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Abstract. Methanol has been recognised as an important constituent of the background atmosphere,
but little is known about its overall cycle in the biosphere/atmosphere system. A model is proposed
for the production and emission to the atmosphere of methanol by flowering plants based on plant
structure and metabolic properties, particularly the demethylation of pectin in the primary cell walls.
This model provides a framework to extend seven sets of measurements of methanol emission rates
to the global terrestrial biosphere. A global rate of release of methanol from plants to the atmosphere
of 100 Tg y−1 is calculated.

A separate model of the global cycle of methanol is constructed involving emissions from plant
growth and decay, atmospheric and oceanic chemical production, biomass burning and industrial
production. Removal processes occur through hydroxyl radical attack in the atmosphere, in clouds
and oceans, and wet and dry deposition. The model successfully reproduces the methanol concen-
trations in the continental boundary-layer and the free atmosphere, including the inter-hemispheric
gradient in the free atmosphere. The model demonstrates a new concept in global biogeochemistry,
the coupling of plant cell growth with the global atmospheric concentration of methanol. The model
indicates that the ocean provides a storage reservoir capable of holding at least 66 times more
methanol than the atmosphere. The ocean surface layer reservoir essentially buffers the atmospheric
concentration of methanol, providing a physically based smoothing mechanism with a time constant
of the order of one year.

Key words: biogeochemical cycle, global budget, methanol, pectin, plant growth, ocean surface
layer.

1. Introduction

Although it has been known for some time that methanol is emitted by fruits
(Nursten, 1970) and seeds (Fisher et al., 1979), methanol was only recently quan-
tified as a significant volatile from the leaf tissue of flowering plants (MacDonald
and Fall, 1993; Nemecek-Marshall et al., 1995; Kirstine et al., 1998; Fukui and
Doskey, 1998). The magnitudes of these emissions are less than the emissions of
isoprene from plant leaves, but greater than those of monoterpenes. Other sources
of atmospheric methanol are from biomass burning (Holzinger et al., 1999; Yokel-
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son et al., 1999), plant decay (Warneke et al., 1999), chemical reactions in the
atmosphere and ocean (Elliott and Rowland, 1995; Singh et al., 2000), and from
anthropogenic activities (Singh et al., 1995; Singh et al., 2000).

Methanol has been confirmed as a widespread constituent of the global at-
mosphere, with high concentrations in the surface air of rural regions (Goldan et
al., 1995a; Riemer et al., 1998; Lamanna and Goldstein, 1999), and lower concen-
trations at mountainous sites (Goldan et al., 1995b; Goldan et al., 1997; Leibrock
and Slemr, 1997). In the free troposphere, its concentration decreases gradually
from the mid-latitudes of the Northern Hemisphere to low latitudes of the Southern
Hemisphere (Singh et al., 1995). Anthropogenic sources lead to enhanced mixing
ratios in urban areas (Snider and Dawson, 1985; Goldan et al., 1995b).

Methanol is apparently one of the most significant organic compounds in the
atmosphere, having an annual atmospheric carbon turnover that is exceeded only
by methane and isoprene. Methanol is a substantial sink for hydroxyl radicals in
the troposphere, next only to methane, carbon monoxide and isoprene. Depending
on the prevailing NOx concentrations, its reaction and reaction products will either
act as net radical sinks (low NOx), or to enhance the concentrations of oxidising
species (NOx rich). While there has been pioneering work by Singh et al. (2000) on
the atmospheric cycle of methanol, neither the sources of atmospheric methanol,
nor its full environmental cycle, have been adequately quantified. In this paper, we
present a new model to explain and quantify methanol emissions from flowering
plants. We then include this biological model in a larger model of the environ-
mental cycle of methanol in the global atmosphere and oceans, and estimate the
contribution of a range of natural and anthropogenic processes to atmospheric and
oceanic concentrations of methanol.

The assumption used throughout is that the global biospheric processes involved
in the methanol cycle have a well-defined steady state that is appropriate to re-
cent decades. Given that recent studies indicate that the biosphere and atmosphere
are currently undergoing significant long-term change (Houghton et al., 1999;
Prinn et al., 2001), this is probably not entirely true. However, the assumption
of steady state is reasonable for an initial study of a new biogeochemical coupling,
as undertaken here.

2. Materials and Methods

Two models are presented in this paper. They are (a) Model I: the model of
methanol production in growing plants, and (b) Model II: the model of the cycle
of methanol in the biosphere, atmosphere and ocean. To explore the influence
of natural variability in the input parameters on the two model outputs Monte
Carlo propagation of uncertainty simulations were performed with the steady state
solutions of the models using @Risk software (Palisade Corporation, California
U.S.A.). Each of the input parameters is allowed to vary over its observed maxi-
mum range in the plant, terrestrial, atmospheric and oceanic environment, causing
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Table I. Model parameters used for computing the methanol emission from higher
plants. Parameter ranges, based on literature data, are given in parentheses

Parameter Symbol Suggested values for parameters

Type I cell wall Type II cell wall

Fraction of cell dry mass that is Fc 0.4 0.5

cell wall (0.2–0.6) (0.4–0.6)

Fraction of cell wall mass that Fp 0.35 0.05

is pectin (0.2–0.4) (0.03–0.07)

Fraction of pectin that is Fm 0.5 0.5

methylated (0.2–0.8) (0.2–0.8)

Fraction of pectin demethylated Fd 0.1 0.1

during elongation (0.05–0.2) (0.05–0.2)

Mass of methanol per mass of K 0.16 0.16

pectin monomer

a variation in the output variables: emissions for Model I, and concentrations and
removal rates for Model II. The natural variabilities of the input parameters are
presented in Table I for the plant model, Model I, and in the Appendix for the
environmental model, Model II. In many cases, there are inadequate data to define
the statistical distributions of those parameters. Therefore, we have represented
each input parameter by a triangular probability distribution with the observed av-
erage value, and our best estimate of the maximum and minimum values based on
observations and physical constraints. It is assumed in this analysis that errors are
uncorrelated. The output errors are related to input errors through the transforma-
tions in the models. In some cases, where the model output is weakly sensitive to an
input parameter, a large input uncertainty is transformed into a smaller uncertainty
in the output, and vice versa.

Throughout the paper when the source, sink or storage of methanol is quan-
tified, the mass units reflect the full molecular mass of methanol unless otherwise
specified. Commonly, plant composition measurements are made relative to the dry
matter content of the plant and this applies throughout this paper unless otherwise
specified.

2.1. BIOSYNTHESIS OF METHANOL IN PLANTS

The synthesis of methanol in flowering plants is associated with the stabilisation
of pectin in the plant cell walls (Fall and Benson, 1996). In order to justify the
structure of the model that we subsequently present, it is necessary to review these
processes.
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Figure 1. Portion of a pectin polymer chain. G represents galacturonic acid, R denotes
rhamnose, and the solid branched lines are arabinogalactan side-chains.

Each growing cell of a flowering plant is encased by a primary cell wall that
serves as the structural material of the plant, as well as a regulator of the intercel-
lular transfer of macromolecules (Bacic et al., 1988; McCann and Roberts, 1991).
Two distinct types of cell walls have been identified (Carpita and Gibeaut, 1993).
Most plants possess a type I primary cell wall in which about half the dry mass con-
sists of cellulose microfibrils interlocked by the hemicellulose, xyloglucan. About
35% of the dry mass of type I cell walls consists of pectin (Fry, 1988; Cosgrove,
1997). While the cellulose/hemicellulose network, along with small amounts of
structural proteins, forms the main skeletal framework of the cell, the pectin matrix
acts as the binding mechanism to hold the structure together (McCann and Roberts,
1991; Carpita and Gibeaut, 1993). The nature of the bond between adjacent pectin
polymers determines the plasticity and rigidity of the cell wall, and controls wall
pore size.

Some monocotyledons, in particular the grasses (family Poaceae), have a type II
primary cell wall in which cellulose is bound by glucuronoarabinoxylans instead of
xyloglucans, ether linkages predominate over ester linkages, and the pectin content
is significantly reduced (Bacic et al., 1988; Carpita and Gibeaut, 1993; Carpita,
1996). In spite of these differences, both type I and type II cell walls exhibit similar
growth mechanisms (Carpita and Gibeaut, 1993).

The structure of pectin polymers is variable among plant species, and even
within the tissues of the same plant. However, most pectins contain significant
amounts of polygalacturonic acid (PGA), a homopolymer of α-D-[1 → 4]-
galactosyluronic acid units with varying degrees of methyl esterification. As
shown in Figure 1, these blocks of galactosyluronic acid units are interspersed
with branched rhamnogalacturonan formed from alternating L-rhamnosyl and
D-galactosyluronic acid residues (McNeil et al., 1984; Carpita and Gibeaut, 1993).

