenic VOC are transported out of the forest canopy and into the atmospheric surface layer 

without reacting, they will continue to be mixed upward and potentially into the free 

troposphere (Figure 5). The fate of biogenic VOC is subject to the vertical mixing that occurs 

within the atmospheric boundary layer (typically 1-2 km under daytime conditions).  Under 

sunny, daytime conditions, biogenic VOC will be transported with the large-scale atmospheric 

eddies that typically range in size from meters to kilometers and can be as large as the 

boundary layer height itself.  Once into the boundary layer, the biogenic VOCs can impact 

atmospheric chemistry, air quality, and climate via various chemical pathways.  

 

3. Chemistry in the troposphere 

Once in the free troposphere, the chemistry of emitted VOCs is complex. Although 99.9% of the 

atmosphere is composed of three compounds: N2, O2, and water, it is the presence of the 

various trace components comprising the remaining 0.1% that results in the changing chemical 

composition of the atmosphere. Depending on the emitted species and the background 

chemical composition of the air, the impact of biogenic VOC can act over different spatial scales 

(local, regional, or global) and different timescales from fractions of seconds to many centuries.  

 

As shown in Table 1, the number of VOCs emitted from vegetation is large and the structure of 

these compounds is highly variable. While the ultimate fate of these emitted chemicals is to be 

deposited back to the terrestrial or marine land surface or broken down into CO2 and H2O, the 

rate at which this occurs varies widely among compounds, and a diverse range of chemical by-



products is also produced. Species with atmospheric lifetimes of hours to days can be 

transported to other parts of a region or continent, whereas VOCs with longer lifetimes become 

well-mixed in the free troposphere and can be transported across global scales. The 

implications of such atmospheric transport are discussed in Section 4. 

 

While the precise reaction pathways of each emitted compound are determined by their 

chemical structure, as well as the atmospheric concentrations of their reactants, some 

generalizations can be made. The remainder of this section focuses on the chemistry governing 

the production and loss of ozone and the formation of secondary organic aerosols (trace 

components of the atmosphere that are both climatically active compounds and air pollutants) 

in which biogenic VOCs play a major role.  Integration of the topic of VOC emissions from 

plants, as discussed above, with that of VOC reactions in atmosphere, as discussed in the next 

section, provides the true nexus required to understand how plants affect atmospheric 

chemistry. 

 

a. Gas-phase Chemistry 

Generally, VOC emissions from plants are highly reactive, with atmospheric lifetimes on the 

order of seconds to hours. Once released into the atmosphere, biogenic VOCs react rapidly with 

atmospheric oxidants, primarily the hydroxyl (OH) and nitrate (NO3) radicals, and also ozone 

(O3) molecules. (It is important to note that hydroxyl and nitrate radicals are chemically 

different than hydroxide and nitrate ions. Free radicals contain one or more unpaired valence 

shell electrons and are thus highly reactive. It will be instructive to the student to explore the 

different chemical natures of radicals and ions. For example, see suggested reading by Seinfeld 

and Pandis, 2006.) Table 3 shows the lifetimes of selected VOCs with typical atmospheric 

concentrations of OH, NO3, and O3. The reactions of biogenic VOC with these species produce 

secondary products that include O3 and stable organic nitrate compounds, which can be 

transported for long distances, as well as low volatility compounds that can condense to form  

particles in the atmosphere. These particles (also called aerosols) can remain suspended in the 

atmosphere for relatively long periods of time.  



 

Table 3: Calculated atmospheric lifetimes (τ) of selected biogenic VOCs with OH, NO3, and O3. 

Rate constants from [Warneck and Williams, 2012].  

