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1 KEY ASPECTS OF SPECIES RELATED TO 
GLOBAL BIOGEOCHEMICAL CYCLES 

M. Andreae, A. C. Delany, S. Liu, J. Logan, L. P. Steele, H. Westberg, 
and R. Zika 

The important roles played by various trace species 
in global biogeochemical cycles have been discussed 
in Global Tmpospheric Chehny:  Plam for the US, 
Resenrdt Efoa (UCAR, 1986). In this chapter, we 
will limit discussion to the surface exchange and 
flux divergence of the key trace species, and related 
research needs. The species included are classified 
into three major groups-the oxidant and odd nitrogen 
group, the sulfur group, and the carbon group. Critical 
studies for each group will be identifted and discussed. 
We note, however, that many of the studies are related 
to each other, therefore, canying out concurrent 
studies addressing several species at the same time 
offers considerable attraction. 

The surface exchange rate of a chemical species 
is usually a function of surface properties such as 
the kind and condition of vegetation, nutrient level, 
temperature, and moisture. Since measurements of 
surface exchange rates are limited in their temporal 
and spatial coverage, extrapolation to other locations 
and times is usually needed. Detailed understanding of 
how exchange rates depend on prevailing environmen- 
tal conditions will greatly facilitate this extrapolation. 
The ultimate goal of studying surface exchange is to 
understand the basic biogeochemical mechanisms that 
control the exchange processes. A full discussion of 
these issues, however, is beyond the scope of this work. 
In the following discussions, the emphasis will be on 
the phenomenological aspects of surface exchange. 

Discussion of the behavior of different chemical 
species in the troposphere necessarily involves consid- 
eration of both chemical and physical aspects of the 
air-surface system, and sometimes biological factors 
as well. The discussion will use commonly accepted 
descriptions of different parts of the atmosphere. The 
air in closest contact with the surface forms a constant 
flux layer, called the surface layer, some tens of meters 
thick. in which there is little flux divergence. This 
constant flux layer is the lowest part (less than about 
10%) of the planetary boundary layer (PBL), which is 
typically 1 to 2 km deep in daytime, 100 to 500 m deep 

at night over land, and 500 m to 1 km deep over the 
ocean. The PBL is that part of the lower troposphere 
that responds to changes at the earth's surface wilhin 
a few hours and consequently over land exhibits a 
pronounced diurnal cycle of vertical mixing. During the 
daytime, convection causes strong mixing, and the PBL 
is often called the convective boundary layer (CBL). At 
night, vertical mixing is relatively weak, shallow, and 
intermittent, and the PBL is often called the nocturnal 
boundary layer (NBL). The structures of these various 
layers vary with terrain, latitude, seasons, etc.. in ways 
that complicate the overall behavior of trace species 
and inject a strong meteorological component into 
any description of species concentrations, as well as 
of the change of species flw.m with height, called flux 
divergence. 

Flux divergence plays a crucial role in studying 
the budgets and distribution of many trace chemical 
species. For example, flux divergences of species 
like NO. and 0 3 ,  whose concentrations can differ 
greatly between the boundary layer and the free 
troposphere, need to be estimated in order to evaluate 
their budgets. For the most part, however, flux 
divergence measurements will not be discussed in 
great detail since the techniques for measuring flux by 
eddy correlation apply equally well to multiple levels, 
as required for flux divergence estimates, and IO a 
single level as required for measuring surface exchange. 
Other than eddy correlation, flux measuring techniques . 
that can be used for estimating surface exchange are, in 
general, not applicable for measuring flux divergence. 

Oxidant and Odd Nitrogen Group 
The nonradical oxidants 0 3  and H~02 and the 

family of odd nitrogen compounds, including NO, NOz, 
NO], NzOs. "03, "402,. PAN, and "3, play a key 
and closely interconnected role in the oxidative state 
of the atmosphere. Because the chemistry of these 
species is so closely interrelated, it is convenient IO 
consider them together as a family. 

9 
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LIFETIME 
Greater 

1 day 

1 hour to 
1 day 

1omin. to 
to 1 hour 

than 

lcis than 
10 min. 

CHEMICAL FLUXES 

(1) (2) (3) 
Rurd continental Upper Tropical marine 
boundary layer troposphere boundary layer 

OS, boa, Same as (1) Same as (1) 
"Os, NE3 PIUS PAN, NaOs, 

other organic 
nitrates, NEs 

NO., Nos, Same as (1) Same as (1) 
some organic PIUS NOS, ?fa%, nitrata 
PAN, some 
organic nitrates, 
HNOa* 
NO, NOa*, and 
NOs* 

NO1 
same aa (1) None 

Same as (1) Same a9 (1) 

Table 1.1 
Estimated Photochemical Lifetimes (in Summer) 

of 01, HzOz, "3, and NO, 

REGION 

LIFETIME 
Greater 
than 
1 day 

1 hour to 
1 day 

lamin. to 
to 1 hour 

less than 
10 min. 

(1)  (2) (3) 
Upper 

Same as (1) 

Tropical marine Rural continental 
boundary layer 
PAN, NO., 

os, organic PIUS EaOa, "01, 
NaOs, Nos, "02 nitrates 

None 

boundary layer troposphere 
Same as (1) 

and NEs 
wh NaOs, None 
Nos, "01, 
"Os, NHa 

& 0 a ,  Na06 ,  None None 
NOS, "01, 
" 0 3 ,  NH3 
None None None 

*During the daytime 

Table 1 2  
Estimated Lifetimes of 01, HzOZ, "3, and NOv for Incorporation into 

Cloud Water and/or Aerosois 

REGION 

c 
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The major precursors of ozone can be divided 
into two groups: NO. (i.e.. NO + NOz), and 
hydrocarbons and CO. Since CO and CII, are readily 
available in the troposphere, NO, usually is the rate- 
limiting ozone precursor. The distribution of NO, is 
very inhomogeneous (see Fehsenfeld et al., 1988), as 
expected from its short photochemical lifetime and 
highly localized sources. As a result, the ozone 
production rate should be a very strong function of 
location. 

Table 1.1 gives a list of photochemical lifetimes 
of ozone, H202, NO, species, and "3. while Table 
1.2 gives the estimated lifetime for the loss of these 
compounds by incorporation into cloud water and 
aerosols. The lifetimes of these species range from less 
than ten minutes to more than a day. Therefore. their 
distributions and exchange fluxes depend on transport 
processes of various time scales. 

We need to consider here not only surface 
exchanges but also exchanges between the boundary 
layer and the free atmosphere; except for a few highly 
reactive species that originate from surface emissions, 
boundary layer concentrations of trace chemical species 
are determined by both interaction with the surface and 
entrainment of air from the free atmosphere. This is 
particularly true in studying the global distributions and 
budgels of 0 3 ,  H202, NO, species, and N H 3 .  

Exchange of boundary layer air with the free 
atmosphere takes place through a variety of mecha- 
nisms. On a large (vertical) scale, convective clouds 
can transport boundary layer air up to near the top 
of the troposphere within a few minutes and can also 
bring air from the free atmosphere down to the surface 
in evaporation-driuen downdrafts. On a small scale, 
both shear and convection can generate turbulence to 
overcome the static stability of the free atmosphere 
and cause entrainment of air into the boundary layer. 

Since the chemical lifetimes of H202, NO., and 
N H 3  are less than or comparable to the residence 
time of air in the boundary layer, the amount of these 
species exchanged between the boundary layer and the 
free troposphere may be considerably less than the 
amount introduced into the PBL. In addition, chemical 
processing in the PBL serves to convert NO. to a 
variety of other NO, species. Thus, both theoretical 
and experimental studies should be made to assess this 
exchange for 0 3 ,  NO,, and "3. 

A complication for measuring the emission or 
deposition flux for species such as "3, NO., and 
amines (Farquhar et al., 1983). and perhaps also for 
other gases, is that a compensation point exists, a non- 
zero gas concentration in the leaf air spaces, which 
is in equilibrium with metabolites in plant cells. If 
the ambient concentration exceeds the compensation 
point, the gas is taken up by the plant from the 
atmosphere, but if the ambient concentration is less 
than the compensation point, the gas is emitted to the 
atmosphere. If enclosure techniques (see Chapter 2) 

are used to estimate the flux of such chemical specics, a 
correct estimate of thc gas flux depends on maintaining 
g a ~  concentrations in the air within the enclosure vcry 
close to ambient. "Closed" enclosure systems are 
thus unsuitable, and "opcn" systcms will require large 
ventilation rates, so that leaf boundary layer resistanccs 
will be much smaller than stomatal resistances. 

Emission rates of N2O are relatively small 
compared to those of N H 3  and NO, (Keller et 
al., 198G). Natural sources are likely to be the 
primary contributor, although there is probably somc 
anthropogenic contribution. The only known N 2 0  
sinks are in the stratosphere; surface dcposition of N2O 
is negligible. 

Sources of NO,,, 0 3 ,  and H202 

Table 1 3  lists the important sources and sinks 
of NO,. Most of the sources are on land and near 
the surface. Anthropogenic sources appear more 
important than natural sources, especially in winter, 
when there are fewer natural sources. Emissions of 
NO, are primarily in the form of NO. Once emitted, 
NO is oxidized quickly to a mixture of NO and NO2 in 
photochemical equilibrium, and then to other reactive 
nitrogen species, such as "03, PAN, NO3. and 
N205. As pointed out by Lenschow and Delany (1987). 
the rapid photochemical reactions involving NO, NO2, 
and 03 have a considerable impact on their flux and 
concentralion profiles in the surface layer. Figure 1.1 
shows a simplified reaction scheme of nitrogen species; 
a discussion of these reactions and time constants can 
be found in Logan (1983). 

The emission rate of NO. from soils has been 
measured primarily by the enclosure technique, as 
discussed by Galbally (1985) and as summarized 
in a recent report of the World Meteorological 
Organization (WMO, 198% see Chapter 3). Results 
are summarized in Table 1.4, updated from the WMO 
report. 

and a local budget technique indicate that the methods 
give similar results (Parrish et al., 1987; Kaplan et al., 
1988). The budget technique relies on the fact that 
at night the reaction of NO with Os is the dominant 
removal process for NO and that atmospheric reactions 
reforming NO from NO2 are negligible. Hence, the 
net flux of NO from the soil must balance the total 
column loss of NO by reaction with 03, which may be 
calculated from vertical profiles of NO and 03 at night. 
At least one study of soil emissions has employed the 
eddyamla t ion  technique (Delany et al., 1986). 