Pectin molecules are formed in the early stages of cell development in an
unesterified or partially esterified form (Doong et al., 1995). Subsequent methyl
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Figure 2. Formation of methanol from pectin.

esterification of the PGA chain inhibits the formation of cross-links between
contiguous strands, and increases the fluidity of the pectin matrix.

Cells grow by elongation of the primary cell wall. This elongation not only
requires the addition of more strands of cellulose and hemicellulose, but also the
continual adaptation of the pectin matrix. As new cellulose microfibrils are formed,
cross-linking of the pectin molecules must be reduced to allow the pectin matrix
to increase in plasticity, yet still maintain the cell wall integrity. This can happen
through methylation of the PGA. Following extension, the PGA is demethylated
through the action of the enzyme, pectin methylesterase (PME), to give ionised
galacturonic acid residues and methanol as shown in Figure 2. This is the process
that leads to methanol release from the plant’s leaf to the atmosphere. The other
consequence of the demethylation is that the negative charge of the ionised galac-
turonic acid attracts metal ions such as Calcium (Ca2+), which are common in the
plant tissue (Nari et al., 1991; Moustacas et al., 1991). Although other types of
bonding may also be important, the pectin matrix is stabilised primarily by blocks
of contiguous ionised galacturonate residues that are cross-linked by Ca2+ bridges
(Demarty et al., 1984; Jarvis, 1984). These cross-links are able to form in the
absence of methyl esterification or recurrent side-chains, and have the effects of
increasing cell wall rigidity and hindering cell wall extension (Grant et al., 1973).
As a consequence, methanol emissions from plant leaves are much higher when
the leaves are young and expanding than when they reach maturity (MacDonald
and Fall, 1993; Nemecek-Marshall et al., 1995).

A number of other experiments have shown that the demethylation of pectin
by PME quantitatively liberates methanol from plant cell walls (McFeeters and
Armstrong, 1984; Mangos and Haas, 1997; Frenkel et al., 1998). We suggest,
therefore, as an extension of the arguments of Fall and Benson (1996), that most
of the methanol emitted from vegetation is quantitatively linked to the process of
pectin demethylation by the enzyme, pectin methylesterase (as shown in Figure 2),
and that this reaction is the fundamental process for methanol production by higher
plants. Small, but probably insignificant, amounts of methanol may be formed in
conjunction with the protein repair pathways (Mudgett and Clarke, 1993), or by
demethylation of DNA (Finnegan et al., 1998).
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2.2. MODEL I: METHANOL PRODUCTION AND ITS EMISSION BY FLOWERING

PLANTS

Here we propose a quantitative model to relate the process of plant growth to
the amount of methanol released from the plant to the atmosphere. This model
builds on the qualitative descriptions of this process that have preceded this pa-
per (Fall and Benson, 1996; Kreuzwieser et al., 1999; Singh et al., 2000), and a
preliminary quantitative estimate by ourselves (Kirstine and Galbally, 1998). It is
assumed that the only significant source of methanol from growing plant tissue is
the demethylation of the pectin contained in the primary cell wall. The mass of
methanol emitted from a plant over a given time period can then be calculated by
determining the fraction of the net primary production that consists of pectin, and
the fraction of this pectin that is demethylated during the process of plant growth.
We make the assumption that each of the key processes is independent of the others
and contributes linearly to the production. No doubt, as more information becomes
available, this model will be improved upon, but we propose that an assumption of
linearity is a logical first approximation.

The emission of methanol by plants during growth (Ep) is estimated using the
model:

Ep = K
∑

i

NPPi (FcFpFmFd)i , (1)

whereEp = emission of methanol from plants over a given period of time; NPPi =
net primary production of plant type i; Fc = fraction of dry biomass that is primary
cell wall; Fp = fraction of primary cell wall mass that is pectin; Fm = fraction of
pectin that is methylated; Fd = fraction of methylated pectin that is demethylated
following cell elongation; and K = mass of methanol produced per mass of pectin
monomer that is demethylated.

Few measurements of these fractions are available in the literature for specific
plant species. A distinction is made between grasses and other flowering plants, on
the basis that the type II primary cell walls of grasses have Fp ≈ 5% (Fry, 1988;
Jarvis et al., 1988; Ishii, 1997), compared to Fp ≈ 35% for plants with type I cell
walls (Fry, 1988; Ishii, 1997; Cosgrove, 1997). The proportion of the dry biomass
of higher plants attributable to the primary cell wall, Fc, is variable from species
to species, within specimens of the same species, and also among tissues of the
same plant. Based largely on measurements by Margan et al. (1988) for various
forage crops, and Gordon et al. (1985) for grasses, we estimate Fc values of 40%
and 50% for type I and type II cell walls, respectively. The other fractions included
in Equation (1) are assumed, in the first instance, to be representative of all plant
species.

The quantitative values of these terms in Equation (1) are derived as follows:

• a review of the literature suggests that the degree of methylation, Fm, of non-
fruit plant pectin varies from 20% to 80%, with most measurements being in
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the middle of this range (Hayashi et al., 1980; Vreelend et al., 1989; McCann
et al., 1994; Goldberg et al., 1994; Doong et al., 1995; Femenia et al., 1998).
Since little difference appears to exist between type I and type II primary cell
walls with respect to degree of methylation (Kim and Carpita, 1992; Goldberg
et al., 1994), the value, Fm ≈ 50% is adopted for all plants;

• the percentage of methoxy groups actually converted to methanol in order
to allow for the degree of Ca2+ bonding necessary to stabilise the cell wall,
Fd , is difficult to estimate. The value of Fd was estimated at approximately
10%, based on the results of experiments by Morris et al. (1980) involving
variations in the strength of pectin gel, and by McCann et al. (1994) con-
cerning changes in the pectin ester content of tobacco suspension cells during
elongation;

• since the methoxy group has a fractional mass of 31/191 relative to the mass
of the pectin monomer, K is equal to 16%.

The typical values of the available measurements of these plant biochemical
parameters are summarised as fractions in Table I. The emission of methanol is
calculated by substitution of these values into Equation (1). The ratio of methanol
carbon emission to net primary carbon production estimated by this model is
0.024 ± 0.008% for grasses and 0.11 ± 0.03% for other higher plants.

One of the strengths of this model is that it can be applied to estimate methanol
emissions at any scale from single leaves up to the entire planetary biomass. As is
evident from the above review of parameters, there is not yet sufficient informa-
tion about any one individual plant species to unequivocally predict its methanol
emission ratio. Only emission ratios averaged over multiple plant species could be
calculated.

2.2.1. The Cycle of Methanol within Leaves and Its Release to the Atmosphere

The methanol produced in flowering plants can have several fates. It can be stored
in water and tissue within the plant, it can diffuse out through stomata to the
atmosphere, or it can be oxidised to formaldehyde by methanol oxidase. A con-
ceptual model to illustrate these processes is shown in Figure 3. The following
analysis, based on observations of methanol in the leaves of plants (Nemecek-
Marshall et al., 1995), provides some insight into questions concerning the storage,
vapour pressure and high turnover rate of methanol within leaves.

The methanol content of bean leaves has been measured as 10 to 27 µg g−1

(fresh mass) for old and young leaves, respectively (Nemecek-Marshall et al.,
1995). These figures would be at least three times higher when expressed per
unit dry mass. The leaf methanol emissions measured by Nemecek-Marshall et
al. (1995) were such that, if the emission rate remained constant and no new
methanol were produced, all of the methanol in the leaf would be lost to the at-
mosphere in three hours. This gives an indication of the turnover rate of methanol in
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Figure 3. The release of methanol from within the leaf.

leaves. Stomatal resistance may be an important controlling influence on methanol
emissions.

Methanol is relatively insoluble in the leaf cuticle material that makes up the
surfaces of leaves (Merk and Riederer, 1997); hence we neglect this as a sink
region. The incidence of methylotrophic bacteria on the leaves of plants is 1 × 104

organisms per cm2 (Corpe and Rheem, 1989), and this represents a coverage of
between 0.01% and 0.1% of the leaf surface area. Given that the methanol that
these bacteria consume must diffuse through the air to the bacteria, and that there
is the competing pathway of unrestricted diffusion of methanol away from the leaf
into the free atmosphere, simple scaling calculations suggest that it is unlikely that
methylotrophic bacteria are a significant sink for methanol. These conclusions are
also supported by the observations of methylotrophs on leaf surfaces made by Fall
(1996).

