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Natural Sulfur Emissions
into the Atmosphere

Viney P. Aneja

North Carolina State University
Raleigh, North Carolina

Natural atmospheric sulfur emission rates are reviewed for important
components of the sulfur cycle. A summary of emission estimates is provid-
ed for vegetation, coastal and wetland ecosystems, inland soils, and oceanic
environments. A brief discussion of sea salt sulfate, aeolian sources, volca-
nic activity, and biomass burning is also included. The emissions from
plants and inland soils, may play a significant role in global sulfur cycling
and very little work has been reported covering this subject. Large uncer-
tainties continue to exist in the identity and the emission rates of the sulfur
compounds and thus it is not reasonable to extrapolate these data in an
attempt to balance the global sulfur cycle. Moreover interactions of en-
hanced anthropogenic activity with various components of the sulfur cycle
need to be considered.

Sulfur in the atmosphere originates ei-
ther from natural processes or anthro-
pogenic activity. The natural biogenic
sources are thought to constitute a
large fraction (estimates as high as ~70
percent have been reported) of the at-
mospheric sulfur burden!-® (See Ap-
pendix A). As such, these natural
sources may have a substantial impact
on global sulfur cycling. Moreover,
identification and characterization of
sources of atmospheric natural sulfur
compounds are essential for the ratio-
nal formulation of emission control
policies designed to limit the atmo-
spheric sulfate burden, for analysis of
the origins of acidic precipitation, and
in exploring global climate change.

It is known that both natural and
man-made sources release chemical
species that can modify acidic deposi-
tion, climate, human health, ecological
systems, and visibility. If a controlled
reduction in man-made emissions were
to occur, natural sources would contin-
ue to affect acidic deposition, climate,
human health and welfare. As a result,
the benefits that would be anticipated
from such a controlled reduction could
be erroneously optimistic if natural
sources make a significant contribution
to the present total acidic, climatic and
atmospheric budget. Therefore, policy
decisions regarding possible emission
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control strategies require, among other
inputs, an accurate assessment of the
relative importance of natural and
man-made sources.

Biogenic sulfur, that is sulfur com-
pounds which result from biological
processes, is only one component of the
natural sulfur cycle. The first measure-
ments of biogenic sulfur fluxes were
those of Aneja and co-workers.10-11 Nu-
merous studies have been published in
the last decade, the most recent, a re-
view by Aneja and Cooper,!2 which
added to our understanding of the nat-
ural sulfur emissions.13-2° This re-
search has provided experimental data,
which are helpful in refining the bio-
genic emission estimates necessary to
develop the global sulfur cycle. These
data bases, although inadequate for de-
tailed quantitative estimates, are help-
ful for estimating emissions from both
terrestrial and oceanic environments.

In all the early attempts at develop-
ing global sulfur budgets, natural emis-
sions were obtained from the amount
of sulfur necessary to balance the cycle.
This resulted in considerable scatter in
the biogenic estimates, from 34 Tg S

yr L7 to 267 Tg S yr~1,2 where Tg = -

1012 g. It is possible with the existing
data to begin to make estimates of the
upper and lower bounds for biogenic
emissions based on direct measure-

ments. However, additional data are
necessary to assess biogenic sulfur
emissions independent of other por-
tions of the global sulfur cycle.

In making some of the flux estimates
of global quantities, the area of the
globe is taken to be 5.1 * 1014 m2, with
land and ocean areas being 1.5 * 1014 m?
and 3.6 * 101* m2, respectively.!!