The majority of NO flux measurements have bcen 
at mid-latitudes. As discussed in Chapter 3, emission 
rates measured with enclosures are highly variable, 
averaging abou! 1-2 x kg N m-2s-1 at mid- 
latitudes, while the few studies in the tropics give values 
of 8-11 x k g N  m-2s-1, at least for dry soils. 

Recent comparisons of the enclosure technique. 
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Table 1 3  
Global Budget of NO, = NO + N02* 

SOURCES 

Fossil fuel cornbustion 

Biomass burning 

Lightning 

Microbial activity in soils 

Oxidation of ammonia 
oceans 
Stratospheric input 

TOTAL 

SINKS 

Wet deposition 
Dry deposition 

TOTAL 

Tg N yr-' 

21 
(14-28) 

12 
(4-24) 

8 
(2-20) 

8 
(4-16) 
0-10 
< 1  
& 
25-99 

12-42 
- 11-22 
23-64 

Emission rates increase with incrcasing soil tempera- 
ture and depend also on vegetatke cowr. soil type, 
water content, and fenilization. Soils act as both a 
source and a sink for NO., so appropriate care must be 
taken when determining NO fluxes in ficld conditions, 
as discussed by Galbally et al. (1985). 

It is of interest to compare the magnitude of 
the soil source of NO, with typical emission rates 
from combustion of fossil fuels. Emissions of NO. 
in :he US. have been esrimated by the Environmental 
Protection Agency (198G). with spatial resolution of 
20 km x 20 km. The local anthropogenic source 
clearly dominates the soil source in over 90% of 
the eastern U.S., while the soil source is larger than 
the anthropogenic source in most of the western 
US. Evidently combustion of fossil fuels provides the 
major source of NO. over the industrialized regions of 
Europe, Asia, and Nonh America. 

An observational study has been conducted in the 
Amazon Basin during the dry season (the Amazon 
Boundary Layer Experiment [ABLE2A]); preliminary 
resulu are discussed in a special issue of 1. Geophys. 
Res., 93, 1349-1624. This experiment has provided 
new insights into the production of NO by biomass 
burning in a tropical region (Andreae et al., 1988b). 
The yield of NO with respect to CO2 in fresh plumes 
was 0.51 x a factor of ten higher than the value 
in haze layers about one day old. Pwious aircraft 
observations of large-scale biomass burning emissions 
in central Brazil (Crutzen et al., 1985a and b) showed 
that the ratio NOJC02 in aged fire fume (when fresh 
plumes were specilially avoided) was rr 1.9 x lo-'. 
Apparently NO. is oxidized rapidly to "03, PAN, 

.. DRY DEPOSITON Li-2 

Figure 1.1. Simplified reaction scheme for niuogen oxides in the amosphere based on Logan (1983). 

Y 
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or nitrates in the tropical environment. Background 
concentrations of NO over the Amazon region 
increased by about 25% during the month-long 
expedition, as burning activity increased within and 
to the south of the study region ( T o m  and Buchan, 
1988). Thus, while biomass burning was the dominant 
source of NO. in the vicinity of fires and within plumes, 
it appeared that emissions from soils provided the 
major source in the mixed layer and in the convective 
cloud layer. Andreae et al. (1988b) used the ABLE- 

data lo estimate that the global source of NO. from 
biomass burning was 7.6 Tg N y r l ,  about 2/3 of the 
estimate given in Table 13. The latter figure was based 
on estimates of the nitrogen content of various biomass 
fuels, assessments of the extent of burning, and the 
assumption that 25% of fuel nitrogen is converted to 
NO. 

Elevated concentrations of NO were observed in 
the vicinity of electrically active clouds over the Pacific 
Ocean during the first Chemistry Instrumentation Test 
Experiment (CITE1) expedition (Davis et al., 1987; 
Ridley et al., 1987). Chameides et al. (1987) used 
these data in combination with estimates of the mass 
Bux of air through convective clouds to estimate a 
global source for NO. from lightning of 7 Tg N yr-I. 
This estimate is very similar to that given in Table 13, 
which results from ground-based observations of NO2 
from lightning and satellite data for the total number 
of lightning flashes per year. The good agreement for 
the independent methods is remarkable, since both are 
based on very limited observations of NO. production 
by electrical activity. 

Table 15 
Tropospheric NO, Distributions in the Planetary 

Boundary Layer (PBL) and Above' 

Regions NO. (PPbv) 
Industrialized PBL 0.5 - 10 
Oceanic PBL (0 - 2 km) 0.001 - 0.01 
Clean continental PBL 0.05 - 0.2 
Biomass burning PBL 05 - 10 
Free troposphere (2 N 12 km) 0.02 - 0.2 

OFehsenfeld et ai., 1987 

Table 15, adopted from Fehsenfeld et at. (1987). 
gives typical observed NO. levels in five major regions 
of the troposphere and reflects our current knowledge 
of the distribution of NO, sources. The inhomogeneity 
in NO, distributions implies that some regions act 
as omne sources while others act as ozone sinks 
(Liu, 1988). The net ozone production (or loss) 
rates for these regions are shown in Table 1.6. In 
steady-state conditions, the net ozone production (or 
loss) equals the flux divergence in a particular region, 
and the estimated flux divergences are comparable 
to the stratospheric flux divergences and the surface 

deposition of ozone. This emphasizes the importance 
of measuring ozone flux divergence as well as surface 
deposition. 

Table 1.G shows that omne production in the 
free troposphere also has a significant impact on 
the global ozone budget; yet the sourccs of free 
tropospheric NO,, which plays an essential role in free 
tropospheric ozone production, are poorly understood. 
In addition to the contribution from industrial regions. 
the large biomass fires in the tropics also contribute 
to the production of ozone on a global scale (Delany 
et al., 1985). In order to evaluate the impact of 
anthropogenic activities on tropospheric ozone, the 
vertical flux divergences of NO,, PAN, and other 
reactive nitrogen species emanating from the boundary 
layer in industrialized regions must be measured. 

The ozone budget in the wintcr half of the 
year and the seasonal variation of ozone are not 
understood. This may have important implications for 
assessing the role of anthropogenic emissions on ozone 
concentration fields and for estimating possible adverse 
effects on ecosystems by exposure to high ozone 
concentrations. Measurements of surface exchange 
rates and flux divergences of ozone and its precursors 
in the  winter season will resolve some of the key 
questions involved. 

H202 is produced in both gas-phase and aqueous- 
phase chemical reactions that involve odd hydrogen 
species. Like ozone, H202 formation depends strongly 
on the distributions of NO. and hydrocarbons. The 
photochemical lifetime of Hz02 is relatively short- 
about two days in summer at mid-latitudes. As a result. 
we expect considerable spatial and temporal variation 
in the distribution of H202. Therefore, as in the case 
of ozone, flux divergence plays a major role in the 
budget and distribution of H202. 

Deposition of NO,, 0 3 ,  and H202 

Wet and dry deposition are the major sinks for 
reactive nitrogen species. Soluble species such as 
" 0 3 ,  NO], and NzO5 are readily scavenged by . - 
precipitation. Ehhalt and Drummond (1982) and 
Logan (1983) estimate that more than half of the total 
loss of reactive nitrogen species occurs through wet 
deposition. Hueben and Robert (1985) have found 
virtually no surface resistance to "03 exchange from 
the atmosphere to grass; under these conditions, its 
deposition is determined by aerodynamic resistance. 
In some circumstances, "03 deposition may be 
controlled by phase equilibria (Brost et al., 1988; 
Huebert et at., 1988). The same can be expected 
for N2O5, which is readily converted to HNO3 in the 
presence of surface moisture. 

Deposition velocities (ud-the ratios of surface 
fluxes to air concentrations at some reference level, 
typically 2 m height) for NO2 in the range of 0.3-0.8 
cm s-l have been inferred for cement, soil, grass, and 
agricultural crops from field and laboratory studies, 
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- Table 1.6. 
Net Ozone Production or Loss in Summer from Various Regions Averaged 

over Each Hemisphere and Compared with Stratosphere 0 3  Flux 

Net Production 01 

" 

(cm-I s-') 
x 10-10 

(kg m-l s-I 1 
x lo+" 

Free troposphere 

Industrial 
areas 8-24 1-3 
occanic 
boundary layer -96 4.5 
Clcan continental 
boundary layer 4 4  -5.5 
Biomasa burning 
area3 1.6 0.2 
Stratospheric 
flu 56 7 

L 2 k m  40 5 

SH 

(kg rn-l s-l) (crn-l s-I) 
x lo+" x 10-10 

20 2.5 

4-12 0.5-1.5 

-36 4.5 

-8 -1 

1.6 0.2 

32 4 

while values for NO are mnsiderably lower, < 0.1 - 
0.2 cm s-l (Judeikis and Wren, 1978; Bottger et 
al, 1978; Galbally and Roy, 1981; Varhelyi, 1980). 
Wesely et al. (1982b) inwtigated loss of NO. over 
a soybean field, using an eddy-correlation technique. 
They reported a maximum deposition velocity for NO2 
of 0.6 cm s-I during the day, with a minimum value of 
0.05 cm 5-l at night during windy conditions. These, 
however, are uncertain due to the nonspecific nature of 
their NO2 measurements. Garland and Penkett (1976) 
reported deposition velocities for PAN of 0.25 cm s-' 
over grass and soil. 

The deposition of NO and NO:, on water 
surfaces should be negligible because of the low 
solubility of these chemical species (Lee and Schwart& 
1981). There is no published measurement of the 
deposition velocities for NO, NOz, or PAN under 
winter conditions. Since the photochemical lifetimes of 
NO. and PAN become longer in winter, dry deposition 
may play an important role in their budgets, and 
measurement of the deposition of NO. and PAN for 
winter conditions should be a high priority. 

Dry deposition of particulate NO, depends very 
much on the size distribution of the particles inwhed, 
or, in some cases, on particle-gas intermmrsion 
(Brost et al., 1988; Huebert et al., 1988). (In both 
the continental and marine boundary layers, there may 

be situations in which aerosol nitrate evaporates and 
deposits as HNO3 vapor.) Coarser particles tend to 
have larger gravitational settling velocities, while fine 
partides are transported much like gases. There are 
serious shortcomings in our understanding of the dry 
deposition of particles. This problem will be discussed 
in Chapter 4. 