Presumably, a portion of the methanol within the leaf will be oxidised to
formaldehyde, and ultimately to carbon dioxide. The occurrence of methanol
metabolism has been observed in sycamore cell cultures (Gout et al., 2000). Unfor-
tunately, this latter process has not been quantified for intact plants and therefore
cannot be included in our model. Consequently, the best assumption at this stage
(until there are studies of methanol oxidation in intact plants) is that the large
majority of the methanol produced in the leaf escapes to the free atmosphere.

2.3. MODEL II: THE ENVIRONMENTAL CYCLE OF METHANOL

The simple environmental model that we have developed is aimed at exploring the
physical and chemical constraints on the global cycle of methanol in a situation
where few data are available for verification, but where model predictions that are
based on physical and chemical constraints provide new insight into the cycle of
this important organic molecule. The model has six compartments, or reservoirs
(three in each hemisphere) that each contain the processes for production, storage
and removal of methanol, as well as exchange with the other reservoirs. These
compartments encompass:
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• the continental planetary boundary-layer, along with the continental terrestrial
surface including the biosphere and human activities on land;

• the free atmosphere and the marine boundary-layer; and
• the ocean surface layer.

Methanol is moderately soluble in water, with a Henry’s law coefficient at 25 ◦C
of 220 mol L−1 atm−1 (Seinfeld and Pandis, 1998). Thus this model includes con-
sideration of clouds, rainfall and the ocean surface layer, as well as terrestrial and
atmospheric processes.

The model is constrained by conservation of mass, current knowledge of
the chemical kinetics and solubility of methanol, and trace gas exchange in the
biosphere/atmosphere/ocean system. The relevant constants and parameters are
presented in Table II. The components of the model are described in the following
sections.

2.3.1. The Terrestrial Sources of Methanol

The terrestrial sources of atmospheric methanol described here are: plant emis-
sions, plant decay, biomass burning and industrial production. The total sources,
ET , can be represented as emissions by:

ET =
∑

j

Ej , (2)

where Ej is the j th terrestrial methanol source.
The methanol emissions from plant growth have been discussed earlier. The

emissions from plant decay are described here. From the derivation of these emis-
sions in the following sections, it is apparent that all except the industrial sources
are linearly related to, either the global net primary production, NPP, of plants,
or their heterotrophic respiration, Rh. We use the empirical approximation that
biomass burning is a form of heterotrophic respiration; many models of the global
biosphere implicitly make this assumption. Thus, the global terrestrial source term
for methanol is written as:

ET = NPP
∑

i

Fi ·Gi + Rh
∑

i

Fi ·Gi + EI , (3)

where Fi = fraction of the global NPP, or Rh, that is involved with process i;
Gi = methanol emission factor per unit of biomass growth or decay for process i;
and EI = global industrial emissions of methanol.

This equation is used in the subsequent model of the environmental cycle of
methanol.
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2.3.2. The Release of Methanol from Dead Plant Material

Plant material has many different fates. Of the global net primary production of
125 Pg y−1 estimated by Field et al. (1998), around half the carbon that is fixed
is transferred underground and ceases to be available as a source of atmospheric
methanol; another 18% is eaten by herbivores (Cyr and Pace, 1993); other com-
ponents are harvested, eaten by grazing animals, burnt or lost into water bodies
(Vitousek et al., 1986; Schlesinger, 1997). We estimate that the residual biomass
available for above ground decay is approximately 38 Pg y−1.

The methanol in the plant at the time of its death can be released to the at-
mosphere. Only the methanol content of bean leaves has been recorded in the
literature (Nemecek-Marshall et al., 1995), and no information is available for
stems or for leaves of other plant species. Based on these limited data, it was
estimated that 3.4 Tg of methanol is accumulated within the amount of plant ma-
terial that dies annually. It is assumed that this methanol is rapidly released to the
atmosphere.

There are also two other pathways to methanol formation from dead plant mate-
rial; these are decay processes that use the cell wall components, pectin and lignin,
as substrates.

A number of PME isoforms are found in microorganisms and higher plants
that can act in concert to degrade pectin polymers (Hugonvieux-Cottee-Pattat et
al., 1996). In addition, pectin methylesterase is capable of remaining active under
a wide range of environmental conditions. Some isoforms of PME survive the
normal pasteurisation processes employed for bottled fruit juices (Castaldo et al.,
1997). While the total pectin content of dead plant material can be estimated, PME
may not demethylate all pectin ester groups (Doong et al., 1995). The extent of
conversion of pectin methoxy groups to methanol depends on the nature of the
pectin and the form of the PME. In general, pectin methylesterases extracted from
higher plants remove methyl groups in blocks. In cases where the methyl esters
are arranged in blocks within the pectin molecule, removal can be nearly complete,
but if the methoxy groups are arranged randomly, the degree of demethylation may
be reduced. Since the PME from microbial sources appears to act randomly in
removing methoxy groups, the PME from organisms involved in decay processes
is more likely to produce higher levels of demethylation (Mangos and Haas, 1997).
Massiot et al. (1997) found that PME treatment of apple pectin released 65% of the
total methanol content of the pectin. This finding is consistent with earlier estimates
of a 60–75% conversion (Rexová-Benková and Markovic, 1976).

On the basis of the above information, it seems likely that most of the PME
formed by the plant (or produced by microorganisms) remains active under normal
environmental conditions, and is capable of demethylating about 65% of the pectin
in the tissue of the dead plant. Thus, the potential source of methanol from the
pectin of dead plant material can be estimated to be 800 Tg y−1, but only a part of
this methanol will be released into the atmosphere. Some of it will dissolve in soil-
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water, and given that methanol is readily utilised as a food source by bacteria, much
of it will undergo oxidation. Observations are used to constrain these emissions
from dead plant material.

The volatile organic compounds released from dead plant material have been
studied by Warneke et al. (1999), and were found to contain significant amounts
of acetone and methanol. The characteristics of these emissions of acetone and
methanol were quite different, with strong evidence that the acetone was pro-
duced by abiological Maillard reactions (Warneke et al., 1999). We suggest that
PME activity may strongly contribute to the methanol release and may explain
the distinction between the characteristics of the methanol release and those of the
classical Maillard process. Further, the experiments of Warneke et al. (1999) were
carried out in a warm to hot wet/dry environment. As such, they represent decay
processes characteristic of the wet/dry climates such as savannas, mediterranean
regions, steppes and deserts. In our model, the release rate of methanol per unit
biomass of 3 × 10−4 to 5 × 10−4 g g−1, determined by Warneke et al. (1999),
is used for biomass decaying in these parts of the world. It is assumed that the
release rate of methanol per unit biomass in moister regions of the world will be
smaller by a factor of three than that above, largely in response to more effective
microbial scavenging of methanol, due both to the more frequent presence of liquid
water and to the heavier litter loadings in these environments. Using the division of
global ecosystem productivity presented by Guenther et al. (1995) and the above
emission rates, a global release rate of methanol from decaying plant material via
PME activity was determined to be 6.5 Tg y−1 (with a range from 2 to 13 Tg y−1).

A second source of methanol during plant decay is the demethylation of lignin
during fungal decomposition of wood (Ander and Eriksson, 1985; Kirk and Far-
rell, 1987). Experiments conducted by Ander and Eriksson (1985) confirmed that
the white-rot fungus, Phanerochaete chrysosporium, was capable of liberating be-
tween 4% and 25% of the lignin mass as methanol under ideal conditions. The
lignin content of dead plant material varies from 5% for leaves (van Elsas et al.,
1997) to an average of 25% for wood (Kirk and Farrell, 1987), and about 18% of
the mass of lignin molecules consists of methoxy groups (Bourbonnais and Paice,
1992). As indicated previously, the biomass available for aboveground decay is
38 Pg y−1. On this basis, lignin decomposition could provide a potential source
of about 34 Tg of methanol per year. However, given that this methanol release
is inhibited by the presence of oxygen (Ander and Eriksson, 1985; Reid, 1992), it
is likely that most of it is oxidised to carbon dioxide and only a small fraction is
released to the atmosphere.