Blogenic Sulfur Emissions
from Vegetation

It is recognized that sulfur is essen-
tial for plant growth. It is used in amino
acids, and many other biochemicals.
The biological transformation of sulfur
compounds in natural ecosystems is
closely coupled to the formation of liv-
ing biomass and to the subsequent de-.
composition and remineralization of
the biomass. Plants contain an average
sulfur content of 0.25 percent (dry
weight basis).3® Hence sulfur com-
pounds may be released directly from
vegetation or during the process(es) of
decomposition of the organic matter.
However uncertainty exists concerning
the nature of the global sinks for COS;
and it has been suggested3! that vegeta-
tion may provide a global sink for COS.
It is also suggested that volatile sulfur
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species may be emitted from soils/
plants that are reactive or enzymatical-
ly inhibited in live tissue and therefore
have so far eluded detection by conven-
tional analytical methods such as gas
chromatography. Data on sulfur re-
leased by vegetation are scanty and the
mechanism(s) of release are only now
being developed.?? Ranenberg®? has

- suggested that hydrogen sulfide emis-

sions by higher plants has been ob-
served both in the laboratory and in the
field and it may provide a significant
contribution to the biogeochemical cy-
cle of sulfur. Andreae33 has also pro-
posed that plants may be a potential
source of global COS by the photo-
chemlcally initiated reactions from or-
ganic sulfur compounds present in
plant tissues and molecular oxygen. A
summary of avallable data is provided
below.

Sulfur compounds are known to be
volatilized from living plant leaves,3*
and from decaying leaves.3® It has been
estimated that sulfur emission rates
from decaying leaves are about 10 to
100 times higher than those from living
leaves of the same species.3> Many fun-
gi and bacteria release. sulfur com-
pounds3® during plant decomposition.
Some plants are known to emit

H,S.303237-39 Emission rates of HoS
from several lawns and from a pine for-
est on aerobic soils, in France, ranged
from 0.006 to 0.25 g S m~2 yr~1.37 Mea-

surements made by Adams et al.*3 from
similar sources and latitudes in the
continental United States have provid-
ed comparable results. However, in
Ivory Coast, West Africa, emission
rates of HoS from humid forests ranged
between 0.24 and 2.4 g S m~2 yr~1.38
However, much of the blogemc H,S re-
leased from the plants may be recycled
within the tropical rain forest.4 It may
also help explain the relatlvely low pre-
cipitation pH found in the remote
tropical rain forest sites.4!

Some plants 1ncludmg spartina al-
terniflora, oak and pine are also known
to emit dimethyl sulfide (DMS),
CH;3SCH;,,144243 dimethyl disulfide
(DMDS); CH3820H3 1043 methyl met-
captan, CH;SH,1043 carbonyl sulfide,
COS,143043 and carbon disulfide,
CS,,1443-48 and possible ethyl mercap-
tan.*’48 Emission rates of sulfur from
crops including corn, soybeans, oats,
alfalfa, and miscellaneous vegetables
have been measured.?”-?° The flux from
crops range from 0.008 to 0.3 g S m™2

1, HyS and DMS are the two prima-
ry sulfur species being emitted by
crops. Emission rates of sulfur from a
variety of plants are summarized in Ta-
blel. -

Biogenic Sulfur Emissions
from Wellands

The tidal flats of marine environ-
ments are areas of extreme complexity

Table I. Biogenic emissions of sulfur from vegetation.

Mean sample
temperature Primary sulfur ~ Emission rate
Plant . (°0) species gSm2yr!  Ref.

Spartina alterniflora, N.C. 30 DMS 066 13
S. alterniflora, NC 25 CS, 0.20 14
Lawn, France 22 H,S 0.24 37
Lawn, U.S.

Grass, FL H,S 0.2 103

Grass, MI H,S ‘ 013 . 103

Grass, MO H,S 0.38 103
Pine Forest, France 10 H,S 0.023 37
Humid Forest, Ivory Coast 25 H,S 0.88 38
Crops .