Considerable work has been done on measure- 
ments of deposition of ozone over various surfaces 
for summer daytime conditions (e&, Aldaz, 1969 . .c 
Galbally and Roy, 1989 Lenschow et  al., 1981, 1982; 
Wesely et al, 1981; Wesely, 1983; Greenhut, 1983; 
Cobeck and Harrison, 1985; and Kawa, 1985). Over 
land, daytime deposition velocities range from 0.2 to 2 
em s-: during the summer. Photosynthetically active 
vegetation has a relatively small surface resistance 
to ozone. Measurements over oceans and fresh 
water (Galbally and Roy, 1989 Wesely et al., 1981; 
Lenschow et al., 1982; Kawa, 1988). although limited, 
are suficient to demonstrate that surface resistances 
are large and result in deposition velocities in the 
range of 0.02 to 0.1 cm s-'. Measurements under 
nighttime conditions are relatively few. However, this 
may not be  a serious problem for evaluating the  
ozone budget,.pecause deposition at night is limited 
by transport processes. As a measurement strategy for 
ozone deposition, the highest priority probably should 
be given to measurements under winter conditions. 
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Both wet and dry deposition are significant sinks 
for Hz02. There have been few measurements of 
either, because reliable instruments for measuring 
Hz02 have been available only recently (Heikes et al., 
1986). 

Ammonio 

Ammonia, the main nitrogen-containing com- 
pound in primordial earth's atmosphere, is now present 
only in trace amounts. It is unique among atmospheric 
trace species as the only basic gaseous species present 
in significant concentrations (typically 0.1 to 19 ppbv 
17.7 x lo-" to 1.5 x lo-& kg m-3 STP]) near ground 
level. Fbr this reason. its accession to the atmosphere, 
the dispersion and transformations it undergoes 
there, and its subsequent deposition are of great 
interest in many earth sciences, including meteorology, 
atmospheric chemistry, soil science, agronomy, and 
ecology. 

Concentrations in "clean" air over land are 
typically in the range of 1.3 to 13 ppbv to 

kg m-3 STP) (Ayers and Gras, 1980), although 
concentrations in rural areas with much livestock 
production may be very much higher, up to 330 ppbv 
(25 x lo-' kg m-3 STP) as a daily average 
(Vermetten et al., 1985). Concentrations in clean air 
over the oceans are quite low, < 0.13 ppbv kg 
m-I STP) (Ayers and Gras, 1980). 

A precumr of the chemical subunits of early life, 
ammonia is now formed in nature from the biological 
degradation of proteins in soil organic matter, plant 
residues, and animal wastes. Smaller amounts are also 
emitted from fertilizer breakdown and from industrial 
and combustion processes. 

There is considerable guesswork in published 
estimates of N H 3  emissions. Galbally (1985) discusses 
some of the problems. h 0 n g  more recent estimates 
are those made by Crutzen (1983) in an up-date of an 
earlier ammonia budget of Saderlund and Svensson 
(1976). Crutzen's estimates of annual global emissions 
are: 

Biomass buming 
Emissions from natural fields 
Excreta from domestic animals 
Coal burning 
Excreta from wild animals 
Emissions from fertilized fields 

The biggest source, biomass burning, is probably 
the most uncertain, so it is important that its 
magnitude be verified. Vines et al. (1971) were unable 
to detect N H 3  in the smoke of bushfires, small fires 
in the laboratory, or large forest fires. They suggest 
that NH3 that formed during the pyrolysis of nitrogen 
compounds would probably be oxidized to water 
and molecular nitrogen at the flame temperatures 
premiling in bushfires. Crutzen, on the other hand, 

< 60 Tg N/year 
< 30 Tg N/year 
10 to 20 Tg Nlyear 
4 to 12 Tg Nlyear 
2 to 6 Tg N/year 

< 3 Tg N/year 

attributes to Sijderlund and Svcnsson (1976) the 
statement that NH3 is a surprisingly stable compound 
in combustion systems. and Galbally (1985) exprcsscs 
the vicw that a significant fraction of thc nitrogen 
must be volatilized as NH3 during the  heating and 
burning of plant material. Recent measurcmcnls of 
N H 3  emissions from laboratory-scale biomass fires 
yield an estimate of 3.2 Tg N ("3) yr-' for the global 
annual emission (Andreae, personal communication, 
1989; data from W. M. Hao, Max Planck Institute for 
Chemistry, Mainz. FRG). 

The next largest NHJ source SuggeStCd by Crutzcn 
is release from natural (unfertilized) fields, up to 30 
Tg N yr-'. As discusscd by Crutzen and by Galbally 
(1985). this is dificult to estimate because soils and 
plants can be either sources or sinks. Crutzen's 
estimate is based on a model of NHJ production 
and transport in soils developed by Dawson (1977). 
The model predicts that the  concentration of NHJ 
contained in air within the soil is always very much 
larger than in the free atmosphere (by a factor of 
between 70 and 300). so that the soil is always a source 
of atmospheric "3. 

Malo and Purvis (1964) and Hannawalt (1969). 
however, concluded from laboratory and field ex- 
periments that soils could be substantial sinks 
for atmospheric "3. Although the atmospheric 
concentrations they employed in the laboratory and 
measured in the field (39 to 78 ppbv [3 to 6 x 
kg m-' STF']) were rather larger than normal ambient 
values, they were, nevertheless, still much smaller than 
the values Dawson predicts for soil. 

Dawson's model also neglects the possible absorp- 
tion of N H 3  from air as it diffuses through the canopy 
space. Hutchinson et al. (1972) have shown that plants 
can absorb NH3 gas by diflusion through stomata, and 
Denmead et al. (1976) found strong evidence Cor the 
existence of a closed NH3 cycle in plant canopies, 
whereby NH3 released from the decomposition of iittcr 
at the soil surface is reabsorbed by the foliage above. 
In other work, Denmead et al. (1978) round that at 
normal concentrations (up to 13 ppbv kg m-3 
STP]), atmospheric ammonia was taken up by a corn 
crop (plant plus soil) when the soil surface was dry, but 
sustained NH3 losses from the crop occurred when the 
surface was moist. They suggest that the net exchange 
is a balance between absorption by the plants and 
emission from the soil. The latter is strongest when 
water is being evaporated. Crutzen (1983) suggests 
that a significant release of NH, to the atmosphere 
could occur in early spring, when the soil is moist, fresh 
vegetation is not well developed, but dead material on 
the ground is abundant and the soil is being heated 

Whether plants themselves lose or gain ammonia 
appears to be cbntrolled by the "3 compensation 
point. Farquhar et ab.. (1980) have found that for the 

S!tOngly. 

. . __ .... - . 
v 
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plant species they examined, the compensation point 
is dose to normal clean-air concentrations, although it 
increases with increasing temperature, partly because 
of the erects of temperature on the equilibrium vapor 
pressure of NHJ solutions and increases also during 
senescence, presumably because of Changes in plant 
metabolism (Farquhar et al., 1979). The temperature 
dependence has been suggested as a reason for the  
apparently higher atmospheric concentrations of NHj 
in tropical regions. 

The fact that compensation points are normally 
close to ambient concentrations makes considerable 
sense. Plants with higher compensation points would 
be at an ecological disadvantage. Given all this, it 
Seems that in normal clean air, atmospheric exchange 
of NHJ will be of small consequence to the nitrogen 
budget of many agricultural crops except during 
periods of elemted temperature or in senescence, 
but atmospheric exchange may be more important in 
natural communities with smaller nitrogen turnovers. 

Excreta from domestic animals is the next largest 
source on Crutzen's list and the one that many believe 
may be the largest. Crutzen's estimate is based on 
average rates of urea excretion in urine and feces by 
livestock, and an assumption that 30% of the nitrogen 
in the urea would be volatilized as "3. Estimates 
of the latter range from 10 to 45% (Lenhard and 
Grawnhoat, 1980). 

From aircraft measurements of the concentration 
of NHJ and NH: in the air at 100 m and 700 m 
above a rural area in western Germany, Lenhard 
and Gravenhorst (1980) estimated upward fluxes of 
NHj and NH,f and concluded that these could 
be maintained. entirely by NHj volatilization from 
domestic animal excreta, again assuming that 30% 
of the excreted urea nitrogen is volatilized as NHj. 
Galbally et al. (1980) also estimated that the major 
emissions of NH3 to the atmosphere in Australia were 
from this source, some 70%. The most detailed 
estimates currently available are those of Buijsman 
et al. (1987), who calculated that 81% of the total 
anthropogenic NHJ emissions in Europe were from 
livestock wastes. .They also estimated that natural 
emissions of "3 in Europe (from uncultivated land 
areas) contribute only 0.15 Tg N yr-', compared 
with livestock emissions of 4.3 Tg N yr-' and total 
anthropogenic emissions of 5.3 Tg N yr-'. 

Other minor sources include coal burning, excreta 
from wild animals, emissions from fertilizzd fields, 
and industrial emissions (< 1 Tg N T I ) .  Apart 
from excreta from wild animals, these are the best- 
documented sources, but, even so, there are still some 
unknowns. In calculating emissions from fertilized 
fields, for instance, Crutzen takes the NHJ contribution 
as about 5% of the annual fertilizer use of almost 
60 Tg N, but published estimates of NHl loss from 
fertilizer application range from 0 to 50%, depending 

i 

1 

on fertilizer type. soil, weather conditions, and methods 
of application. 

Two trends in modern agricultural practice are 
worth noting here. One is the increasing use of urea as 
a fertilizer. Buijsman et al. (1987) suggest an emission 
factor of 10% for urea, which is twice Crutzcn's 
figure. The second is a shift to minimum cultivation 
practices which means that more fertilizer is spread 
on the soil surface, where its gaseous decomposition 
products can be easily lost to the atmosphere, instead 
of being incorporated within the soil, where released 
NHj can be quickly foted by the soil exchange complcx. 
Additionally, the use of more nitrogen fertilizers in 
dcveloping countries, where agricultural practices are 
often inelficient, will probably lead to higher NHJ 
emissions. 