Laboratory experiments to determine the methanol production from lignin have
been conducted in sealed flasks with carbon to oxygen mass ratios of about 1:40
(Ander and Eriksson, 1985; Reid, 1992). In the global biosphere-atmosphere sys-
tem, the carbon to oxygen mass ratio (litter to atmospheric oxygen) is of the order
of 1:104. Given that the samples of Ander and Eriksson (1985) were contained in a
constant gas volume, it is assumed that the most appropriate value of the fractional
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release of methanol from lignin decomposition from their study is the one that has
the smallest ratio of carbon to oxygen. The result is that under natural conditions
no more than 10% of the methanol produced from lignin degradation would be re-
leased into the atmosphere. Thus, the global release rate of methanol from decaying
plant material via lignin decomposition is estimated to be 2.9 Tg y−1, with a range
of 1 to 10 Tg y−1. The total methanol production from the dead plant material,
either contained in the plant at death or formed from the decomposition of pectin
or lignin, is, therefore, 13 Tg y−1, with a range from 5 to 31 Tg y−1.

Potentially, methanol can be produced when methane is generated and oxi-
dised in ruminating animals, rice paddies, wetlands, sewage works and landfills.
Methanol (along with formaldehyde and formate) is an intermediate in the methane
oxidation process (Haber et al., 1983; Higgins et al., 1984):

CH4 → CH3OH → HCHO → HCOOH → CO2 . (4)

Methanol, thus formed, is utilised for growth by methylotrophs, and is readily
converted to formaldehyde and then formate, by the enzyme alcohol dehydroge-
nase. Currently, we have little information on these potential sources of methanol
and assume that they are negligible because the microbial processes that are
conducive to methanol production are also conducive to methanol consumption,
namely, moist environments where methanol exists preferentially in the aqueous
phase.

2.3.3. Emissions of Methanol from Biomass Burning

Methanol is produced during the smouldering phase of biomass burning, and is
associated with anthropogenic activities such as deforestation, shifting agriculture,
the use of wood as a fuel, and the destruction of agricultural residues (Crutzen
and Andreae, 1990). The methanol is believed to result from the pyrolysis of
methyl and methoxy groups found in the lignin and hemicellulose polymers of
the biomass (McKenzie et al., 1995). Given that between 1800 and 4700 Tg of
carbon (mean = 3300 Tg(C)) from dry biomass are burnt annually (Crutzen and
Andreae, 1990), it is expected that biomass burning releases significant amounts of
methanol into the atmosphere. The emission ratio of methanol to carbon monoxide
is highly variable and has been measured on only a narrow range of materials under
laboratory conditions. For example, the methanol released during the combustion
of a number of savanna grass species ranged from 0.15% to 8.0% of the release
of carbon monoxide (Holzinger et al., 1999). Andreae and Merlet (2001) have
recently estimated the global emission of methanol from biomass burning to be
12.7 Tg y−1, being 3.9 Tg y−1 from savanna and grassland, 2.6 Tg y−1 from
tropical forest, 1.3 Tg y−1 from extratropical forests, 2.8 Tg y−1 from biofuel
burning, 0.13 Tg y−1 from charcoal making and burning, and 2.1 Tg y−1 from
the combustion of agricultural residues. For this model, we use a global emission
of methanol of 12.7 Tg y−1, as estimated by Andreae and Merlet (2001), with an
uncertainty of 50%.
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2.3.4. Industrial Emissions of Methanol

Global industrial methanol production in 1996 was 24.3 Tg y−1, and projected
to increase to 27.2 Tg y−1 in 2000 (Crocco, 1997). (The units used in Crocco
(1997) are Mt, which are equivalent to Tg.) The expected uses of this 27.2 Tg of
methanol are: for the chemical production of other organic compounds such as
formaldehyde and MTBE 20.3 Tg; for fuel 0.7 Tg.; as solvent 1.1 Tg; and 5.1 Tg
for other purposes. Uses of methanol include: fuel or fuel additives (e.g., MTBE);
chemical production (e.g., formaldehyde, acetic acid, chloromethanes, dimethyl
terephthalate and methyl methacrylate); as a solvent; an antifreeze; an inhibitor; or
as a substrate for microbes involved in single-cell protein production, crop growth
and sewage treatment (Crocco, 1994). From this information, the global emission
of industrially produced methanol was estimated to be about 3.7 Tg y−1. This
determination is consistent with the estimate of anthropogenic methanol emission
to the atmosphere of 4 Tg y−1 by Singh et al. (1995) and 2–4 Tg y−1 by Singh et
al. (2000), based on atmospheric observations.

2.3.5. Methanol Chemistry in the Atmosphere

Calculations suggest that methanol has an average chemical lifetime due to gas
phase removal of 16 days in the free troposphere (Singh et al., 1995), and a shorter
lifetime of 69 daylight hours in the planetary boundary-layer (Jacob et al., 1989).
The chief process for removal of atmospheric methanol is oxidation by hydroxyl
radicals (·OH) in the gaseous phase (Atkinson, 1985).

CH3OH + ·OH
O2−→ HCHO + ·HO2 + H2O . (5)

A similar reaction of methanol and hydroxyl radicals occurs in the aqueous phase
(Asmus et al., 1973).

To capture the variation of methanol loss rate with the kinetic reaction coeffi-
cient and the ·OH concentration at different altitudes and latitudes, the loss rate is
calculated separately for the continental boundary-layer and the free atmosphere,
and for the gas phase and the aqueous phase of cloud water. The ·OH concentra-
tions used in the gas phase are based on the observations of Prinn et al. (2001),
which are consistent with recent chemical model calculations (Spivakovsky et al.,
2000). Within the free atmosphere, the 8-box approach of Miller et al. (1998) (ad-
justed for the removal of the continental boundary-layer), is used to further ensure
that temperature and ·OH covariance is properly represented. Separate calculations
are made for the lower (1000–500 hPa) and upper troposphere (500–200 hPa), for
low to mid latitudes (0◦ to 30◦) and mid to high latitudes (30◦ to 90◦). The loss
rates are then combined to give one representative loss rate for the free atmosphere
in each hemisphere.

Cloud droplets provide an aqueous medium for the chemical reaction of
methanol with hydroxyl radicals (Monad and Carlier, 1999). In this model, the
methanol loss within cloud water is calculated using the ·OH concentration in cloud
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water in the remote atmosphere calculated by Lelieveld and Crutzen (1991) and
Herrmann et al. (2000), and the distribution of cloud water determined by Lelieveld
et al. (1989). This process takes place in the free atmosphere compartment.

There are also two possible mechanisms for the gas phase production of
methanol in the atmosphere:

·CH3O2 + ·CH3O2 → CH3OH + ·CH2O + O2 (6)

and

HOCH2CHO + hν → CH3OH + CO .

The reaction products of Equation (6) represent a minor pathway for the loss of
methylperoxy radicals by self-reaction (Tyndall et al., 2001). Our calculations of
this methanol source, which originates from the oxidation of methane and methyl
hydrogen peroxide, provide a value of 18 Tg y−1 which agrees with the estimate of
Singh et al. (2000). The production of methanol from glycolaldehyde is estimated
considering the production of glycolaldehyde from isoprene and ethene oxidation,
and the removal of glycolaldehyde by hydroxyl attack and photolysis. Kinetic rate
constants, yields and the photolysis rate are taken from data in Bacher et al. (2001).

2.3.6. Removal of Methanol by Dry Deposition at Terrestrial Surfaces

The dry deposition of methanol on terrestrial plant and soil surfaces (in the ab-
sence of liquid water) has not been measured. Potentially, it could be a major sink.
In some locations a strong diurnal variation in atmospheric methanol is observed
(Riemer et al., 1998), but the night-time concentrations remain above the observed
concentrations in the free troposphere. In this circumstance, we interpret the diurnal
variation in atmospheric concentrations to be the result of the diurnal variation
in emissions rather than evidence of a strong surface sink. We estimate the dry
deposition velocity of methanol based on a number of considerations, namely,
this interpretation of the methanol diurnal variation, the relative insolubility of
methanol in the leaf cuticle material that makes up the surfaces of leaves (Merk and
Riederer, 1997), the incidence of methylotrophic bacteria on the leaves of plants
(Corpe and Rheem, 1989), and the fact that plants are a methanol source. Our
estimate is that the dry deposition velocity of methanol on terrestrial plant and soil
surfaces (in the absence of liquid water) is around 1 mm s−1. This value, which is
also adopted by Singh et al. (1995), is about one quarter of the deposition velocity
observed for surface-reactive species such as SO2 and O3 over plant/soil surfaces
(Galbally et al., 1979; Galbally and Roy, 1980), and somewhat greater than the
uptake rate of nitric oxide (Seinfeld and Pandis, 1998). The dry deposition removal
rate of methanol over land, Rd , is represented by the equation:

Rd = Acvdρ̄Cb , (7)

where Ac = area of the continental surface; vd = deposition velocity of methanol;
ρ̄ = molar density of air in mol m−3; and Cb = methanol mixing ratio in the
continental boundary-layer.
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We assume that the methanol that is dry deposited on soil and plants is
consumed by microbial and chemical processes and is permanently lost from the at-
mosphere. The loss process for methanol following dry deposition will be through
methylotrophs that utilise methanol for energy. We surmise that this process will
be active in moist litter environments that are conducive to methanol uptake.