Oats (with soil), IA 35.4 DSM, H;S 0.007 29

Corn, IA, IO : 28.9 DMS, H:S 0.032 29

Soybeans, IA 32.8 DMS, H:8 0.066 29

Alfalfa, WA . 22.4 DMS, H;S 0.056 29
Trees '

Deciduous, IA, OH NC 29.5 DMS, H;S8, COS 0.007 29

Conifemus, NC 29.2 COSs 0.005 29
Crops

Soybeans, 1A 25.5 0.0018 27

Carrots, OH 22 0.113 27

Onions, OH 22 0.104 27

Grass, IA 25.5 0.018 27
Crops

Soybeans 30 DMS 0.037 28

Oats 30 DMS 0.023 28

Orchard Grass 30 DMS 0.008 28

Purple Clover 30 DMS 0.007 28

Corn 30 DMS 0.273 28
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and biological activity. They serve as
both sources and sinks of a wide variety
of compounds and materials. They are
in a constant state of mass, energy and
momentum flux with the surrounding
environment. In these areas sulfur
plays a major role in biological process-
es, principally because of the relatively
hlgh concentration of sulfate ion in ma-
rine waters.

Sulfate is a major electron acceptor
for respiration in anoxic marine sedi-
ments and may account for 25 percent
of the total sediment respiration in

‘nearshore sediments, 0.3 to 3 g C m~2

day~L. In salt marsh sediments, where
total respiration rates may be 2.5to 5 g

.C m~2 day~!, sulfate ion respiration

may account for up to 90 percent of the
total (e.g. References 19.and 23). Be-
cause of the extensive literature in this
area, for further discussion of the pro-
cesses and variables affecting HoS
emissions, the reader is referred to
some excellent discussions (See for ex-
ample, References 19, 23, 26, 49-67).

There have been a number of studies
of biogenic emissions reported in the
literature. Most of these have been con-
cerned with high productivity sources,
such as salt marshes and tidal areas.
The emission measurements range
from undetectable to about 2000 g S
m~2 yr~1. Typical emission fluxes for
various sulfur compounds are summa-
rized in Table IL. The scatter in the
data is tremendous, suggesting many
sources of variability and large uncer-
tainties in the magnitude of the fluxes
associated with the sulfur compounds.
No systematic statistical treatment has
been applied to the data collected thus
far.102

Anejal® and Adams et al.*3 have re-
ported several unidentified peaks, sug-
gesting that perhaps other sulfur com-
pounds still remain to be identified or
that these peaks are caused by nonsul-
fur compounds to which the sulfur
flame photometric detector is sensi-
tive.

There are a number of physical,
chemical and biological factors which
affect the emission rates of biogenic
sulfur from wetlands. In recent studies
these have been investigated for wet-
lands in North Carolina242643.103 gnd
Florida.43:64-67.103 Thege physical fac-
tors are divided into spatial, temporal,
seasonal, diel and tidal components. In
addition, other variables which affect
emissions are temperature, insolation,
and soil inundation. The primary
chemical factor affecting sulfur emis-
sion rate is the oxidation removal path-
way. Some researchers have accounted
for these factors in estimating the flux-
es. However, the emission estimates
obtained using these methods are high-
ly variable, and considerable addition-
al data are required to better refine an
extend emission estimates to other en-
vironments.

J. Air Waste Manage. Assoc.
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Table II. Biogenic emissions of sulfur compounds from coastal ecosystems.

Emission rate (S m~2 yr~1)

Month ]
Source of year H,S DMS DMDS CH;SH CS, COS Ref.

Salt Marsh, NY lb/ 11 0.55 0.15 0.018 0.064 o — 10,11
Swamps and tidal flats,

Denmark 0.044 — — —_ — — 17
Coastal area,

Denmark ~19 — — - — —_ 58
Salt marsh,

N. Carolina 7/8/9 0.5 0.66 —_— — 0.2 0.03 13, 14,59
Salt Marshes : .

N. Carolina 5/7/10 0.033 0.538 0.0005 0.00026 0.035 0.012 15,16

Delaware 8 0.096 0.48 0.00053 — 0.07 0.012

Massachusetts 8 — 0.06 0.006 — 0.028 0.004

Virginia — 1.87 0.04 0.22 1.38 0.03
Salt marsh,

Virginia 8 9.5 — — — — — 60
Salt marsh, »