Ammonia is returned to the earth's surface as 
NHJ and NH: very eficiently by both wet and dry 
deposition. so that the majority of emitted NHJ is 
probably deposited in the vicinity of its sources. While 
the flux densities of nitrogen from these sources 
(typically, 1 to 2 x lo-) kg N m-2 yr-l [3.2 to 
6.4 x IO-" kg N m-2 s-'1) compared with fertilizer 
applications of -lo-* kg N m-2 yr-' (3.2 x lo-'' 
kg N m-* s-') are relatively small in comparison 
with inputs of nitrogen to fertilized fields, they are 
certainly of consequence in the nitrogen balance of 
natural ecosystems. 

A new environmental erect of atmospheric N H 3  
is now emerging. particularly in regions of high NH3 
turnover, as in Europe (Buijsman et al., 1987). Serious 
soil-acidifying erects have been observed, which could 
be attributed to wet deposition of NH: and dry 
deposition of NH3 and ammonium aerosols. 

The role of the oceans is largely unknown. Some 
measurements of NHj in marine air by Ayers and 
Gras (1980) suggest that the atmospheric concentration 
is close to the equilibrium gas concentration to be 
expected for seawater, which suggests that the oceans 
are unlikely to be net sources or sinks. At prexnt, . 
there are likely too few measurements of NHj in 
surface air over the oceans or in ocean surface waters 
to decide this question (Galbally, 1985). 

Sulfur Group 
Both natural and anthropogenic sources contribute 

to the global sulfur budget. Anthropogenic sulfur 
emissions are dominated by the release of SO2 from 
fossil-fuel burning. Several authors have recently 
reviewed these emissions and presented detailed source 
allocations (e&, Mdller, 1984; and Cullis and Hirschler, 
1980); the estimates fall into a relatively narrow range 
of about 70 to 100 Tg S yr-'. 

Various attemuts lo derive a global atmosuheric 
lfur have sumcsted lh at natural emissions 
de comparable to man-made emissions 
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are necessaly to balance this budget (for a rwiew, 
see Frency et al., 1983). However. since the 
calculations of natural emissions h m  the dillercnce 
betvieen anthropogenic emissions and total deposition 
fluxes involve very large uncertainties, they cannot be 
expected lo pmvide a meaningful estimate. 

Tbi section is an overview of the processes that 
result in the natural emissions of sulfur species and 
provides, where possible, estimates of these fluxes. 
Only fluxes of natural sulfur species are given 
extensive coverage here. For detailed discussions of 
other emissions, such as sea salt sulfate and volcanic 
emissions, the reader is referred to the rwiews by 
Andreae (1985, 1986). 

Production of Volatik Biogenic Su(/ur Gmpounds 

Sulfur is an essential element to biological 
organjsms. Two biological pathways lead h m  sulfate 
(the major sulfur source for almost all organisms) 
to reduced sulfur compounds: assimilatory and 
dissimilatory sullate reduction. Volatile organosulfur 
compounds are produced from nonvolatile sulfur 

metabolites in biota either through the formation and 
rclease of volatile sulfur metabolites in healthy living 
cells or as a consequence of dccomposition. The most 
important product released from live cells, especially 
by plants, is dimethylsulfide (DMSA which is discussed 
later in some detail. 'me mator oathwav to the 
forriation of HzS, however, is through dis;imilatory 
sulfate reduction. Under favora6Gnditions, the rate 
.of sulfate reductton to HzS can be quite high, on the 
order of several tens of pg m-z s-l. However, this 
process occurs only when a mixing barrier prevents 
oxygen h m  entering the system. (The escape of HzS 
from the system is, of course, limited by the same 
barrier.) Furthermore, in the presence of oxygen. 
HzS can be consumed by bacteria in a layer only a 
fraction of a millimeter thick. Consequently, the large 
amounts of H2S that are produced in the coastal and 
marine environment are not usually transferred to the 
atmosphere (Andreae, 1984). Only a small fraction 
of the H2S produazd can escape under exceptional 
conditions in shallow water. HzS emissions from the 
marine environment are, therefore, limited to such 
near-shore environments as estuaries and salt marshes. 

Table 1.7 
Summary of Biogenic Sullur Emission Measurements* 

SOUPS5 Location Month Number Geo. Mean Mean S~l lp le  
(State) (1%) of Sampler Emission Temperature 

("9 
Soik kg S m-'s-' 

1014 
Inceptisol ID 3, 4, 9, 10, 11 17 4.5 10.9 
Entirol ID 3, 4, 5, 10 11 16.9 11.9 

M o l l i l  IA 7 15 18.4 38.4 
Alfisol W 5 ,  6, 10 15 26.6 

Hjstisol, bare OH 7 18 341.0 32.9 
Tidal shore NC 8 8 374.0 36.3 
Saline manh 

(withgnss) NC 8 

Fmh water NC 8 

Oats (with soil) IA 7 
Misc. vegetables OH 7 

Salt water NC 8 

CmPS 

(with soil) 

Corn IA, OH 7 
Soybeans IA 7 
Alfalfa WA 9 

25 580.0 32.7 
5 51.6 31.4 
4 264.0 29.6 

11 1.6 35.4 
6 123.7 293 

kg S kg-ls-' 
io1' 

36 103.0 28.9 
16 210.0 32.8 
6 179.0 22.4 

TKCS 
Deciduous IA,OH,NC 7 , 8  55 47.i. .. 295 
Coniferous NC 8 13 31.1 .2 29.2 

L 

'Lamb et al., 1987 
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sul/w Emissions from Continental Em.ystems 
Due lo the  lack of represcntative data, estimates 

of the flux of biogenic sulfur gases from terrestrial soils 
and plants have been highly uncertain, ranging from 3 
to 110 Tg S yr-I (Andreae, 1986). Here, we will focus 
on the results of recent measurements of emissions 
from freshwater wetlands, inland soils, and terrestrial 

The concentrations of dissolved volatile sulfur 
compounds in freshwater bodies tend to be much 
lower than those in the surface layer of the oceans 
(Adams et al., 1981; Froelich et al., 1985; Iverson 
et al.. 1989). However, based on measurements of 
DMS concentrations in water from freshwater wetlands 
in Ontario, Nriagu et al. (1987) recently proposed a 
DMS emission rate of 2.5 x lo-'* kg S m-2 s-l for 
such ecosystems and suggested that HzS emissions of 
a similar magnitude may be occurring. These fluxes 
may, however, be overestimated, since the exchange 
coefficient appropriate for the hydrodynamic regime 
of the bog is not known and a rather high value was 
assumed. It is also likely that very high sulfate loading 
from anthropogenic pollution may have enhanced 
sulfur Rw from these wetlands. Recent studies in 
Alaska suggest extremely low emissions of volatile 
sulfur from bog and tundra ecosystems (Martens, 
personal communication, 1988). 

A d a m  et al. (1981)'determined the flux of sulfur 
gases from soils in the eastern and southeastern 
United States. Their flux data showed several orders 
of magnitude variability between sites and between 
sampling periods at the same site; for nonsaline soils, 
they ranged from 6.6 x to 1.1 x lo-" kg S m-' 
s-'. Most of the flux from inland soils was in the form 
of H2S (66%); the rest was COS (13%). CS2 (13%). 
DMS (7%), and a trace of DMDS (2%). Delmas et al. 
(1980) measured an average H2S flux of 2.2 x lo-'' 
kg S m-' s'I from oxic lawn soils in France. Jaeschke 
et al. (1980) found fluxes of H2S between 3.3 x 
and 3.3 x IO-" kg S m-' s-' from marshland soils 
in the Ems River region of northern Germany. Much 
higher fluxes were estimated from tropical soils in the 
Ivory Coast by Delmas et al. (1980): 9.7 x to 
2.8 x lo-'' kg S m-2 s-l. 

Most recent studies have found much lower flux 
estimates from soils. In  a large study of soil emissions 
conducted partly at the same sites as those used 
by A d a m  and coworkers, values about ten times 
lower than those reported previously were obtained 
by Goldan et al. (1987) and Lamb et al. (1987b) 
Fable 1.7). The dinerences behveen these values 
and those reported previously are believed to be 
due largely to experimental problems in the older 
studies. Preliminary results from measurements of soil 
emissions in wet tropical forests in Brazil during the 
dry season as follows: (2.2 f 0.2) x lo-" kg S(DMS) 

plants. 

m-2 s-l , (2.2f 0.5) x kg S(CH3SH) m-' s-' 
and (3.7 k 1.7) x lo-" kg S(H2S) m-' s-'. These 
values give a total flux of short-lived sulfur specics 
of (2.7 f 0.43) x kg S n r Z  s-I (Andreae and 
Andreae, 1988). During the  wet seasons, even lower 
values were observed. However, due to the small 
number of measurements and sitcs involved, our ability 
to extrapolate from these data is very limited. 

The emission of sulfur gases from vegetation, 
including trees, is well established. The emission 
of H2S from leaves is light-depcndent; it increascs 
strongly with the intensity of light and drops to vety 
low values in the absence of light (Wilson et al.. 1978; 
Filner et al., 1984). Emission of H2S also increases 
as a result of root injury, high levels of atmospheric 
SO2, and increased levels of soil water sulfate or 
bisulfite. Based on studies with various crop plants, 
Filner et al. (1984) estimated a worldwide emission 
of wlatile sulfur from plants on the order of 7.4 Tg 
y r l ,  whereas Winner et al. (1981) estimate -50 Tg 
y r l .  Adjusting these values to the leaf areas and 
biomass values characteristic of tropical forests, fluxes 
of about 2.7 x to 27 x kg S m-2 
can be predicted. Filner et al. (1984) also report the 
emission of CH3SH by plants under some conditions. 
The emission of DMS from trees was observed by 
Lovelock et al. (1972); a flux of sx  10-13 to 10-11 kg s 
,-2 s-l IS . estimated from their data for a forest with a 
leaf mass of -2 kg (dry weight) m-2. In a recent study 
on sulfur gas emissions from plants and soils, Lamb 
et al. (1987b) found emission fluxes in the range of 

to kg S n r Z  5-l from various crops and 
trees. The mean sulfur flux from deciduous trees was 
5 x lo-" kg S m-2 s-' during summer conditions 
(mean sample temperature: 295°C). Emissions from 
soybeans and corn were dominated by DMS. while 
deciduous  tree^ emitted similar amounts of H2S and 
DMS. These fluxes are comparable to or greater than 
the sulfur gas emission fluxes that have been reported , ~ 

from vegetated inland soils. 
Comparison of the emissions of COS from bare 

and vegetated soils showed that the vegetation canopy 
was a sink for this gas, reducing the flux of COS from 
soils to the atmosphere (Goldan et al., 1987; Fall et 
al., 1988). The uptake of COS by vegetation has been 
proposed as the major global sink for this compound 
(Brown and Bell, 1986). 