2.3.7. Removal of Methanol by Wet Deposition

The loss of methanol in rainfall is calculated using the solubility of methanol in
water at the temperature of warm clouds, namely 5 ◦C (Seinfeld and Pandis, 1998)
and the methanol concentrations appropriate to the top of the planetary boundary-
layer in the continental and oceanic regions. The global mean continental rainfall
is set as 800 mm y−1 and the global mean oceanic rainfall is set as 1200 mm y−1

(Sanderson, 1990). Methanol in rain that falls over the continents is assumed to be
lost – oxidised within the soil surface layer in a similar manner to methanol that
is dry deposited. Methanol in rain that falls into the ocean provides an input to the
oceanic methanol cycle.

2.4. ATMOSPHERE-OCEAN EXCHANGE OF METHANOL

The rate of atmosphere-ocean exchange of methanol (that incorporates both dry de-
position and release of material from the underlying ocean) is estimated following
Liss and Slater (1974) as:

Eao = −Eoa = ρ̄Aokao(CaPa − CoH
−1) , (8)

where Eao = net exchange of methanol from the atmosphere to the ocean;
Ao = surface area of the ocean; kao = atmosphere-ocean exchange rate in m s−1;
Pa = atmospheric pressure at the ocean surface; Ca = mixing ratio of methanol
in air; Co = oceanic concentration of methanol in mol L−1; and H = Henry′s law
coefficient for methanol in water expressed in mol L−1 atm−1.

The gaseous exchange of methanol between the atmosphere and the oceans
is regulated by two resistances: the resistance to the transfer of methanol from
the ocean-atmosphere boundary-layer to the ocean surface, and the resistance to
transfer of methanol from the ocean surface to within the surface waters. These
resistances are discussed by Liss and Slater (1974) and Liss (1983). We have
evaluated each of these resistances for the transfer of methanol from a 10-metre
height above the ocean surface to a 1-metre depth below the surface. The conditions
representative of the open oceans are: a wind speed of 7.7 m s−1, a roughness length
of 2 × 10−4 m, and a friction velocity of 0.29 m s−1. These give an atmospheric
resistance to methanol exchange of 90 s m−1, corresponding to a transfer velocity
of 1.1×10−2 m s−1. The water phase transfer velocity, appropriate for methanol, of
4.4×10−5 m s−1 was taken from Plass et al. (1992). After correcting for solubility,
it appears that the atmospheric phase has nearly 40 times the resistance of the
aqueous phase, due to the moderate aqueous solubility of methanol. The combined
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gas and liquid phase resistance, referenced to atmospheric concentrations, is 109 s
m−1, corresponding to a transfer velocity of 9.2 × 10−3 m s−1. This is used in
subsequent modelling.

2.4.1. The Continental Planetary Boundary-Layer

The major global emissions of methanol occur in the continental boundary-layer,
and the concentrations and processes for methanol within this layer are different,
both qualitatively and quantitatively, from those of the free atmosphere. Because
there is no large methanol source in the marine boundary-layer, its methanol con-
centration is not substantially different to the free atmosphere; thus, for simplicity,
the marine boundary-layer is included in the free atmosphere compartment of
the model. The exchange of air containing methanol occurs at the boundary be-
tween the continental boundary-layer and the free atmosphere. The methanol mass
balance in the continental boundary-layer is expressed as:

dMb

dt
=

∑

j

Ej −Qb

∑

i

LiCb − τ−1
ba Qb(Cb − Ca) , (9)

where Mb = number of moles of methanol in the continental boundary-layer;
Qb = number of moles of air in the continental boundary-layer; Li = first order
loss coefficient for sink process i; Ca = mixing ratio of methanol in the free
atmosphere; Cb = mixing ratio of methanol in the continental boundary-layer;
and τba = exchange time between the continental boundary-layer and the free
atmosphere, referenced to the mass of the continental boundary-layer.

The boundary-layer is assumed to be 100 hPa thick – approximately 1 km
in height. The exchange of air from the continental boundary-layer takes place
through three processes: deep convection fed from air in the boundary-layer; con-
tinental outflow of boundary-layer air; and overturning of continental boundary-
layer air due to the passage of mid-latitude synoptic systems driven by baroclinic
instability. The exchange time of the boundary-layer air with the free troposphere
in the mid-latitudes due to baroclinic instability has been estimated using a coarse
resolution global atmospheric model to be approximately 10 days (Wang and Shall-
cross, 2000) and has been estimated for all three processes and a surface source to
be about 3 days for the United Kingdom using a 13-km grid regional atmospheric
model (Donnell et al., 2001). Considering all three processes and their global
distributions, we assume the exchange time of boundary layer air with the free
atmosphere is 4 days with an uncertainty of a factor of two.

The sink mechanisms within the continental boundary layer include hydroxyl
radical abstraction, wet deposition and dry deposition. The continental boundary-
layer hydroxyl radical concentration is determined by scaling the available obser-
vations in the continental boundary layer (for example, Brandenberger et al., 1998;
Holland et al., 1998; Creasey et al., 2001), taking into account diurnal and sea-
sonal effects, to obtain a yearly average concentration of 2 × 106 molecules cm−3.
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This value is consistent with that predicted by atmospheric chemical models (Spi-
vakovsky et al., 2000). The hydroxyl radical concentration in the free atmosphere
compartment of the model is adjusted so that the globally integrated value for the
troposphere (free atmosphere plus continental boundary-layer) is consistent with
that observed by Prinn et al. (2001).

2.4.2. The Free Atmosphere and Marine Boundary-Layer Compartment

The hemispheric atmospheric cycle of methanol is sufficiently short-lived (ap-
proximately 2–3 weeks) so that its atmospheric cycle is confined primarily to the
troposphere. The mass balance of methanol in the free atmosphere is represented
by:

dMa

dt
= τ−1

ba Qb(Cb − Ca)+ Er −Qa

∑

i

LiCa − ρ̄Aokao(CaPa − CoH
−1) . (10)

The term Er represents the production of methanol by methylperoxy radical self-
reaction and glycolaldehyde photolysis in the atmosphere. The sink processes are
hydroxyl attack in both the gaseous and the cloud water phases, and removal by
wet deposition through rainfall. There is an exchange of methanol between the
free atmosphere and both the continental boundary-layer and the ocean surface
layer. As each hemisphere is modelled as a separate compartment, there is an inter-
hemispheric exchange that is represented by:

Ens = τ−1
ns Qn(Can − Cas) , (11)

whereEns = exchange of methanol from the Northern to the Southern Hemisphere;
n as a subscript represents the Northern Hemisphere; and s as a subscript represents
the Southern Hemisphere.

2.4.3. The Ocean Surface-Layer

The ocean surface-layer compartment is assumed to be 80 m deep, consistent with
the well mixed surface layer of the oceans that is in physical contact with the
atmosphere. The mass balance of methanol in the ocean surface layer is:

dMo

dt
= Eh + ρ̄Aokao(CaPa − CoH

−1)−Qo

∑

i

LiCo , (12)

where Eh is the rate of production of methanol from the hydrolysis of methyl
halides in the oceans. The oceans contain both source and sink processes for
methanol. Elliott and Rowland (1995) have demonstrated that methyl halides can
hydrolyse to methanol in ocean water via the reaction:

CH3X + H2O → CH3OH + H− + X+. (13)

The rate of production of methanol from CH3X (X = Cl, Br or I) is calculated
taking into account the observed atmospheric concentrations of these species over
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the oceans, their solubilities at ambient temperature and the hydrolysis rates from
Elliott and Rowland (1995).