Virginia 8/9 0.0013 — — — — 0.0014 61
Salt marsh,

Massachusetts 1lyr. 2.32 0.16 0.25 — 0.20 0.34 62
Salt marsh,

N. Carolina 8 0.5 — — — — — 26
Salt marsh, _ » :
N. Carolina 8 0.33 0.083 0.00064 — 0.0017 0.052 29

Salt marsh, ‘
N. Carolina 0.05 0.17 — 0.0037 0.0032 0.0042 28
Salt marsh ,
Delaware 8 0.01 0.91 0.006 —_— 0.125 0.02 43
N. Carolina 11 1.65- 0.02 — 0.08 0.01 0.43 43
Blogenic Emissions from Land sulfur species. The sites and the season . global error analysis. Moreover there

Typical sulfur flux measurements
from various inland locations are sum-
marized in Table III. In three inland
soils in France, the HyS flux data
ranged for 0.019 to 0.24 g S m—2
yr~1.37.68 Aneja et al.®° surveyed various
terrestrial surfaces. In a b,_road and di-
verse inland study area in the United
States!516.103 jn the Iatltudes of ~47°N

to ~25°N, 27 soils were examined, and

total sulfur flux reported- from 0.013 to
0.33 g S m~2 yr1. The average flux
from these inland soils is =0.02gSm™2
yr~L. The primary sulfur species was
H,S (acéounting for ~65 percent of to-
tal sulfur) and the flux ranged from
undetectable t00.16 g S m~2yr—1, How-
ever, séveral other gasés accounted for,
CSs (~13 percent), COS (~13 percent),
DMS (~7 percent) and DMDS (~2
percent), were obsérved in some lo-
cales. Fluxes between 0.001 and 1.1g S

m~? yr~1 were reported ffom marsh-
land soils in the Enis River region of
northern Germany.!” However mean
annual flixes from tropical soils in the
Ivory Coast” are inuch higher than
those in the U.S. and European soils,
ranging between 0.3t00.9g Sm=2yr~1.

Several recent studies have reported
additional data from the earlier U.S.
site for the emission rates of biogenic
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were chosen specifically because they
had been characterized by previous
studies.!3-16 Lamb and co-workers?®
measured emission rates and observed
H,S, COS and DMS, during the sum-
mer of 1985. The total flux of the sulfur
species can be summarized for two
soils, mollisol and histisol, averaging
0.008 and 0.114 g S m2 yr1, respec-
tively. Goldan and co-workers?® mea-
sured sulfur fluxés from bare soils, also
during the summer of 1985. The princi-
pal sulfur species were COS, H,S,
DMS; and CS,, all of which were
strongly correlated with air tempera-
ture ;insid'e the. flux-chamber. The
emission rate of the sulfur species
ranged from 0.003 00,008 g Sm—2yr~1.

The newer data by Lamb et al.2° and
Goldan et al.?8 seem to suggest that the
sulfur flux appears t6 have decreased”
from measurements made earli-
er.!%167 Such a conclusion cannot be
arrived at definitively based. on the
small data set. There are many steps in
determmmg natural emissions,!%2 pri-
mary among them being: field sam-
pling, calibration of the analytical de-
vice, sample collection, sample analy-
sis, extrapolation to area estimates,
and extrapolation to temporal esti-
mates. Error in each category needs to
be evaluated to allow an estimation of

exists wide spatial and temporal varia-
tions in biogenic sulfur emissions. With
our limited understanding, there may
be a 1000-fold difference between two
samples taken in series or between two
flux chambers placed close to each oth-
er. Hence the reported differences be-
tween the emissions are perhaps statis-
tically non-significant.

Biogenic Emissions for

. Oceanic Environments

Oceans and the marine environment
are now thought to be the major source
of biogenic sulfur corpounds.’-76 The
reasons for this are the generally abun-
dant phytoplankton in surface oceans
and the great extent of these waters.
Dimethyl sulfide is the primary sulfur
compound present in opén ocean wa-
ters20:2277 and ‘may account for ~90
percent of the flux of biogenic sulfur
from the ocean to the atmosphere.”
Other compounds, éspecially COS,79.8
CS2?! and methyl mercaptan33 may ac-
count for the remaining 10 percent,
suggesting that their contribution to
the global atmospheric sulfur budget is
small. DMS is produced in oceanic wa-
ters by benthic and to a greater extent
by planktonic marine algae,?? suggest-
ing that it is ubiquitous in the surface
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Table III. Biogenic emissions of sulfur conipounds from inland soils.