The fluxes of DMS, HzS, and CHjSH from 
the soiVplant system of the Amazon forest were 
determined during the 1985 dry season by a 
gradienUllux technique (Andreae and Andreae, 1588). 
The mean fluxes were 4.2 x lo-" and 2.2 x 10-13 kg S 
m-' s-' for DMS and CH3SH respectively (Andreae 
et al., 1989a). Since these fluxes are much larger than 
the observed soil fluxes, most of the sulfur emissions 
must come from thc'plant canopy. In the case of DMS, 
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the vertical profiles through the forest canopy Suggested 
that emission takes place only during the daytime and 
that the forest canopy is a sink for this species during 
the night. 

If these observations are representative for 
remote continents worldwide, an assumption which is 
supported by the existing data for sulfate deposition 
(Gallmy, 1985; Andreae et al., 1989b, and references 
therein), the biogenic sulfur emission from continents 
must be near the lower end of the range given in 
Table 1.10, and emissions from land biota must play a 
subordinate role in the continental sulfur cycle over the  
mntinents worldwide, being overshadowed by marine 
and anthropogenic sources essentially everywhere. 

Emissions from Coastal Wetlands 
Emissions of sulfur gases from saline manhcs and 

intertidal areas vary widely between sites, between 
seasons, and even between days (Aneja et al., 1982; 
Hansen et al. 1978; Adams et al., 1981; Jaeschke et 
al, 198@ Steudler and Peterson, 1984; Ingvorsen and 
Joergensen, 1982; Cooper et al., 1987; DeMello et al., 
1987). The results from flux-chamber measurements 
range from undetectable to nearly 6.3 x lo-* kg S 
m-'s-l during peak periods. Typical emission rates 
for various sulfur species are presented in Table 1.8. 

Many of the reported dillerences are caused by 
diurnal and. seasonal variations. The production of 
oxygen by photosynthesis leads to rapid oxidation 
of H2S in surface layers of intertidal sediments and 
marshes, thereby preventing most of the H2S produced 
in the anoxic zone from escaping into the atmosphere. 
At night, the anoxic zone moves to the sediment 
surface, and the emission of H2S increases by several 
orders of magnitude (Hansen et al., 1978; Revsbech 

et al., 1983). COS is produced from organosulfur 
compounds by photochemical reactions ( R r c k  and 
Andreae, 1984). The strong diurnal variability in COS 
emissions from salt manhcs reponed by Carroll et 
al. (1986) may be related partly to the photochemical 
dependence of the production nte and partly to soil- 
temperature and tidal cycles. 

It is dinicult to assign an average value to the flux 
of volatile sulfur compounds from coastal wetlands. 
H o m r .  even if we were to use a relatively high 
estimate of IO-* kg S rn-z yr for the average annual 
flux and combine it with the total global coastal wetland 
area of 380,000 km2, we would obtain a global flux of 
-4 Tg S y r l ,  which is only a small percentage of the  
total biogenic emissions. 

Emissions from Biomass Burning 
The composition of sulfur specics emitted from 

fires is still quite uncenain. It had been assumed 
that SO2 was the major product, but HIS, COS, and 
sulfate aerosol have also been observed and may be 
imponant. The global emission rate for COS from 
biomass burning has been estimated to be 0.11 Tg S 
yr'. Although this is only a minor fraction of the  
sulhr flux from fires, it is a significant component in 
the atmospheric cycle of COS (Crutzen et al., 1979). 

Sulfur -species recently measured in aerosols 
genented by biomass burning in Brazil suggest Ihat 
global sulfur biomass emissions may be on the ordcr of 
2.6 Tg S yr-' (Andreae et al., 1988b). The dillerences 
between the results of these direct measurements and 
the estimates given above may be due to lower sulfur 
content of the biomass or to a lower volatilization 
eniciency. 

Table 1.8 
Emissions of Volatile Sulfur Compounds from Coastal Wetlands. 

In Units of (kg s m-'s-') x 10" 

Various 
Compounds Saline Wetlands Salt Marshes Salt Marshes 

H>S 1.9 1.7 7.6 
1.1 cos 0.29 - 

MeSH 0.29 5 6.0 - 
DMS 0.70 2.1 4.8 
-2 0.38 5 0.6 0.6 
DMDS 0.03 5 2.6 1.1 
Total S 3.49 < 35.0 15.0 

i *Andreae, 1986 (The two columns at right are from diffirent studies.) 
.. . 
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Emissions of Yokyle SurJur Species from fhe Oceans 
Bingemer (1984) h a s  made the only measurements 

of sulfur gas flux from seawatcr in a chamber system 
at zero wind speed using the DMS naturally present 
in seawater. For DMS concentrations of 4 x IO-' 
to 9 x lo-' kg S(DMS) m-], he found fluxes that 
compare reasonably well with the predictions from 
theory. For other gases, however. we have to rely 
entirely on extrapolations based on relatively poorly 
developed theories. The unccrtainties inwlved in 
estimating transfer fluxes with this approach introduce 
a potential emr  of as high as a factor of huo into the 
estimates of oceanic sourccs of most species. 

Alternative methods to measure the flux (e.& 
eddy correlation or gradient techniques) are dillicull. 
No fast-response sulfur gas sensors suitable for eddy- 
correlation measurements are yet available for any 
sulfur gas in the remote atmosphere. Nguyen et 
al. (1984) have used the gradient method onboard 
ship by taking samples at different levels above the 
waterline. Although the results are comparable to 
the predictions from gas-transfer calculations, they may 
contain substantial errors because of the influence of 
the ship on airllow characteristics. Since a realistic 
w m  climate is difficult to simulate inside an enclosure, 
sulfur-gas fluxes acmss the aidsea interface ha% not 
been measured by this technique. Therefore, in the 
following discussion of the fluxes of individual sulfur 
species, predictions are made using the transfer model, 
which uses gas concentrations measured in seawater 
and boundary-layer air. 

In open ocean waters, DMS is the predominant 
volatile sulfur compound (Barnard et al., 1982; 
Andreae et al., 1983; Andreae and Barnard, 1984; 
N y y e n  et al., 1984, Cline and Bates, 1983; Bingemer, 
1984). Although other compounds, especially C S 2  
and CH3SH. may also be present in coastal waters 
(Turner and Liss, 1985), their limited distribution 
and relatively low concentrations allow for only 
minor contributions to the global atmospheric sulfur 
budget. DMS is produced near the ocean surface 
by phytoplankton from an intracellular biochemical 
precursor, dimethylsulfonium propionate. 

The analysis of large data sets and of the verIical 
distribution of DMS in the marine water column clearly 
show that the DMS concentration in seawater is related 
to the abundance of phytoplankton. Nevertheless, a 
direct correlation between total plankton abundance 
and DMS concentration within a given region has 
not yet been established because of the substantial 
differences in the DMS output rate of different 
plankton species (Andreae et al., 1983; Barnard et 
al., 1982). As Table 1.9 shows, when emissions of 
DMS from dinerent marine biogeographic regions are 
compared, emissions from large oceanic regions of 
relatively low productivity appear to be as important 

to the global flux as those from localized "hot spots" 
of high productivity, e.g., upwelling areas. 

Based on a large data set from a wide varicty 
of oceanic biogeographical zones, Andreae and 
Raemdonck (1983) have calculated an avcrage DMS 
concentration for each zone and a global sea-to- 
air flux of -40 Tg s y r l .  This estimate is 
subject to an uncertainty of about f 2 0  Tg, most 
of which derives from the uncertainties involvcd in 
using the "stagnant film" model to estimate air-sea 
transfer. Other researchers have recently published 
comparable flux estimates based on geographically 
limited concentration data sets (Nguyen et al., 1984; 
Bingemer, 1984, Cline and Bates, 1983). 

To verify these estimates, it is important to 
find independent checks on the flux of DMS 
from the oceans. DMS concenlrations of 100 lo 
Mo pptv (2.8 x lo-'' to 8.4 x lo-'' kg DMS 
m-' STF') are consistently found from a number 
of measurements in remote marine atmospheres 
(Andreae and Raemdonck, 1983; Andreae et al., 1985). 
These concentrations are consistent with the measurcd 
reaction rate of DMS with OH and a sea-to-air flux 
of the same magnitude as estimated above (Graedel, 
1979; Chatfield and Crutzen, 1984). 

kg S(C0S) 
m-' of COS are found in surface seawater (Rasmussen 
et al, 1982; e r e k  and Andreae, 1984; Turner and Liss, 
1985). Since observed concentrations are almost always 
higher than the equilibrium concentration relative lo 
the overlying atmosphere, a net sea-to-air flux exists 
essentially acmss the entire ocean surface. Using 
samples collected without considering the diurnal cycle 
and only separated into coastal and open-ocean wlues, 
Rasmussen et al. (1982) estimate a global COS flux 
from the oceans of 03 Tg S yr'. Based largely 
on coastal data and interpolation from an observed 
relationship of DMS and COS, Ferck and Andreae 
(1984) estimate a global flux of 03 Tg S yr-'. 

by Lovelock (1974). who measured an average 
concentration of 4.4 x lo-'' kg S(CS2) m-' in 35 
samples taken from the open Atlantic. Inshore values 
were about an order of magnitude higher. Recent 
measurements by Kim and Andreae (1987) have been 
used to estimate an oceanic CS2 flux of 0.2 Tg S yr-', 
which is small relative to the oceanic DMS flux. 

Although H2S. CH3SH. and DMDS have occasion- 
ally been reported, their concentrations appear to be 
insignificant relative to other oceanic sulfur emissions. 
A recent report of sulfur-containing amino acids in 
the marine boundary layer (Mopper and Zika, 1987) 
indicates that they and their atmospheric oxidation 
products could be another significant source of sulfur 
over the oceans:. 

Concentrations of one to a few x 

Carbon disulfide in seawater was first found . 