The oceans also contain various free radicals and highly reactive species. The
species ·OH, ·CO3 and ·Cl2 all react rapidly with methanol, resulting in its de-
composition (Seinfeld and Pandis, 1998). These three radicals will only occur in
the upper levels of the ocean surface layer due to their production mechanisms
and short lifetimes. The loss rate of methanol due to hydroxyl radical attack in
ocean water is calculated and included in the model. Observed hydroxyl radical
concentrations in ocean water average about 2 × 10−18 mole L−1 (Mopper and
Zhou, 1990). The 1/e light penetration depth in ocean surface water for wavelengths
appropriate for hydroxyl radical generation is about 7 m, and the rate constant for
the hydroxyl attack on methanol in aqueous solution is 0.98 × 109 L mole−1 s−1

(Zhou and Mopper, 1990). The resulting lifetime for methanol in the ocean surface
layer due to OH attack is nearly a millennium. There are no representative measure-
ments of ·CO3 and ·Cl2 in ocean surface water. But, as it is generally assumed that
hydroxyl radicals are the most active species in the ocean, then, based on the above
analysis, methanol is virtually unreactive in the oceans. There may be biological
sources and sinks of methanol in the oceans, but no information about these exists.

2.5. SOLVING THE MODEL AND COMPARING IT WITH THE REAL WORLD DATA

The correct comparison of the model outputs with environmental observations
requires that the model outputs and inputs (parameterisation and coefficients) be
responsive over the spatial and temporal scales over which the observational data
are obtained, or that the observational data be averaged over the same spatial and
temporal scales as the model. This is difficult to achieve in practice since different
model inputs represent different temporal and spatial scales. For example, consid-
ering model inputs, the atmospheric ·OH concentration has been determined as
an average over several years, integrated over the whole hemispheric troposphere
(Prinn et al., 2001), whereas the pectin content of cell walls has been determined
for a few individual plant species using samples that may represent only 10−10, or
so, of the global leaf annual biomass turnover. In the case of the inputs used in this
paper, the modelled concentrations represent those within well mixed atmospheric
and oceanic reservoirs on a seasonal to yearly time scale.

Little information exists on methanol in the environment for comparison of
observations with the seasonal cycle of concentrations from the model; hence,
the comparison is done on annual average conditions. The modelled variability
of concentration should be similar to, although less than (because of some smooth-
ing), the range of concentrations observed in well-mixed conditions in the real
world. Because of the spatial and temporal scale of the model as discussed above,
it is impossible for it to represent such local variability as might be observed in
the nocturnal boundary-layer in urban and rural atmospheres, and with local ·OH
concentration variations in the continental boundary-layer.
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3. Results and Discussion

The results of the model of methanol production in growing plants, Model I, and
the model of the environmental cycle of methanol, Model II, will be separately
compared with observations.

3.1. COMPARISON OF MODELLED EMISSIONS FROM PLANTS WITH

AVAILABLE OBSERVATIONS AND ESTIMATION OF THE GLOBAL

EMISSIONS OF METHANOL FROM THIS PROCESS

Seven data sets of methanol emission rates from flowering plants are available in
the literature (MacDonald and Fall, 1993; Das, 1996; Kirstine et al., 1998; Fukui
and Doskey, 1998; Holzinger et al., 2000; Baker et al., 2001; Schade and Goldstein,
2001). These observed emissions were analysed to provide the ratio of methanol
emission to net primary production in each of the experiments, and these ratios
were compared with the equivalent term estimated by the plant emission model.
Since net primary production data were not directly provided in all of the papers, it
was derived from associated data as described below. The values determined here
are the ratios of moles of methanol emitted to moles of carbon dioxide taken up by
the plant as net primary productivity.

Using mature leaves under optimum growing conditions, MacDonald and Fall
(1993) recorded leaf emissions of methanol of 13.2 ± 4.1 µg g−1 h−1, and a range
from 1.5µg g−1 h−1 up to 45.7 µg g−1 h−1 from 11 tree and crop species. Although
MacDonald and Fall (1993) did not provide measurements of carbon fixation rate
per unit of leaf biomass, this carbon fixation rate can be estimated by assuming
that the plants were well watered and in a light-saturated environment. For these
conditions, the theoretical NPP (taking into account night time respiration) is 5–
8 µmol m−2 s−1 and the leaf density is 30 m2 kg(C)−1 (Ying Ping Wang, personal
communication, 2000), giving a dry matter production per unit mass of leaf tissue
of 6–10 mg g−1 h−1. Using the observed mean methanol emission rate, an average
ratio of methanol emission to NPP of 0.16% was determined.

Das (1996) measured the flux of VOCs over a corn crop during a four-day period
in May. The average daytime flux of VOCs was equal to 4.8 ± 0.3 mg m−2 h−1,
and about 75% of this flux was methanol. Since little methanol is produced when
leaf stomata are closed, this flux would be typical of about one-third to one-half
of the day. This would suggest a methanol emission flux from the corn crop in the
range of (4.6 to 25) × 10−3 g(C) m−2 d−1. Assuming a growth rate of above-ground
biomass for corn of about 40 g m−2 d−1 (Beadle et al., 1985), half of the NPP above
ground, and 45% of the dry biomass consisting of carbon, the total daily growth
rate would be about 35.2 g(C) m−2 d−1. Thus, the ratio of methanol emitted to NPP
was in the range from 0.013% to 0.072% (mean = 0.04%).

Kirstine et al. (1998) determined an annual emission flux of volatiles from grass
pasture equal to 1900 mg(C) m−2 y−1, of which 11%–15% (or 210–290 mg(C) m−2

y−1) was methanol; they measured the accumulation of aboveground biomass over
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the growing season to be 2300 g m−2. On the assumptions that half the pasture
biomass was below ground, and that the dry biomass was about 45% carbon, the
total annual accumulation of carbon as biomass would be about 2100 g(C) m−2

y−1. Thus, the mean ratio of methanol emitted to pasture NPP was about 0.012%.
Fukui and Doskey (1998) measured an average methanol emission flux of

460 µg m−2 h−1 from a grassland plot that produced 552 g m−2 of dry above-
ground biomass between May 6 and August 11. Assuming about 1000 hours of
daylight in this growing period, and an equivalent biomass below ground, their
biomass accumulated at a rate of about 1.1 g m−2 h−1. Using these estimates, the
calculated ratio of methanol emitted to grassland NPP was approximately 0.035%.

Holzinger et al. (2000) measured the emission rates of methanol from 6 spec-
imens of oak trees (Quercus ilex). Methanol emission rates ranged from 26 to
122 nmol m−2 min−1, while carbon dioxide assimilation varied from 330 to
638 µmol m−2 min−1. These give a ratio of methanol emitted to NPP of 0.02%,
with a range of 0.007% to 0.03%.

Baker et al. (2001) measured midday summer methanol fluxes with a mean of
approximately 0.7 mg(C) m−2 h−1 (range 0 to 2.4 mg(C) m−2 h−1) above a sub-
alpine pine forest in the Rocky Mountains of Colorado. For a growing season of
about 1000 hours, this would be equivalent to about 0.7 g(C) m−2 h−1. Snowy
conifers have an NPP of 643 g m−2 y−1 (Guenther et al., 1995). Therefore as
50% of the tree biomass is carbon, the ratio of methanol emitted to NPP in this
ecosystem would be about 0.2%, with an uncertainty of at least 100%.

Schade and Goldstein (2001) measured methanol fluxes from the leaf canopy
of a young pine plantation in the Sierra Nevada Mountains in California over a
two-month period during the summer. Average daytime fluxes were 1.09 mg(C)
m−2 h−1, and average night-time fluxes were reduced to 0.25 mg(C) m−2 h−1. This
is equivalent to a full-day methanol flux of 0.64 mg(C) m−2 h−1. Since daytime
methanol fluxes were temperature dependent, dropping to about 0.2 mg(C) m−2

h−1, winter and autumn emissions would be negligible. The above daily fluxes
would be representative of about 5 months of the year, or about 3600 hours. This
amounts to a total annual flux of approximately 2.4 mg(C) m−2 h−1. As shown
by Schade and Goldstein (2001), the biogenic fraction of this flux was about two-
thirds of the total, or 1.5 g(C) m−2 y−1 Assuming an NPP for this ecosystem of
1320 g m−2 y−1 (Guenther et al., 1995), the ratio of methanol emitted to NPP
would be about 0.24%, with an uncertainty of about 50%.