Compound OH NO3 O3 
Isoprene  1.4 h 48 min 1.3 days 
α-Pinene 2.7 h 5 min 4.7 h 
t−β-Ocimene 37 min 2 min 44 min 
β -Pinene 1.9 h 13 min 1.1 days 
Limonene 51 min 3 min 1.9 h 
Sabinene 1.2 h 3 min 4.8 h 
Myrcene 39 min 3 min 51 min 
3-Carene 1.6 h 4 min 11 h 
Camphene 2.6 h 51 min 18 days 
β-phelledrene 50 min 4 min 8.4 h 
Terpinolene 37 min 21 sec 13 min 
β-Caryophyllene 42 min 2 min 2 min 
α-Humelene 28 min 1 min 2 min 
Methanol 6 days 178 days > 4.5 yrs 
*Atmospheric lifetimes based on the following concentrations (molec cm-3): 
[OH] = 2.0 x 106 [NO3] = 5.0 x 108  [O3] = 7.0 x 1011 

 

 

In the troposphere (Figure 5), ozone (O3) is a pollutant and it can be harmful to human health, 

plants, and other man-made materials. (Tropospheric ozone is different in its ramifications for 

life on earth than stratospheric ozone. Stratospheric ozone protects the DNA in cells from 

mutagenic ultraviolet radiation, whereas tropospheric ozone damages cells by causing 

oxidation of membranes, proteins and nucleic acids.) Tropospheric ozone is also a strong 

greenhouse gas. Tropospheric ozone is produced primarily through photochemically-initiated 

reactions involving oxides of nitrogen (NOx) and VOC, including biogenic VOC species. The main 

sink for tropospheric ozone is chemical loss, but there is also a significant flux to the surface 

where it is lost by the process of dry deposition (Royal Society, 2008). While it should be noted 

that there is an additional source of tropospheric ozone: the downward transport of ozone 

from the stratosphere to the troposphere. This source is small in comparison to the rate of 

chemical production in the troposphere itself.  

 



Biogenic VOCs therefore play an important role in the determination of ozone concentrations in 

the troposphere. The series of reactions leading to the formation or destruction of ozone in the 

troposphere can be broken down into three distinct phases: initiation reactions, free radical 

reactions, and termination reactions.  

 

The initiation reactions involve the formation of OH radicals, the primary reactant, which occurs 

predominantly via the photolysis of ozone itself. During photolysis reactions, molecules absorb 

sufficient energy from sunlight to break down into their constituent atoms and smaller 

molecules as follows: 

  O3 + hν ----> O* + O2 

  O* + H2O ----> ●OH + ●OH 

 or: O* + N2 + O2 ----> O3 + N2 

 

where hν denotes a photon of energy (i.e., from sunlight), O* is an energetically excited oxygen 

atom, ●OH is a free radical, and +N2 represents an energy-transferring collision with any inert 

molecule.  

 

The reaction path proceeds with a series of initiation reactions mainly through reactions of 

organic compounds, with the OH radical, that produce peroxy radicals. While the dominant 

source of such peroxy radicals are reactions involving methane (CH4) and carbon monoxide 

(CO), bVOCs also undergo such initiation reactions: 

  ●OH + RH ---->●R + H2O 

  ●R + O2  ---->●ROO 

where R denotes a hydrocarbon chain and ●ROO is a peroxy radical. The reaction chain is 

effectively ended in the termination reactions when free radicals mutually react to form 

relatively stable compounds, although these reaction products themselves can then go on to 

react with OH radicals to form their own peroxy radicals (●ROO). A general example of such 

termination reactions is shown in Series A: 

Series A.  ●ROO + ●HO2 ----> ROOH + O2 



  ●ROO + ●ROO ----> R2O2 + O2 

 

Alternatively, peroxy radicals can react with NO to produce stable molecules as shown in the 

general example Series B: 

Series B.  ●ROO + NO ----> RO + NO2 

  

Thus, although the reaction chains are mostly initiated by the OH radical, the rate of chemical 

production and loss of ozone is governed by the termination reactions that are followed by the 

peroxy radicals formed during the second reaction phase. This process is dependent on the 

concentration of NOx. In very low NOx environments, such as remote parts of the Southern 

Hemisphere and Pacific Ocean, the mutual termination reactions (Series A) predominate. As OH 

radicals are formed in the first instance through the photolysis of O3, this sequence of reactions 

results in a net loss of tropospheric ozone.  