..' 
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Table 1.9 

DMS Concentrations and Fluxes for the World Oceans 

Biogeographic Area Mean Conc. Total F l u  
Region (loe km') (kg DMS m-S) x 10" (Tg S yr-l) 

Oligotrophic (tropical/ 

Temperate 83 13 
low productivity) 148 15 6-19 

3-10 
Upwelling (coastal 

Coastal/shelf 49 - 
and equatorial) 86 30 6-22 

17 - 3-6 
Mean: 19 Total: 19-54 

Summary of Natural Surfur Emissions 

The fluxes of the sulfur compounds SOz, HzS, 
COS, DMS, e, and sulfate are summarized in Table 
1.10. Large uncertainties obviously exist in both the 
chemical speciation and the magnitude of these fluxes. 
Although the estimated sea salt aerosol flux inmduces 
a very large uncertainty into the total estimate, even 
after removing this component the range of estimates 
for the gaseous flux is still 38 to 89 Tg S y r ' .  

Clearly, better estimates of sulfur fluxes are 
needed to reduce this uncertainty. The flux estimates 
are most sensi lk  to inaccuracies in the major 
constituents. Therefore, SOz, SO; particulates 
and aerosols, DMS, and H2S are given the highest 
priority as species for which precise and accurate flux 
measurements are needed. Table 1.10 also indicates 
the most critical study regions for flux measurements. 

Deposition of Surfur Species 
Reduced sulfur species are oxidized in the 

atmosphere to SO2 and particulate SO;. The 
atmospheric sulfur cycle is completed by the wet and 
dry removal of SO2 and SOT .. On continental scales, 
the ratio of dry to wet deposition of sulfur appears to 

be of the order of unity (Shannon, 1981; Galloway et  

Dry deposition of SO2 and particulate SO; has 
been studied extensively in the industrialized countries 
because of concern over acid deposition (e&, Hicks et  
al., 1987). The deposition of SO2 on various surfaces 
has  been observed to be moderately rapid, with 
deposition velocities of 03  to 0.G an s-l in summer. In 
winter, the deposition velocity is significantly smaller. 
The deposition of particles larger than about 2 pm 
is controlled by gravitational settling. These particles 
tend to be  deposited locally, while smaller particles 
can be transported over long distances. The average 
deposition velocity for SO; particles is about 0.1 to 
0 5  cm s-l in summer and about half that in winter. 

Uptake of COS by various plant species has been 
observed by Taylor et al. (1983), Klunewski et al. 
(1983.1985). and Goldan et al. (1988). They show that 
the surface resistance of COS is similar to that of COz 
under various conditions of controlled illumination, 
temperature, and COz concentration. This similarity 
provides a means for estimating global COS uptake by 
plants. The annual uptake is estimated to be from 0.1 
to 0 3  Tg S yr-'. This appears to be the largest global 
sink for COS (Goldan et al., 1988). 

al, 1984). 

. y 
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Table 1.10 
Estimates of Natural Sulfur Emissions (in Tg S yr-') 

so1 EaS COS DMS CSI Suuate Other Total 

Sur spray 
Dust 

38.00-320 38.0-320 
3.00-32 3.0-32 

Total Particulates 1.42-352 42.0-352 

Volcanoes 7.4-9.3 1.0 0.010 - 0.010 < 3 ? 10.0-13 
So* and plants - 3.0-10 0.2-0.6 0.24 0.6-0.8 - 1.0 5.0-13 
Coastal wetlands - 1.0 0.1 0.6 0.06 - 0.1 1.9 
Biomass burning 2.6 ? 0.1 - ? ? ? 2 2.6 
oceans (gases) - 1.6-6.4 0.4 19.0-51 0.3 - ? 35.0-58 

Total G-u 10.0-13 6.0-19 1.0-1.3 19.0-54 1.0-1.3 5 3 1.0 38.0-89 

Carbon Group 
The global atmospheric carbon budget is domi- 

nated by COz, and this aspect of the carbon cycle 
has been studied intensively for many years (Bolin 
et al., 1979; Bolin. 1981; lhbalka and Reichle. 
1986). Nevertheless, it is sobering to realm that 
even after considerable effort it is still not possible 
to adequately reconcile the measured distribution of 
CO2 in the atmosphere with the surface exchange that 
constitutes the major sources and sinks of this gas 
(see Tans et al., 1989). Nor is it possible to account 
satisfactorily for the strong, asymmetric meridional 
gradient of l80 in atmospheric COz (Francey and 
Tans, 1987). While CO2 may dominate the carbon 
budget, it is clear that fluxes of other, much less 
abundant carbon species play key roles both in the 
carbon cycle itself and in the broad chemistry of 
the troposphere. For example, carbon monoxide 
(CO) is present in the troposphere at an average 
concentration of about 0.03% of that of CO2, but the 
quantity of COz formed each year by the oxidation 
of CO by OH is significant when compared to the 
quantity of CO2 released directly into the atmosphere 
by the burning of fossil fuels. Naturally oceumng 
nomethane hydrocarbons (NMHC) are present at 
concentrations almost hw orders of magnitude lower 
than those commonly observed for CO, but they 
significantly affect the formation of tropospheric ozone 
in both rural (Trainer et al., 1987) and urban locations 
(Chameides et  al., 1988). During the atmospheric 
oxidation of methane (C&) and NMHC to CO and 
COz, much of the carbon flux passes through the 

species formaldehyde, but its concentration in the 
troposphere is typically less than one part per billion by 
volume ( D a w n  and Farmer, 1988). Another organic 
species that inlluences the formation of oxidants in the 
atmosphere is acetone, since it acts as a precursor of 
pemxyacetylnitrate (PAN), which may then act as a 
source of reactive nitrogen in the remote troposphere 
(Amold et al, 1986). 

The following sections, together with Table 1.11, 
provide a summary of what is currently known about 
the surface exchange of the kcy carbon species. 

Carbon Dioxide 
Carbon dioxide does not play a direct role in 

the chemistry of the troposphere. Nevertheless, the, 
warming of the earth's surface and troposphere, as 
weU as the cooling of the stratosphere above 20 km, 
that are likely to result from continuing increases in 
global COz concentration will have consequences for 
the abundances of many chemically active trace gases 
in the atmosphere. Over the oceans and vegetated 
land surfaces, there can be  signilicant fluxes of COZ 
both to and from the atmosphere. The flux of 
CO2 from a variety of crops and forested regions 
has  been measured for many years, using a variety 
of techniques. Some of these techniques, such as 
the dynamic or static chamber techniques, have been 
shown to have deficiencies (e.& Baldocchi et al., 1986). 
Over agricultural surfaces, COz flux has been measured 
by using a stability-comcted aerodynamic formulation 
(Verma and 'Rosenberg, 1976 and 1981). The eddy- 
correlation techniqqe has been used to measure both 
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the C02 emission from the floor of a deciduous forest 
(Baldocchi et al., 1986), and the CO2 flux above the 
forest canopy (Verma et al., 1986). Eddy-correlation 
measurements of CO2 flux from an aircraft have 
been reported by Desjardins et al. (1982 and 1989). 
bficrometeorological techniques have also been used 
to measure CO2 flux over coastal ocean sites (Smith 
and Jones, 1985; Wesely et  al., 1982a), but the values 
were significantly larger than those found by isotopic 
techniques (Broecker et al., 1986). The discrepancy 
has been discussed by Wesely (1986) and Smith and 
Jones (1986). Measurements of CO2 concentrations in 
conjunction with other trace gases has sometimes been 
the basis for making estimates of the fluxes of these 
mace gases, as in the case of biomass burning (Crutzen 
et al., 1979; Seiler and Crutzen, 1980; Crulzen et al., 
1985). 

Methane 
Fluxes of methane to the atmosphere have been 

measured or estimated h m  many known source types: 
wetlands (Svensson and Rosswall, 1984; Hamss and 
Sebacher, 1981; Sebacher e t  al., 1986), rice paddies 
(Cicerone and Shelter, 1981; Cicerone et al., 1983, 
Holzapfel-Pschorn and Seiler, 1986). animals (Crutzen 
et al., 1986), municipal solid waste (Ehgemer and 
CfuIzen, 1987). termites. (Zimmerman et al., 1982; 
Seiler et al., 1984; Fraser et al., 1986b). biomass 
burning (Greenberg et al., 1984; Crutzen et  al., 
1985), and fossil fuel utilization (Ehhalt and Schmidt, 
1978; Crutzen, 1987). Virtually all of the direct flux 
measurements have relied upon some variation of 
the enclosure technique. A notable feature of the 
results for wetland environments is the large range 
(approximately two orders of magnitude) of measured 
fluxes. For a variety of wetland sites in Alaska, 
Sebacher et al. (1986) found that the methane fluxes 
were significantly related to the water depth at each 
site. Large variations in methane fluxes have also 
been observed for termites, where the flux is strongly 
dependent upon the species of termite (e& Fraser et 
al., 198Gb). In some cases fluxes of methane from 
the atmosphere into the soil have been measured 
@Her et al., 1983; Seiler et al, 1984). More recently, 
fluxes of methane were measured with eddy-correlation 
techniques during the ABLE-3A experiment held in 
the Alaskan Arctic during July-August 1988. A fast- 
response methane sensor based upon the use of a 
helium-neon gas laser (Kolb et al., 1986) was used for 
flux measurements from an instrumented tower, while 
another fast-response sensor using a tunable diode 
laser (Sachse et al., 1987a,b) was used on board the 
NASA Electra to measure fluxes over large expanses 
of tundra. 

In many cases the methane fluxes have an intrinsic 
interest, but usually the fluxes are extrapolated to 
the regional or global scale for the purpose of 

compiling global inventories of the sources and sinks of 
atmosphcric methane. Over the past decade there havc 
been several attempts lo understand the global budgct 
of mcthane in this way (Ehhalt and Schmidt, 1978; 
Shcppard et al., 1982; Khalil and Rasmusscn, 1983; 
Sciler, 1984; Blake, 1984; Crutzen. 1987; Bingemer and 
Crutzcn, 1987; Cicerone and Oremland, 1988). Given 
the very large uncertainties involved in extrapolating 
to the global scale from fluxes measured over arcas of 
perhaps a few square meters, it is not surprising that 
there remain significant disagreements over the relative 
importance of various global sources of methane. 