As shown in Table III, the methanol emissions measured by MacDonald and
Fall (1993), Das (1996), Fukui and Doskey (1998), Kirstine et al. (1998), Holzinger
et al. (2000), Baker et al. (2001) and Schade and Goldstein (2001) indicate a range
from 0.01% to 0.24% for the ratio of methanol emission to NPP for various types
of higher plants, with values for grass species (including corn) being at the lower
end of the range. The independent estimates from our plant model of methanol
emissions give a mean of 0.024 ± 0.008% (min. 0.006%, max. 0.06%) of NPP for
grasses, and a mean of 0.11 ± 0.03% (min. 0.04%, max. 0.24%) for other plants,
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Table III. Ratio of carbon emitted as methanol from higher plants to carbon taken up as
net primary production, from experimental studies and from the model presented in this
paper

Type of vegetation Methanol/NPP Reference

Mean of 11 tree and crop species 0.16% MacDonald and Fall (1993)

6 specimens of Quercus ilex 0.02% Holzinger et al. (2000)

Cool pine forest 0.2% Baker et al. (2001)

Pine plantation 0.24% Schade and Goldstein (2001)

Trees and crops 0.11 ± 0.03% Model I, this study

Corn field 0.04% Das (1996)

Grassland (mixed species) 0.035% Fukui and Doskey (1998)

Grass pasture 0.012% Kirstine et al. (1998)

Grasses 0.024 ± 0.008% Model I, this study

both expressed as moles of methanol per moles of CO2 fixed. The lower values of
methanol emissions observed for grass species, and the fact that the grass species
have lower pectin levels associated with type II cell walls, are consistent with the
model in that they predict that plants with type II cell walls will produce about
one-quarter of the methanol produced by plant species with type I cell walls.

Thus, two approaches to the estimation of methanol emissions from plants have
been used here: Model I, based entirely on plant physiology and biochemistry,
predicts methanol emission rates, (Table III), that are consistent with completely
independent observations of methanol emissions made outside the plant, although
the uncertainties in the data from both approaches are quite large.

This model is now used to calculate the emissions of methanol to the global
atmosphere by living plants. The global net primary production is estimated by
Field et al. (1998) to be 125 Pg y−1. The information presented in Cao and Wood-
ward (1998) indicates that 62.4% of the global net primary production is in the
Northern Hemisphere and 37.6% is in the Southern Hemisphere. The fraction of
net primary production that comes from grasses is 34% (Field et al., 1998). Based
on these data, the model of methanol production from flowering plants predicts
global emissions of methanol of 10 Tg y−1 for grasslands and 90 Tg y−1 for other
terrestrial plant biomes, giving a total global emission of methanol from flowering
plants of approximately 100 Tg y−1 (range of 37–212 Tg y−1). There will be a
seasonality in methanol emissions that is coupled with the seasonality in plant
growth.
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Table IV. Southern Hemisphere (S.H.), Northern Hemisphere
(N.H.), and global methanol sources with associated uncertainties
(minima and maxima). Units: Tg y−1

Sources S.H. N.H. Global

Higher plants 38 62 100 (37–212)

Biomass burning 5 8 13 (6–19)

Atmospheric production 9 10 19 (14–24)

Anthropogenic 1 3 4 (3–5)

Decay of dead plant material 5 8 13 (5–31)

Ocean sources – – <0.1

Total 58 91 149 (83–260)

3.2. THE GLOBAL ENVIRONMENTAL CYCLE OF METHANOL

The sources incorporated in the global environmental model of methanol, Model II,
are derived from processes described earlier in this paper, and the source estimates
are summarised in Table IV. The model estimate is that 67% of the global emissions
of methanol comes from plant growth, and that another 17% of methanol comes
from plant decay and biomass burning. Anthropogenic methanol emissions make
up 2% of the total emissions to the atmosphere.

The model estimates of the environmental sinks of methanol are presented in
Table V. Approximately three-quarters of the methanol emitted into the environ-
ment is removed through oxidation by hydroxyl reactions in the atmosphere. The
remaining one-quarter of the methanol emitted is removed by deposition and sub-
sequent microbial oxidation in the terrestrial biosphere. The ocean is estimated to
be a very minor sink of methanol.

A global budget of methanol has been presented by Singh et al. (2000). The
major differences with this work are as follows. The budget of Singh et al. (2000)
does not have a physically based quantitative estimate of the plant growth source of
methanol, the major source in this study. The sinks of methanol presented in Singh
et al. (2000) total only 40 Tg y−1 to 50 Tg y−1 whereas those here total 149 Tg
y−1. The difference between the estimate of methanol destruction by hydroxyl
radicals in the atmosphere presented here and Singh et al. (1995, 2000) cannot
be completely determined. We surmise that the difference may be the consequence
of the larger concentration of methanol in the planetary boundary-layer over the
continents, as predicted by our model and observed in the atmosphere; see later
discussion. The budget of Singh et al. (2000) does not include a quantitative es-
timate of ocean chemical sources and sinks, but these, as evaluated here, are very
small.
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Table V. Southern Hemisphere (S.H.), and global Northern Hemisphere
(N.H.) sink estimates for methanol with associated uncertainties (minima
and maxima). Units: Tg y−1

Sinks S.H. N.H. Global

Hydroxyl attack

(Free atmosphere: gas phase) 29 40 69 (41–128)

(Free atmosphere: cloud water) 2 3 5 (2–15)

(Continental boundary layer) 15 25 40 (19–75)

Wet deposition over land 4 7 11 (5–20)

Dry deposition over land 9 15 24 (11–43)

Chemical and biological

destruction in the oceans 0.1 0.2 0.3 (0.2–0.6)

Total 59 90 149 (82–273)

The masses of methanol contained in the various environmental reservoirs as
estimated by Model II are: atmosphere 3 Tg; plants 3 Tg; industrial storage 7 Tg;
and oceans 230 Tg. The remarkable feature is that, if the water in the ocean sur-
face layer to an 80-m depth is in near-equilibrium with atmospheric methanol as
suggested by our model, then this oceanic reservoir contains approximately 230 Tg
methanol, more than 66 times the amount in the atmosphere. The oceans represent
a large potential reservoir for atmospheric methanol that corresponds to more than
a year’s emissions of methanol into the environment. This role of the ocean in the
global cycle of methanol has not been previously described.

Methanol can pass easily from the atmosphere to the ocean (and vice versa)
because of its solubility. As discussed earlier, the rate of atmospheric/oceanic ex-
change of methanol is very fast, and is limited mainly by the gas phase resistance
to the transfer of methanol between the ocean water and the atmosphere. A conse-
quence of this high exchange rate is that the methanol in the atmosphere approaches
equilibrium with methanol in the ocean’s surface layer with a 90% adjustment
time of about 2 weeks. Given that the ocean surface layer contains 66 times more
methanol than the atmosphere, the oceans will exert a damping influence on global
and hemispheric methanol concentration fluctuations in the atmosphere on a time
scale of weeks to a few months. The model estimates methanol concentrations
in the ocean surface layer of 0.2 to 0.6 µM (mean= 0.3 µM) in the Northern
Hemisphere and 0.1 to 0.4 µM (mean = 0.2 µM) in the Southern Hemisphere.
We have not been able to locate any measurements of methanol in ocean water
to test our model predictions. Consequently, we have initiated a study to measure
methanol concentrations in the Southern Ocean surface layer. Presumably, there is
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Table VI. Background atmospheric concentrations of methanol. Units nmol/mol

Region Concentration Reference

Rural site, Tennessee 3–22 Riemer et al. (1998)
Forest plantation, Alabama 11 Goldan et al. (1995a)
Mesa near Boulder, Colorado 1–17 Goldan et al. (1995b)
Pine plantation, Sierra Nevada 4–10 Lamanna and Goldstein (1999)
Rural site, near Tucson, Arizona 2.6 Snider and Dawson (1985)
Wank Mountains, Germany 2.3 Leibrock and Slemr (1997)
Rocky Mountains, Colorado 2–6 Goldan et al. (1997)
Free troposphere (0–40◦ N) 0.6 Singh et al. (1995)
Free troposphere (0–10◦ S) 0.4 Singh et al. (1995)
Free troposphere (near equator) 0.6 Crutzen et al. (2000)

Figure 4. Comparison of the observed average concentrations of methanol in the continental
boundary-layer of the Northern Hemisphere from six studies with the equivalent modelled
concentrations of methanol represented by a frequency distribution.

also methanol exchange between the ocean surface layer and the deep ocean, but
that is beyond the scope of this paper.

The best test currently available for the environmental model is through com-
parison of estimated annual average concentrations with observed concentrations
of methanol in the atmospheric reservoirs. It is important to note that no prior
information about these concentrations is incorporated into the model.