 

At the moderate NOx levels encountered over rural areas across much of the world, peroxy 

radical reactions with NO (Series B) predominate. Furthermore, the NO2 produced undergoes 

photolysis and breaks down into NO and O*: 

  NO2 + hν--> NO + O* 

As the energetically excited oxygen atom can then react to either form new OH radicals, or 

more importantly, O3 molecules (as shown in the initiation reactions above) these regions are 

ozone producing. The rate of O3 production in such regions increases with increasing 

concentrations of NOx, but are relatively insensitive to changes in VOC emissions. Such regions 

are often described as “NOx-limited” or “NOx-sensitive”(Sillman, 1999). 

 

At even higher NOx concentrations, for example in urban areas in industrialized or 

industrializing nations, the OH radical tends to react directly with NO2 to produce nitric acid as 

shown below: 

  OH + NO2 + N2 ----> HNO3 + N2 



When this reaction dominates the termination stage, insufficient O* atoms are produced to 

outweigh the loss of O3 through photolysis, and the rate of O3 production declines. In such 

regions, an increase of hydrocarbons through VOC emissions increases the sink for OH, 

reducing the rate of HNO3 formation below the rate of NO2 photolysis. This results in an 

increased rate of O3 production, and these regions are often labeled “VOC-limited" or “VOC-

sensitive” (Sillman, 1999). 

 

If NOx concentrations rise further, a phenomenon known as “NOx titration" occurs, and ozone 

concentrations fall as O3 reacts directly with NO to produce NO2 and O2 (Royal Society, 2008).  

  O3 + NO ----> NO2 + O2 

As the NO2 produced from this reaction can subsequently re-form NO and O3 through 

photolysis, there is a further consequence to such high levels of NOx. NOx titration leads to a 

rapid cycling of nitrogen and oxygen compounds and this effectively allows the NOx to be 

transported away from the emission region (i.e. polluted urban environment) to regions of 

lower background NOx levels, which may result in the enhanced formation of O3 downwind 

from the original NOx emissions (Sillman, 1999). 

 

As well as governing the rate of production and loss of tropospheric ozone, the gas-phase 

reactions of biogenic VOCs play a key part in determining the atmospheric concentrations of a 

number of other gas-phase trace constituents of the atmosphere. Biogenic VOCs act as a major 

sink, particularly over land, for the OH radical, the atmosphere's most powerful oxidant. 

Emissions of biogenic VOCs thus mediate the oxidative capacity of the atmosphere, affecting 

the atmospheric lifetime of other chemical species, such as methane (CH4). Methane is oxidized 

in a similar set of reactions to those described above for non-methane VOCs.  Thus, methane 

and other VOCs compete for hydroxyl radicals in the free troposphere.  Simulations performed 

with atmospheric chemistry and transport computer models have demonstrated that including 

biogenic emissions of isoprene alone can increase the atmospheric lifetime of methane by up to 

20%, as compared to model simulations without isoprene (Forster et al., 2007). This is a result 

of direct competition for the OH radical; reactions with isoprene reduce the global OH budget 



by around 8% in such simulations. Inclusion of biogenic methanol emissions results in similar 

impacts, though of lesser magnitude. Methanol is not only less reactive than isoprene, with an 

atmospheric lifetime ranging from a few days near the surface to a few weeks in the cold upper 

troposphere, but is also emitted in smaller quantities. Nevertheless, such emissions are 

sufficient to reduce the global average atmospheric concentration of the OH radical by around 

2%, thus further increasing the atmospheric lifetime of methane.  As methane is a potent 

greenhouse gas, knowledge of the chemical reactions that affect its atmospheric lifetime, and 

the ways in which the emissions of VOCs from plants can affect the lifetime, are important 

issues to understand and to include in models of climate change. 

 

Biogenic VOCs, and particularly isoprene, also play a key role in the distribution of reactive 

nitrogen (i.e. nitrogen that is available in a form that will readily react with other species rather 

than bound into long-lived stable virtually inert compounds such as N2O) in the atmosphere 

through the formation of organic nitrates, and in particular peroxyacetyl nitrate (PAN). PAN is a 

relatively long-lived compound, with an atmospheric lifetime of several months in the cold free 

troposphere. Vertical mixing lifts PAN from the boundary layer and lower troposphere to the 

free troposphere, where it is formed from reactions involving peroxy radicals (●ROO) and NOx. 