Emisgion rate (g Sm~2yr~1)

Month
Source of year H,S DMS DMDS CH;SH CS, COS Ref.
Equatorial forest, 1/10 '

Ivory Coast 11/12 0.3-0.9 — — — — —_— 37
Lawn, France 4/5/6/11/12 0.07 — —_ — _ — 37
Marshland soils, 7,8 0.001 17

N. Germany tol.1
Dry inland soil,

N. Carolina 8/9/10 <0.01 <0.01 <0.05 <0.05 <0.05 <0.01 69
Mollisol, Iowa 7 0.15 0.0032 — — 0.017 0.017 15, 16
Histosol, Ohio 7 0.047 0.0032 — — 0.006 0.012 15,16
Inceptisols, Ohio 7 0.04 0.002 0.0007 0.001 0.01 0.003 15,16
Histisols, 0-94.7 1.7-92.8 0-8.7 — 0.5-68.2 5.8-34.8 43

eastern U.S. ’ .
Mollisol, Towa 7 0.0003 0.0005 —_ —_ 0.0003 0.0015 28
Histisol, Ohio 7 0.0024 0.0003 — — 0.0007 0.0036 28
Mdllisol, Indiana 7 0.0002 0.0005 — — 0.00023 0.0029 29
Histisol, Ohio 7 0.009 0.0004 — — 0.00004

0.015 29

ocean.20:72-7477.83,84 Ttg concentrations
in oceanic waters appears always to be
much greater than the concentrations
expected at atmospheric equilibri-
um.2235 [tg distribution has been char-
acterized by “hot spots” with high
DMS concentrations superimposed on
more or less constant levels of approxi-
mately 1-3 nM in the surface waters.
The high concentrations—hot spots—
may be the result of blooms of e.g.
Phaeocystis poucheti, which are
known to produce DMS. Keller et al.?
performed the most comprehensive
survey relating DMS and its precursor
DMSP (dimethylproprionosulfonate)
to marine phytoplankton, analyzing
over 120 phytoplankton clones. A sum-
mary of the emission rates of DMS, the
major biogenic sulfur species in marine
environments is presented in Table IV.
Estimates are included which were de-
termined directly and from model cal-
culations.

The first report of DMS in the ocean
appeared in 1972.35 The authors sug-
gested that DMS might be more impor-
tant than HoS as a biogenic sulfur
source for balancing the global sulfur
budgets. Preliminary estimates of
DMS sea-to-air flux based on the limit-
ed data were made by Liss and Slater.8
However its first direct emission rate
measurements from the marine envi-
ronment were reported in 1975.10

Estimates of DMS flux from oceanic
environments have resulted from di-
rect measurements of DMS concéntra-
tions in surface waters?2 and from mod-
el calculations.87:88 At this time it is not
possible to determine which of the
numbers are correct, or if any of the
numbers are correct, however, there is
little doubt that the marine environ-
ment is one of the major sources of bio-
genic sulfur.
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There is considerable debate and lit-
tle relevant data regarding the marine
environment and the possibility that it
is a major source of H,S. In a coastal
area, integrated over tidal and diel cy-
cles, a rate of HoS of 0.10 g Sm—2 yr~1,
has been reported.2¢

Oceanic Emission of Sea Salt Sulfate

The most commonly identified ma-
rine source of sulfur is the sulfate com-
ponent of sea spray. For the most part,
this source is thought to have little im-
pact on land areas, even though signifi-
cant amounts of sea salt containing sul-
fate enter the atmosphere as sea spray.
This source of sulfur has béen ad-
dressed thus far in only a limited man-
ner, and there appears to be consider-
able debate in emission estimates (Ta-
ble V).