The concentrations estimated for the Northern Hemisphere continental bounda-
ry-layer and the observed concentrations within this layer are presented in Table VI
and in Figure 4. The average concentrations observed in the continental boundary-
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Figure 5. Comparison of the observed and modelled concentrations of methanol in the free
atmosphere (including the marine boundary-layer). Observational data are from Singh et al.
(1995) and Crutzen et al. (2000). The modelled concentrations are represented by the mean
value and the 10 and 90 percentiles from the uncertainty analysis.

layer and the modelled concentrations, 4 (min. 2, max. 8) nmol mol−1 show good
agreement, given the independence of the modelled concentrations and the ob-
servations. The observed concentrations have higher maximum values, as would
be expected because of the spatial and temporal averaging that occurs within the
model compared with the real continental boundary-layer. As already discussed,
local influences cannot be simulated in this average continental boundary-layer.
One key, but poorly known, parameter that has a major influence on concentra-
tions in the continental boundary-layer is the methanol dry deposition rate. No
measurements of this rate exist, and such measurements should be undertaken.

The model concentrations estimated for the free troposphere are presented in
Figure 5 along with the available data from Singh et al. (1995) and Crutzen et
al. (2000). The model estimates an average concentration in each hemisphere. The
pole-to-pole scale used is the sine of latitude, which gives equal areas of the Earth’s
surface, as well as approximately equal volumes of the atmosphere per unit of sine
of latitude. The model concentrations (0.8 nmol mol−1 NH and 0.5 nmol mol−1

SH) are in good agreement with the atmospheric concentrations and the observed
inter-hemispheric gradient. The measured concentrations show a greater variability
than the modelled uncertainties, which is expected given that the measurements
represent a limited spatial and temporal sampling. In comparison, the modelled
concentrations represent the hemispheric annual average concentration and the
uncertainty with which it can be predicted from source and sink processes. The
methanol concentrations in the free atmosphere in the model are sensitive both to
the inclusion/exclusion of the aqueous water phase and to the balance of methanol
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Figure 6. Global biogeochemical cycle of methanol. Boxes represent reservoirs, and arrows
represent fluxes.

in the continental boundary-layer. While Crutzen and Lawrence (2000) have shown
that wet deposition has only a minor influence on the vertical transport of methanol,
the combined effect of clouds (through cloud chemistry), as well as wet deposition,
have a major effect on methanol concentrations in the free atmosphere.

The complete cycle of methanol in the global environment is presented in Fig-
ure 6. The reservoirs and processes have been discussed already. One interesting
aspect of the methanol cycle is that rainwater will provide a net transfer pathway
for methanol from the atmosphere to the oceans because of the relationship be-
tween solubility and temperature. The average temperature at which rainfall forms
is lower than the average ocean surface temperature. This methanol transferred by
rainfall to the ocean, in the absence of a significant sink of methanol in the ocean,
will be returned to the atmosphere by gas exchange.

There are many substantial uncertainties in these plant emission and global envi-
ronmental models of methanol presented here. The final uncertainties quoted are a
result of a systematic error analysis based on the assumption of uncorrelated errors.
Measurements that would substantially improve our understanding of methanol in
the environment include:

• a systematic climatology of methanol concentrations in the atmosphere;
• dry deposition measurements;
• methanol concentrations in the surface layers of the ocean in each hemisphere;

and
• further measurements of the ratio of methanol emissions to carbon uptake by

plants.

Once seasonal variations in atmospheric methanol concentrations have been
measured, more exhaustive tests of the model can be undertaken.

A prediction can be made using the current model. Net primary productivity
was much lower during the last ice age. Assuming that the major sink process
through atmospheric ·OH was comparatively constant, methanol production and
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its atmospheric concentration should have been much lower. A study of methanol
in ice cores should indicate a decrease in methanol during the last ice age.

4. Conclusions

Recently, methanol has been recognised as an important constituent of the back-
ground atmosphere, but little is known about its overall cycle in the biosphere/
atmosphere system. A model is proposed for the production and emission to the
atmosphere of methanol by flowering plants based on plant structure and metabolic
properties, in particular on the demethylation of pectin in the primary cell walls.
The methanol production and emission model is validated by comparison with
seven sets of methanol emission rates from plants that are independent of any
information used in the model. Using this model, in conjunction with an estimate
of the global rate of net primary production of plants, a global rate of release of
methanol from plants to the atmosphere of 100 Tg y−1 is calculated. This represents
the largest single source of atmospheric methanol.

A separate model of the global cycle of methanol is constructed involving
the terrestrial biosphere, atmosphere and ocean surface layer. The model includes
emissions from plant growth and decay, biomass burning, atmospheric and oceanic
chemical production and industrial production. The removal processes in the model
involve hydroxyl radical attack in the atmosphere, clouds and oceans, as well as
wet and dry deposition. The model estimates that the ocean provides a storage
reservoir capable of holding 66 times more methanol than the atmosphere. The
ocean surface layer reservoir essentially buffers the atmospheric concentration of
methanol, providing a physically based smoothing mechanism with a time constant
of the order of a year. It is estimated that plant growth and decay produce about 76%
of the global release of methanol in the atmosphere, and hydroxyl attack causes
about three-quarters of the global methanol removal. The model demonstrates a
new concept in global biogeochemistry, the coupling of plant cell growth with the
global atmospheric concentration of methanol.
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Appendix

Table A.I. Uncertainties adopted for the input parameters in model

Quantity Symbol Units Value Minimum Maximum

Industrial production

Methanol emitted to atmosphere Ei Tg 3.7 2.8 4.6

Plant production

Type I biomass that is cell wall FIc 0.4 0.3 0.5
Type II biomass that is cell wall FIIc 0.5 0.4 0.6
Type I cell wall that is pectin FIp 0.35 0.2 0.45
Type II cell wall that is pectin FIIp 0.05 0.03 0.1
Pectin that is methylated Fm 0.5 0.3 0.7
Pectin demethylated to form methanol Fd 0.1 0.08 0.12
Net primary production (Type I) NPPI g y−1 82.5 × 1015 74 × 1015 91 × 1015

Net primary production (Type II) NPPI I g y−1 42.5 × 1015 38 × 1015 47 × 1015

Plant decay – pectin

Carbon in biomass ηc 0.45 0.4 0.5
Above-ground biomass Fag 0.5 0.4 0.6
Fraction eaten by herbivores Fh 0.18 0.16 0.20
Amount burned Qb g (C) y−1 3.25 × 1015 1.8 × 1015 4.7 × 1015

Amount eroded by rivers Qe g (C) y−1 4.0 × 1014 3 × 1014 5 × 1014

Consumed by humans Qh g y−1 8.0 × 1014 7 × 1014 9 × 1014

Amount harvested as wood Qw g y−1 2.2 × 1015 2.0 × 1015 2.4 × 1015

Amount eaten by livestock Qls g y−1 2.2 × 1015 2.0 × 1015 2.4 × 1015

Fraction that is grass Fg 0.3 0.2 0.4
Conversion factor (leaves) ηpl 0.0004 0.0002 0.0006
Conversion factor (grass) ηpg 0.0001 0.00005 0.00015
NPP fraction in dry climes Fdc 0.3 0.28 0.38
Methanol conversion in wet climes ηwc 0.33 0.23 0.43

Plant decay – lignin

Fraction of dry biomass that is leaves or grass Fl+g 0.8 0.7 0.9
Lignin fraction in leaves Fl 0.05 0.04 0.06
Lignin fraction in wood Flw 0.25 0.15 0.35
Methanol/lignin mass ratio Cm/l 0.18 0.17 0.19
Fraction of lignin converted to methanol Fmc 0.04 0.02 0.06
Actual fraction converted Fm/l 0.1 0.05 0.2

Biomass burning

Methanol produced Mbb Tg 12.7 6.4 19
Fraction in Northern Hemisphere FNH 0.59 0.44 0.73

Atmospheric loss

Hydroxyl concentration [OH]a cm−3 9.7 × 105 9.1 × 105 10.3 × 105

Rate constant kOH cm3 s−1 3.1 × 10−21 3.0 × 10−21 3.2 × 10−21

Residence time in continental boundary-layer τba days 4 3 5
Inter-hemispheric exchange time τns year 1 0.7 1.8
Dry deposition velocity vd cm s−1 0.1 0.05 0.15
Rainfall over ocean Ro m y−1 0.8 0.7 0.9
Rainfall over land Rc m y−1 1.27 1.1 1.4
Henry’s law constant at 298 K H M atm−1 220 200 240

Oceans

Mean wind speed over ocean u m s−1 7.7 7.5 7.9
Roughness length of ocean zo m 2 × 10−4 1 × 10−4 3 × 10−4

von Kármán’s constant κ 0.41 0.39 0.43
Transfer velocity of methanol k cm h−1 16 14 18
[OH] in ocean surface water [OH]o mol L−1 2 × 10−18 1 × 10−18 4 × 10−18

Active period for OH attack Ta days 0.25 0.2 0.3
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