Once there, its longevity allows it to be transported long distances before it is broken down by 

either thermal decomposition or photolysis, re-releasing reactive nitrogen. Thus, PAN acts to 

transport reactive nitrogen away from its source to other regions of the world. For some 

remote regions, the reactive nitrogen that is released from transported PAN (and other organic 

nitrates), can be the main source of NOx. Atmospheric chemistry and transport model 

simulations show significant PAN increases in the remote tropics due to isoprene oxidation 

when biogenic isoprene emissions are included. The release of reactive nitrogen in such 

regions, where isoprene emissions are high and background levels of NOx  are low (i.e., “NOx-

sensitive regions”), can lead to enhanced ozone formation by shifting the region from a low- to 

a moderate-NOx regime, as outlined previously. 

 

b.  Atmospheric Particles 



In addition to the impact on ozone and other gas-phase constituents of the atmosphere 

described above, emissions of many VOCs from vegetation into the atmosphere affect the 

concentration of atmospheric particles, or aerosols. The biosphere is a source of aerosols both 

directly through the release of particles such as pollen, plant detritus, bacteria, or spores, and 

indirectly as a result of the atmospheric reactions of gaseous compounds. The former are 

referred to as biogenic Primary Organic Aerosols (bPOA), and the latter as biogenic Secondary 

Organic Aerosols (bSOA). While bPOA are generally thought to be larger in size and therefore, 

rapidly deposit back to the land or marine surface, bSOA are longer-lived; impacting the 

atmosphere via both chemical and physical pathways. Their respective atmospheric lifetimes 

are again reflected in the distances over which they can be transported and hence the impact 

they have on local and regional air quality and global climate (Section 4). 

 

Although the gas-phase reactions of biogenic VOCs are initiated through reactions with 

atmospheric oxidants to form peroxy radicals that go on to produce ozone, as outlined above, 

the products of these and subsequent reactions are often oxygenated species of lower volatility 

than the parent VOC. At sufficiently low volatility, these products can partition into the particle 

(or aerosol) phase, either through direct nucleation, or by condensation onto existing particles 

(see e.g., Hallquist et al. (2009), and references therein).  

 

Detailed analyses of the composition of atmospheric aerosol particles have shown that the 

majority of their mass is biogenic in origin, even in highly polluted regions where urban 

anthropogenic emissions are dominant. However, the series of gas-phase reactions involved in 

SOA formation are complex and have not been fully elucidated for even the most common of 

VOCs. This is further complicated by the fact that VOCs and their products can also undergo 

reactions in the aerosol-phase and participate in heterogeneous reactions (i.e., those that occur 

between compounds in the aerosol- and gas-phases). Knowledge of the processes of aerosol-

phase and heterogeneous chemistry and their controlling factors is even more limited than that 

of gas-phase atmospheric reactions (Hallquist et al., 2009). Our lack of understanding is clearly 

demonstrated by the mismatch between the magnitude and spatial distribution of SOA 



predicted by current theory and observations of aerosol concentration and composition (see 

e.g., Spracklen et al., 2011), although some of this lack of agreement is undoubtedly the result 

of the need to reduce and simplify the reactions included in most atmospheric chemistry 

models. 

 

The biogenic VOCs that are emitted in the largest quantities, such as isoprene and methanol, as 

well as their reaction products, have very low yields of low-volatility condensable products and 

hence aerosol particles. In spite of their low yields, the magnitude of their emissions suggests 

they do contribute substantially to the total global SOA yield; but, it is the longer-chained, and 

much more highly reactive (those with atmospheric lifetimes of seconds to minutes), biogenic 

VOCs, such as monoterpenes and sesquiterpenes, that are currently believed to have the 

highest yields of condensable products. Despite their low emission rate, the total contribution 

of biogenic monoterpene and sesquiterpene emissions to the global SOA budget is of a similar 

order of magnitude as that of isoprene. While the spatial distribution of biogenic VOC emissions 

is highly heterogeneous, their reaction products and the SOA produced from biogenic 

compounds is much longer-lived (e.g., days to weeks) and can therefore become 

homogeneously mixed at the local to regional scale as they are transported long distances. 