The initial estimates of sulfate flux
of 0.122 g S m~2 yr~1 is still commonly
cited.? It was based on the assumption
that the ratio of sulfate in sea salts re-
deposited to the ocean and transferred
to continents is the same as that in

Table IV. Biogenic emissions of DMS
from open oceans and the marine

environment.
Emission
Environment (gSm~2yr~!) Reference

Open ocean? 0.02 86
Ocean 0.075 7
Ocean 0.106 23
Ocean? 0.022 87
Gulf of Mexico? 0.037 88

2 Based on model calculations.

moisture evaporated over the ocean
(i.e. 9:1). This- assumption has been

" questioned recently as being unreason-

able to assume that these ratios should
be the same for water vapor and aero-
sols.? Hence such an approach underes-
timates the magnitude of marine sul-
fate emission. Other data seem to sug-
gest that sulfate flux is much higher,
ranging from 0.361%° to0 1.944 g S m—2
yr~1.%0 However, more recently, a study
has been reported with estimates of
0.833 g S m~2 yr-19! Additional data
are required before more refined esti-
mates are possible.

Aeolian Sulfur Emission from
Continental Surfaces

This component of the natural sulfur
cycle is the least understood process.
Flux estimates of sulfur by aeolian
weathering pathways has been ignored
in most global atmospheric cycles in-
cluding the most recent by Warneck.®
Granat and coworkers’ estimate the ae-
olian sulfur emission to be 0.2 Tg S
yr~1. More recently,® estimates of aéo-
lian sulfur were reported to bé 20 + 10
Tg S yr~1. Clearly this is one area which
requires further study to better esti-
mate emission flux.

Volcanic and Fumarole Emissions

Volcanic and fumarole sulfur emis-
sions into the atmosphere are sporadic
in nature. Sulfur compounds emitted
from volecanic activity are mainly sulfur
dioxide, some hydrogen stlfide, and
smaller amounts of sulfur trioxide,
carbon disulfide, and carbonyl sulfide;
together with various sulfates and ele-
mental sulfur. Based on thermody-
namic equilbrium calculations per-
formed for anoxic conditions at high

J. Air Waste Manage. Assoc.



Downloaded by [North Carolina State University] at 11:03 18 November 2014

Table V. Emission of sea salt sulfate
from oceanic environments.

Sulfate emission

(gSm2yr1) Reference
1.944 90
0.122 2
0.361 © 89
0.833 91

temperatures of the magma, SO, is the
preferred specie; while at low tempera-
tures for the same system, HoS may be
predominant.?? However, there is con-
siderable disagreement on the relative
contribution of sulfur compounds of
volcanic origin to the atmospheric sul-
fur burden. This is in part brought
about by the use of incomplete data
sets, different assumptions utilized in
computing the emission, and/or lack of
adequate analytical techniques to dis-
tinguish compounds of volcanic origin,
plus sampling and analysis errors.
Since 1972, the volcanic plume has
been analyzed directly for sulfur com-
pounds using remote-sensing tech-
niques and by means of airborne moni-
toring. ’ i

In a recent comprehensive analysis,
Berresheim and Jaeschke? review
world-wide volcanic emissions mea-
surements between 1961 and 1979.
They identified five categories of volca-
nic activities with further subdivisions
for differing intensities. They conclude
that SO, emissions are 8 Tg S/yr and 1
Tg S/yr during noneruptive and erup-
tive categories respectively. The con-
tribution from other categories (ex-
traeruptive, preruptive and intraerup-
tive phases) may be either neglected or
discarded. During the time period ana-
lyzed, by integrating over the catego-
ries and intensities, they found an aver-
age emission rate of 0.5 Tg S/yr. The
flux of sulfur due to volcanic and fuma-
role activity is presented in Table VI.

Sulfur Emissions from
Blomass Burning

Plants contain an average sulfur con-
tent of ~0.25 percent (dry weight ba-
sis).30 It is thought that about 50 per-
cent of this sulfur content may be re-
leased into the atmosphere during
combustion, the remaining being re-
tained in the ash.*2 Combusted bio-
mass may be the result of either an-
thropogenic (e.g. controlled forest
management burning, wood as a source
of fuel, and agricultural practices etc.)
or natural (e.g., wild fires) origin, the
former contributing sulfur significant-
ly more than the latter.