Carbon Monoride 
The global atmospheric budget of carbon monox- 

ide, and its associated uncertainties, have bccn 
thoroughly discusscd (Logan et al., 1981; WMO, 
1986 Seilcr and Conrad, 1987; Warneck, 1988). As 
much as 40% of the global source is attributed to 
anthropogenic activilics, such as the burning of fossil 
fuels, agricultural burning, and the clearing of forests. 
One important feature of the CO budget is that 
at least 50% of the sources do not involve surface 
exchange of CO itself. Rather, the CO is produced 
in the atmosphere by oxidation of both biogenic and 
anthropogenic hydrocarbons. In addition, perhaps 
40% of the global CO production OCCUTS in tropical 
regions (Sachse et al., 1988; Andreae et al., 1988b). 

Many of the terms in the global CO budget are not 
based upon direct measurement of CO fluxes. In fact, 
much of the information we have about the CO budget 
has been inferred from considerations of gas-phase 
chemistry (Logan et al., 1981), the measurement of 
CO emission factors from various types of combustion 
(Logan et al., 1981; Crutzen et  al., 1985b; Greenbcrg et  
al., 1984; Andreae et al., 1988b), and estimates of t h e  
production and rclcase of nonmethane hydrocarbons 
(Zimmerman et al., 1988). Since the tropics are 
thought to be such an important region for CO . 
production, direct measurement of CO fluxes over 
large areas of the tropics would be ve'y desirable. The 
first set of such measurements was made during the 
ABLEQB flights over the Amazon Basin during the 
wet season (April-May) of 1987 using airborne eddy. 
correlation techniques. 

The dominant sink mechanism for CO is oxidation 
to C02 by the hydroxyl radical, accounting for about 
90% of the total. The remainder is thought to be lost 
by uptake in soils. 

Nonmeiliane Hydrocarbons 
It is now clear that the global flux of carbon 

into the atmosphere as nonmethane hydrocarbons 
(NMHCs) greatly exceeds the flux of carbon as CH4. 
This flux is dominated by the release of biogenic 
NMHCs from vegetation, principally trees. The most 
important of these biogenic NMHCs are isoprene 



26 CHEMICAL FLUXES 

(C&) and the monotcrpenes (CloH16) such as a- 
pinene. In some tree species, such as pines and firs, 
the primary NMHCs emitted are the monoterpenes, 
while in other species (e.g., oaks and aspens) the 
primary NMHC product is isoprene. Some species, 
such as spruce and eucalyptus, produce both isoprene 
and monoterpenes (Rasmussen, 1981). Zimmerman 
et al. (1988) estimated that in the Amazon forest, 
isoprene accounted for approximately 20% of the 
gas-phase carbon of the NMHCs and that isoprene 
emissions were equivalent to approximately 2% of the 
net primary productivity of the forest (the net amount 
of carbon f w d  during photosynthesis). The global 
annual release of isoprene from vegetation has been 
estimated as 450 Tg, with almost half of this total 
coming from tropical forests (Rasmussen and Khalil, 
1988). 

There have been relatively few attempts to 
measure fluxes of NMHCs into the atmosphere from 
the world's oceans. The available measurements 
indicate that the fluxes are small relative to those seen 
from land vegetation. Bonsang et al. (1988) have 
estimated an annual global release from the oceans to 
the atmosphere of 5.2 Tg (as carbon) of the C, to 
alkanes and alkenes. 

The total annual emission into the atmosphere of 
biogenic NMHCs from the contiguous United States 
has been estimated as 31 Tg, with an uncertainty of a 
factor of three (Lamb et al., 1987a). By contrast, these 
authors estimate the anthropogenic NMHCs released 
from the US. in 1983 as 18 Tg. There is a strong 
seasonal and regional dependence of the biogenic 
emissions, with over half of the US. total occurring 
in the three summer months and approximately half 
the US. total'coming from the southeastern and 
southwestern regions of the country (Lamb et al., 
1987a). The total anthropogenic NMHC emissions in 
the U.S. are lower than the biogenic emissions; the 
anthropogenic releases occur principally from urban 
and industrial locations, which account for about 3% 
of the total land area, corresponding to areal fluxes 
about 20 times larger than those for biogenic source 
regions (Lamb et al., 1987a). 

A varicty of methods has been used to measure 
directly the fluxes of biogenic NMHCs. Some 
data are from measurements on live plants in a 
laboratory environment (Tingey, 1981). but most 
reported fluxes are from measurements made in the 
field. The laboratory measurements showed that higher 
temperatures increase the release of both isoprene and 
monoterpenes. Isoprene emissions occur only during 
daylight, with an increasing emission rate as the light 
intensity is increased. Monoterpene emissions do not 
vary with light intensity (Tingey, 1981). Field methods 
which have been used are an enclosure technique 
(Zimmerman, 1979a and b), a micrometeorological 
approach (Knoerr and MOT, 1981; Lamb et al., 
1985). and an atmospheric tracer technique (Lamb et 

al., 19%). The three methods give good agreement in 
mcasuring isoprene emission rates ( h m b  et al., 1986). 

The principal sink for atmospheric NMHCs is 
oxidation by the hydroxyl radical. Oxidation by species 
such as ozone and by the gaseous nitralc radical (NO]) 
during the night docs occur but constitutes a smaller 
sink (Winer et al., 1984). Thc rcaction bctwecn 
isoprene and the hydroxyl radical is so rapid that during 
the daytime in the mixed layer over a tropical forest, 
isoprene controls the concentration of hydroxyl radicals 
(Jacob and Wofsy, 1988). Such oxidation o I  NMHCs 
leads to the formation of a variety of oxygenatcd 
substances such as aldehydes, organic acids, ketones 
and organic nitrates (Lloyd et al., 1983; Kamens et al.. 
1982). which may undergo further rapid reactions to 
eventually produce carbon monoxide. Such oxidation 
of isoprene and other NMHCs over tropical forests 
has been observed to muse significant increases in the 
CO levels in the boundary layer (Gregory et al., 1986 
Zimmerman et al., 1988). Oxidation of NMHCs can 
also lead to the formation of particulate matter. 

Direct deposition of NMHCs to the surface may 
also occur, but it probably provides a relatively small 
sink compared to oxidation. The ellectiveness of wet 
deposition for any particular species would depend 
upon its solubility in water as well as the pH of the 
precipitation droplets. 

Organics 

The species included in this category are those 
carbon-containing compounds (both vapor phase and 
particulate) other than C&, CO, the NMHCs, and 
the entirely man-made chlorofluorocarbons. Relatively 
little is known about this class of compounds in the 
atmosphere. For an extensive survey of the literature 
on the subject, the reader is referrcd lo Duce et al. 
(1983). In this section we will concentrate on those 
areas where there have been recent advances in our 
understanding. 

Formic acid and acetic acid are known to 
contribute to the acidity of precipitation, particularly in 
areas remote from significant anthropogenic influences 
(Keene and Galloway, 1988). Recent measurements 
by several investigators have greatly improved our 
understanding of the sources of these acids. Vapor 
phase concentrations of these acids typically range 
from less than 1 ppb to a few ppb ( D a w n  et  al., 
198q Talbot et al., 1988; Andreae et at., 1988a). It 
is known that both acids are emitted from burning 
biomass and from motor vehicle exhausts (Talbot et 
al., 1988). Formic acid is produced by the oxidation 
of isoprene, while acetic acid is not (Jacob and Wofsy. 
1988). It is likely that both acids are also emitted 
directly from vegetation (Graedel et al., 1986). Over 
the Amazon Basin, Andreae et al. (1988a) showed that 
over 98% of the total formic acid and over 99% of the 
total acetic acid are present in the gas phase, with 
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very small amounts present as aerosol. They found 
the highest concentrations of aerosol formate and 
acetate in haze la)crs associated with biomass burning. 
At a site in eastern Virginia, Talbot et al. (1988) 
also found both organic acids almost completely (2 
98%) in the gas phase, and that there were significant 
seasonal variations in the acid concentrations. The 
current knowledge of formic and acetic acids in the 
troposphere has recently been reviewed by Keene and 
Galloway (1988). 

Research Needs 
Based on the above discussion, we list in Tables 

1.11,1.12, and 1.13 the imporIan1 nitrogen and ozone, 

sulfur, and hydrocarbon group species for which surface 
exchange needs to be studied. For each of the three 
p u p s  the species ace ranked into two priorities- 
highest priority species and other key species. The 
critical regions for study are listed for each specics. 
Although not specified, it is obvious that measurements 
of temporal variations of the fluxes are essential, 
especially when surface exchange is related 10 biogenic 
processes. 

Typical mixing ratio ranges in each region are 
listed as a guide for the required instrumental 
sensitivity and dynamic ranges. Also included are the 
expcctcd ranges of surIace flux or surface deposition 
velocity. In certain cases, surface resistance instcad of 
deposition velocity is listed. 
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2 FLUX MEASUREMENT TECHNIQUES 
~~ 

M. L. Wesely, D. H. Lenschow, and 0. T. Denmead 

Several techniques have been developed to 
measure the rates of exchange of chemical species 
between the atmosphere and the surface. Principal 
among these are the aerodynamic methods, which 
quantify fluxes in air from tower and aircraft platforms, 
and nonaerodynamic methods, which usually involve a 
mass balance at or very near the surface. Each method 
has its advantages and disadvantages, as will be evident 
in the discussions that follow. None of the approaches 
is nm, many represent extensions, modifications, 
or improvements of methods initially developed for 
estimating the fluxes of heat, momentum, and moisture 
important in meteorology and agriculture. To set the 
background for the detailed examination of modem 
applications of these methods to the  surface exchange 
of chemical species, a brief historical review is 
appropriate. 

Direct measurements of surface fluxes were 
apparently first attempted in order to estimate 
evaporation rates by using buckets and pans containing 
carefully monitored amounts of water exposed to 
ambient conditions near the surface. To this day, 
evaporation pans are standard in many meteorological 
observation systems. It is recognized, however, that 
these devices rarely, if ever, measure the evaporation 
rate characteristic of the surface in the vicinity of 
the pan and certainly do not measure characteristic 
evaporation when the surrounding surface is not wet. 
The term "potential evaporation" is used to describe 
the results obtained from a pan or from a thoroughly 
wetted surface. An important step toward measuring 
actual evaporation was taken with the development of 
the weighing lysimeter, which measures the rate of 
water loss from an isolated surface sample containing 
both soils and vegetation that are representative of the 
surrounding surface. Initial development took place in 
the 1930s (Hatfield, 1988). Weighing lysimeters now 
provide a standard of evaporation measurement in the 
agricultural scientific community. 