 

4. Impacts on air quality and climate 

VOCs released from the terrestrial biosphere are for the most part emitted in such small 

quantities or have such short atmospheric lifetimes that they have virtually no direct impact on 

air quality or global climate. Most biogenic VOCs do not have absorption bands in the thermal 

parts of the electromagnetic spectrum, and therefore do not contribute to the “greenhouse 

effect” by trapping earth-emitted radiation.  However, as biogenic emissions play a key role in 

the regulation of tropospheric concentrations of ozone and particulate matter (Section 3), their 

indirect impacts on both air quality and climate can be considerable. This section describes the 

effects of biogenic VOCs, ozone and SOA, firstly on climate and then on regional or local air 

quality, and concludes with a reflection on the conflict between climate change drivers and air 

quality initiatives. 



 

a. Climate 

Biogenic VOCs, in particular the terpenoids and other reactive species, have atmospheric 

lifetimes that are too short to directly affect global climate. Longer-lived species emitted from 

the terrestrial biosphere can be transported for long distances before reacting or decomposing 

and may survive long enough in the free troposphere to become well-mixed and ubiquitous in 

the atmosphere. However, their radiative forcing or global warming potentials and therefore 

climate impact are, as stated above, extremely low. The same is true of the organic gas-phase 

reaction products from biogenic VOCs.  

 

By contrast, tropospheric ozone (O3) is a potent greenhouse gas. Estimates of its accumulated 

radiative forcing since pre-industrial times place it third, behind only carbon dioxide and 

methane, in terms of contribution to anthropogenic global warming (see Figure 1.1 Forster et 

al., 2007). However, compared to both CO2 and CH4, O3 is short-lived, with an atmospheric 

lifetime ranging from a few days to several weeks in the upper troposphere. Ozone is therefore 

less well-mixed through the troposphere, and its climate impacts are regionally heterogeneous. 

As NOx emissions in industrializing nations rise, it is to be expected that large areas of the 

tropics will be transformed from low- to moderate- NOx regimes. This will result in a 

considerable increase in O3 production from biogenic VOC reactions, likely to be sufficient to 

affect the climate in these regions. Furthermore the gas-phase atmospheric reactions of 

biogenic VOCs decrease the global budget of the OH radical (Section 3), resulting in higher 

atmospheric concentrations of other possible reactants, such as CH4. CH4 is an important 

greenhouse gas. With fewer OH radicals available for reaction, the atmospheric lifetime of CH4 

increases and its radiative forcing (global warming potential) is similarly increased. 

 

Aerosols influence climate both directly, by scattering and absorbing incoming solar and 

outgoing long-wave radiation, and indirectly, through changes in cloud properties (Penner etal., 

2001). Overall, aerosols exert a strong negative radiative forcing (i.e. a cooling effect), although 

there is considerable uncertainty in estimates of the magnitude of this effect (see Figure 1.1 



Forster et al., 2007). Aerosols are relatively short-lived with an atmospheric lifetime of a few 

days. Hence, they cannot be considered to be well-mixed in the atmosphere and their impacts 

on climate vary from region to region. The picture is further complicated by the fact that the 

climate effects of aerosols are size-dependent (Penner et al., 2001). SOA tend to be relatively 

small, with diameters less than 2.5 µm (PM2.5), and therefore are longer-lived than larger 

particles (having lower Stokes numbers and therefore lower deposition velocities). The 

formation of SOA typically results in a higher number of smaller particles, which not only 

promotes cloud formation (e.g., Van Reken, 2005), but also increases the longevity of clouds 

and reduces the frequency of rain events. The clouds formed are also whiter and brighter, i.e. 

they have higher albedo, and therefore reflect more incoming and outgoing radiation. Overall, 

these various effects combine to result in a negative climate forcing. 