SO, is assumed to be the primary
sulfur compound emitted during the
combustion of biomass, although COS,
H,S and sulfate aerosol have also been
identified during biomass burning. Un-
certainties exist in the identity of all
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the sulfur compounds, their relative
contribution and emission rates into
the atmosphere during combustion sul-
fur emissions from biomass burning
has been estimated to be ~7 Tg S
yr-1.38

Emission Flux Measurement Methods

To complete an overview on sulfur
emissions, a brief discussion of meth-
ods used to estimate emissions is ap-
propriate. There are primarily two
methods that may be used to measure
earth-atmosphere flux of gases. In the
dynamic chamber method,%!1 an
open-bottom chamber is placed over a
surface of interest such as mud, soil, or
water, with or without vegetation, to
capture the gases emanating from the
surface. A carrier gas is introduced into
the chamber and mixed with the natu-
ral gases. The carrier gas is usually, but
not necessarily free of the species being
detected. The effluent gas from the
chamber is sampled and analyzed for
the compounds of interest and the flux
is estimated by mass balance. While
this technique is easy to use, there are
indications that care should be taken to
minimize the changes which the cham-
ber itself may exert upon the emitting
surface.®

In the second method, the microme-
teorological method!%%:101 (vertical gra-
dient), the concentration of the gas of
interest is measured at various alti-
tudes above the source along with the
wind speed and direction. To deter-
mine their vertical concentration pro-
file, samples obtained simultaneously
at various elevations on a tower must
be analyzed at low (~ppt) concentra-
tions. This requires the ability to deter-
mine very small differences in concen-
trations among the vertical samples.
Hence the detection method must have
great precision at low ppt concentra-
tions. Estimates of flux are made by
applying turbulent diffusion theory to
the concentration profile data. This
method, although reasonably simple in
concept, is very difficult in practice and
requires considerable supporting mi-
crometeorological data.

Summary

The biogeochemical cycling of sulfur
and its circulation through the atmo-
sphere continues to be an area of in-
tense investigation for it has so far
eluded an adequate explanation. One
of the primary areas of uncertainties
lies in the measurements made thus far
in biogenic sulfur emissions, and the
possibility of living plants being a large
source of HyS and COS. Therefore, it is
very difficult, if not hopeless, with our
current understanding, to perform ex-
trapolation with any degree of known
accuracy of the measurements of natu-
ral flux data to global fluxes; this is

because of the lack of knowledge re-
garding the overall uncertainty from
the combined propagation of both sys-
tematic and indeterminate errors. I be-
lieve that, currently, we can only esti-
mate a range of emissions once we
know the range of all of the uncertain-
ties in the natural sulfur emissions.

The sulfur budgets continue to have
large disagreements in their various
components (See Appendix A). To
some extent this is to be expected since
enhanced anthropogenic activity lead-
ing to increasing sulfur emissions will
perturb various components of the sul-
fur biogeochemical cycle including nat-
ural sulfur emissions. The time con-
stant of interaction between anthropo-
genic activity and other components of
the global sulfur cycle is unknown and
requires further study.

The goal of developing estimates of
natural sulfur emissions based upon di-
rect measurements is far from being
accomplished. With improved analyti-
cal methods and a better understand-
ing of the factors affecting natural
emissions, improved estimates are be-
ing obtained. Natural emissions re-
main a major area of interest where in-
formation is required on anthropogenic
impacts on ecosystems and for refining
methods of global sulfur cycling.

Table VI Annual emission of sulfur due
to voleanic and fumarole activity.

Volcanic Fumarole
emission emission
TgSyr1 TgSyr! Reference
0.75 5
2.0 6
34.0 94
3 7
3.5 95
15.0 96
13.5 97
1.45 26.6 98
0.50 93
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