 

b. Air Quality 

As highlighted previously in this section, biogenic VOCs play an important role in the chemistry 

that produces tropospheric ozone. Ozone was first identified as a primary component of smog, 

and therefore a key atmospheric pollutant, in the 1950s (Haagen-Smit 1950; 1952). 

“Background" levels (i.e. annual average concentrations at rural sites) of ground-level ozone 

have now reached around 30-40 ppbv in the Northern hemisphere and about 20 ppbv in the 

less-polluted Southern hemisphere. Peak hourly concentrations of ozone of over 100 ppbv are 

regularly experienced during episodes of “photochemical smog", with instantaneous 

concentrations over 400 ppbv recorded, caused by high temperatures and strong sunlight 

accelerating the production of O3 from its precursors as well as promoting emissions of biogenic 

VOCs (Royal Society, 2008). 

 

Exposure to high levels of ozone has been shown to reduce lung function and cause 

inflammation of the airways (WHO, 2005), and epidemiological studies from around the world 

have linked high ozone concentrations to increased cardio-pulmonary mortality. For example, it 

has been estimated that around 22,000 deaths each year are attributable to ozone in Europe 

alone. Current air quality guidelines suggest a maximum daily ozone exposure limit of 50 ppbv 



(WHO, 2005), although legal limits vary between regions, with Europe for example setting an 

exposure limit of 60 ppbv (EC, 2002). Although high concentrations of ozone usually occur with 

high temperatures, and often with high concentrations of other pollutants, e.g. NO2, and PM10 

and PM2.5 (themselves subject to air quality control regulations), meta-analyses of cardio-

pulmonary mortality data from epidemiological studies around the world have shown that it is 

possible to eliminate the effects of these confounders and deduce a concentration-response 

curve for the effects of ozone alone. Such analyses indicate that there is an increase of 0.6-1.0% 

in daily mortality for every 10 ppbv increase in daily maximum ozone concentration above a 

threshold of 35 ppbv, and this response is significant to at least the 95th percentile. There is also 

growing evidence that long-term exposure to much lower levels of ozone causes chronic 

damage to respiratory function (WHO, 2005). 

 

As well as human health effects, ozone causes oxidative damage to vegetation. Ozone 

deposition onto vegetation surfaces leads to uptake through the stomata and subsequent 

oxidative damage to plant cells and functions. Such damage reduces photosynthesis, decreasing 

a plant's ability to assimilate carbon, and therefore reducing productivity and crop yield (Sitch 

et al., 2007). Seed production and setting are also affected, propagating the impact through 

successive generations. Field studies of vegetation, particularly cash crops, have shown clear 

evidence of a strong link between reduced yields and accumulated damage due to high ozone 

concentrations. In Europe, this damage is measured using a cumulative metric known as 

“AOT40", defined as the sum of hourly ozone concentrations (during daylight hours when the 

stomata are open) above a threshold of 40 ppbv over the growing season of the crop, usually a 

3-month period that varies according to latitude and crop type (CLRTAP, 2004). More recently, 

it has been demonstrated that cellular damage can occur at air concentrations below the 

threshold of 40 ppbv in some instances, but that vegetation can conversely remain unaffected 

by concentrations above this level. As oxidative damage is governed by the rate of uptake of 

atmospheric ozone through the stomata (regulated by climate, soil moisture, atmospheric 

ozone concentrations and plant growth stage), work is on-going to develop flux-based criteria 



for measuring likely damage and identify critical levels for these metrics (see e.g. CLRTAP, 

2010). 

 

It has been demonstrated that such concentration-based measures may not be the best way to 

identify areas at high risk of ozone damage to vegetation.  Within Europe, for example, parts of 

Spain experience high ground-level ozone concentrations during the growing season; however, 

ozone fluxes into plant cells are relatively low as the stomata tend to be closed due to water 

stress during episodes of high ozone. Conversely, the East of England has much lower 

atmospheric ozone concentrations, but plant cells there have high ozone uptake as the water 

stress is lower and the stomata tend to remain open. Hence, although ozone damage to 

vegetation has been widely observed, robust methods to quantify such damage lag behind 

those developed for health impacts, This is in spite of the clear recognition of the economic and 

societal implications of the loss of food production due to such damage.  

 

Aerosols have a very obvious impact on air quality, reducing visibility and creating visible haze 

(Went, 1960). Particulate matter is also the biggest single cause of air quality-related health 

effects, with over 2 million deaths world-wide attributable to particles each year (WHO, 2005). 

While the majority of these occur in the developing world and are linked to indoor air pollution 

and cooking practices (WHO, 2005), it is an issue that affects all regions. For example, around 

280,000 deaths in Europe are thought to be caused by atmospheric particulate matter, an order 

of magnitude higher than those attributed to ground-level ozone. Air quality guidelines (WHO, 

2005) set limits for daily and annual exposure to aerosol particles with diameters of less than 10 

µm (of 50 µg m-3 and 20 µg m-3 respectively) and 2.5 µm (of 25 µg m-3and 10 µg m-3 

respectively). In general, the smaller the particle, the more dangerous it is to the respiratory 

system as it is able to penetrate further, with particles below around 1µm able to reach the 

lung surfaces.  

 

Unlike ozone, there are no recommended exposure limits for vegetation. Indeed, it has been 

speculated that the production of SOA is beneficial to vegetation as the increase in cloud cover 



results in a higher fraction of diffuse radiation relative to direct sunlight. “Diffuse” sunlight 

occurs as the aerosols reflect and refract incoming radiation resulting in radiation reaching the 

surface from all directions rather than solely from above. Shading of the lower canopy by leaves 

in the upper canopy is reduced, and lower leaves receive more radiation and are able to 

assimilate more CO2 through photosynthesis, resulting in a higher overall productivity. 

 

c. The climate-air quality conflict 

Climate change and poor air quality are both major challenges to society. Identifying and 

implementing mitigation strategies are global priorities. Current policies focus on the reduction 

of emissions of greenhouse gases, primary pollutants and precursor compounds (such as NOx 

and VOCs in the case of ozone and other secondary pollutants). 

 

While not simple to implement, for ozone, the strategy is relatively straightforward to devise. In 

VOC-sensitive regions, VOC emission reduction measures are required; in NOx-sensitive regions, 

NOx emissions must be limited. Furthermore, reducing ozone concentrations in the troposphere 

both improves air quality and reduces future climate change. 

 

The situation is more complex in the case of aerosols. A lack of understanding of the reactions 

and processes leading to SOA formation make it hard for policy-makers to formulate successful 

strategies to tackle particulate pollution. While the majority of the global budget of SOA is 

believed to be biogenic in origin, the distribution of atmospheric aerosols reflects the 

distribution of anthropogenic pollutants, such as nitrate or sulfate compounds. It is thought 

that the reaction products of biogenic VOCs generally remain in the gas-phase, even when 

theoretically of sufficiently low volatility to condense into the particle phase, until the presence 

of a so-called “seed” particle provides a surface on which they can condense. Hence, although 

the pollutant is biogenic, it is the anthropogenic emissions of the “seed” compounds that must 

be reduced in order to control SOA concentrations (Carlton et al., 2010).  

 



However, in the case of aerosols, tackling air quality by reducing emissions of precursor 

compounds, and therefore the production of particles, creates a conflict with climate change 

mitigation, as aerosols exert an overall cooling effect. Currently, priority is being given to 

improving air quality, as this is an immediate issue, and one in which both the problem and 

solution can be quantified; whereas the effect of aerosols on climate is poorly constrained and 

therefore highly uncertain, as well as being a problem for the future. The uncertainties 

surrounding the climate impacts of aerosol particles are a key area of research in the 

immediate future (Forster et al, 2007).  

 

 

Future Directions 

- Constraining the quantity and environmental controls on biogenic emissions. 

- Developing improved models to simulate biogenic emissions based on climatic 

conditions.  

- Understanding the role of biogenic emissions in the formation of aerosols in the 

atmosphere.  

- Understanding the interactions between urban and anthropogenic emissions with 

biogenic emissions.  

- Understanding the interaction of biogenic VOCs, atmospheric chemistry, and climate in 

a changing world.  
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