Pans and lysimeters used for studies of the 
surface exchange of water have obvious counterparts in 
studies of trace gas and particle exchange: static and 
flow-lhrough chambers used for measuring trace gas 
exhalation and surrogate surfaces used to investigate 
particle deposition. Despite the long history of 
development, it is clear that no technique that 

interferes with the proccsscs that influence surface 
exchange can yield accurate measurements of the 
exchange from similar surfaces that are unaffected. 
For example, surrogate-surface measuremcnts of 
deposition cannot easily be extended to nearby natural 
surfaces. Likewise, chamber techniques can distort the 
effects of atmospheric turbulence on exchange and 
the environmental conditions important in biological 
processes that affect exchange. 

Aerodynamic methods for measuring exchange 
rates of trace chemical species are also founded on 

modem methods rely on the measurement of either 
vertical gradients of time-averaged concentrations or 
on turbulent fluctuations of concentration. Gradient 
methods began with studies of wind near the surface 
and date back more than 70 years; Hellman (1915) 
and Johnson (1929) provide mme early examples. 
Studies of near-surface atmospheric profiles were 
soon extended to temperature (e.& Best, 1935). 
Eddy correlation, which involves sensing of turbulent 
fluctuations, was explored in the same period by 
workers such as Scrase (1930) but did not come to the 
forefront until electronic data-processing techniques 
became readily available in the 1960s. 

The first eddy-correlation flux measurements 
from aircraft seem to be those reported by Bunker 
(1955). He estimated vertical air velocity by measuring 
vertical aircraft acceleration and horizontal airspeed. 
fluctuations in conjunction with the aerodynamic 
characteristics of the airplane. Vertical velocity 
and airspeed fluctuations were used to compute an 
estimate of momentum flux, and sensible heat f l u  
was measured by combining the output of a fine wire 
thermometer with the v e r t i d  velocity fluctuations. 
These early measurements. although somewhat CNde 
by today's standards, established the usefulness of 
aircraft as platforms for turbulent flux measurements. 

For the aerodynamic methods, it is not always 
clear that the flux measured in the air is the same 
as that at the surface. Rapid temporal changes 
in concentrations, large spatial inhomogeneities, fast 
chemical reactions, and a shallow boundary layer 
relative to the measurement height can all cause 
significant flux'bhanges with height (Le., flux divergence 
or convergence). As a result, it is usually necessary to 

a long history of meteorological research. In general, 't 
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estimate or measure the spatial and temporal trcnds in 
local concentrations and wind field, the charactcristic 
times of chemical reactions relative to vertical turbulent 
mixing. and the tcmporsl and spatial variability of 
boundary-layer height. 

It is often best to use more than one method to 
measure fluxes, to provide independent evaluations and 
lo assess errors caused by some of problems mentioned 
above. The following three sections discuss some 
of the more promising methods now available, using 
towers, airplanes, and enclosures. T m r  and aircraft 
techniques are discussed separately, because they 
tend to provide complementary spatial and temporal 
wyenge and their technological requirements are 
somewhat different. 

Tower-Based Flux Measurement 
Systems 

Tower-based instrumentation systems for measur- 
ing air-surface exchange are well proven, conwnient, 
and economical. Measurements at several meters 
above the surface can be used to quantify the average 
vertical exchange over several hundred square meters, 
along a path extending several hundred meters upwind 
and with a crosswind breadth that increases with 
distance from the sampling tower. This "footprint" 
is not defined precirely, causing some dilliculty when 
attempting to evaluate the air-surface exchange above 
a particular type of surface that borders other types 
nearby. The measured exchange rate incorporates 
fluxes to and h m  individual plants, surfaces beneath 
plant canopies, and individual portions of the surface 
such as lca=s in a' canopy. In summary, the sampling 
performed by tower-based flux measuring systems is 
representative of bulk surface properties over an area 
that depends on the height of the measurements. 

Many tower-based methods of measuring the 
air-surface exchange of trace substances have been 
reviewed in recent publications concerned with dry 
deposition and surface energy balance (Kanemasu 
et al., 1979; Businger. 1986; Hicks, 1986; Hicks et 
al., 1986b). Much of the discussion here is based 
on the more detailed descriptions available in these 
publications and the references cited in them. 

Traditional micrometeorological approaches are 
kequently used to measure air-surface exchange of 
trace chemicals. The methods addressed here fall 
most clearly into the category of micrometeorological 
techniques: eddy correlation. use of vertical gradients 
or profiles, and calculations of fluxes from variances 
of turbulent fluctuations. In some specific situations, 
however, alternatives may be required. Small-scale 
mass balances may be computed by integration 
of vertical profiles in horizontally homogeneous 
conditions, when vertical mixing is weak and the height 
of the upper boundary of the mechanically mixed 
layer in contact with the surface (the "lid" on vertical 

mixing) can be accuratcly estimated. Extremely stable 
atmospheric conditions or dcnsc vegetative canopics 
can provide the opportunity for such mass balance 
studies. Carefully designed dual tracer mcthods 
provide another alternative. The sampling slrategics 
must be precisely tailored to the physical conditions 
of the experiment. Similarly, special tracers can be 
employed. For example, "Rn or 220Rn can, in 
special circumstances, provide information on exchange 
coelficients for nonreactive gases. Finally, numerical 
diffusion models can be used to obtain estimatcs 
of air-surface exchange with rather simple sampling 
stratcgics, if a small, isolated area of uniform emissions 
or uptake is well defined. 

Inferential methods of surface exchange are 
designed lo obtain operational estimates Of dry 
dcposition for which standard micrometeorological 
methods may be too dimcult or too expensive to apply 
routinely. Inferential approaches are not considered 
here because they are not suficiently direct; they 
are, in fact, based on parameterization experiments 
that employ more direct approaches. Surrogate 
surfaces may sometimes be appropriate for routine 
measurement of dry deposition but are not considered 
here because they do not measure fluxes that are 
directed upward. 

Several requirements for mimmetcomlogical 
measurements of vertical fluxes should be kept in mind. 
Substantial atmospheric nonstalionary or horizontal 
advection should be avoided, or the ecects should be 
taken into account by appropriate measurements and 
calculations. Flux divergences resulting from changcs 
in the mean concentrations, entrainment through 
the  top of the PBL, or mesoscale divergence may 
have to be evaluated, or at least detcctcd, so that 
errors in micrometeorological flux estimates can be 
identified. For substances that undergo very rapid 
chemical reactions in air, measurements must be taken 
sulliciently close to the surface that the resulting 
Changes of flux with height are small, if the intent 
is to evaluate exchange rates at the surface. This 
problem has arisen for measurement of fluxes of 03, 
NO, and NO2 and may be most easily addressed by use 
of both flux and profile measurements combined with 
modeling of chemical reactions. For many purposes, 
the complications of the chemistry can be avoided by 
measuring NO., which is a consewed parameter with 
respect to ozone oxidation and fast photochemistry. 

Measurement of fluxes over nonunilorm terrain 
requires especially careful analysis. In eddy correlation 
over sloping terrain, the proper distinction must be 
made between cross-streamline turbulent flux and 
mean transport. Established flux-gradient relationships 
may not be valid over nonuniform surfaces or complex 
topography. Likewise, the relationships between 
turbulent fluctuations and fluxes above nonuniform 
surfaces may be diffeerent from those over uniform 
surfaces. 
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3 STATUS OF CHEMICAL SENSORS FOR 
FLUX MEASUREMENTS 

S. M. Anderson, A. C. Delany, F. C. Fehsenfeld, P. D. Goldan, C. E. Kolb, 
B. A. Ridley, and L. P. Steele 

Typical mixing ratios for the priority atmospheric 
trace species discussed in Chapter 1 range from 
the parts per million to the parts per trillion 
level. Accurate measurement of such small chemical 
concentrations under field conditions, particularly of 
reactive species such as "3, NOz, SOz, H202, CH20, 
and 0 3  is a major continuing challenge for atmospheric 
scientists. 

The stringent requirements for chemical sensors 
utilized in the micrometeorological flux measurement 
techniques presented in Chapter 2 pose. an even 
tougher challenge. The fast-response sensors (1 
to 10 Hz) needed for tower- or aircraft-based 
eddysorrelation measurements or the high-precision 
concentration measurements needed for gradient 
profile studies (standard deviations of less than 1%) 
require sensitivity and/or accuracy that is, in general, 
beyond the current state of the art for measurements of 
most trace species concentrations. Although we do not 
explicitly discuss errors in flux measurement induced by 
nonlinear sensor response, they can also be significant 
in measuring means and fluctuations of trace species. 
Kristensen and Lenschow (1988) have examined the 
effects of nonlinear dynamic sensor response on 
measured means in a turbulent environment, but it 
appears that no one has considered its effects on flux 
measurements. 

This chapter is a review of available chemical 
field measurement techniques for the trace species 
currently recognized as important in the evolving global 
atmosphere. This review also includes discussion 
of capabilities now undergoing development and 
testing that could be available for field work in the 
next year. Particular emphasis is placed on those 
technologies that seem most likely (either now or with 
further development) to satisfy the requirements of 
micrometeorological flux measurement procedures. 

The following sections review contemporary tech- 
niques for trace species measurement. The first section 
summarizes methods for the oxidants, ozone and 
hydrogen peroxide, and members of the odd nitrogen 
family. The following section discusses measurement 

techniques for carbon monoxide, methane, and 
nonmethane hydrocarbons. The third section presents 
a summary of methods for detection of sulfur species, 
while the final section discusses particulate and aerosol 
detection. 

Chemical Sensors for Oxidant and 
Odd Nitrogen 

Because of the close links hetween the chemistry 
of the nonradical oxidants 0, and HzOz. and odd 
nitrogen compounds, including NO, NOz, NO3, NzOs, 
HNQ, "02, PAN, and "3, it is frequently 
necessary to measure concentrations andlor fluxes 
of many species simultaneously in order to acquire 
sufficient insight into atmospheric processes. This 
section will review the status of detection technologies 
for these species and identify those species that 
can adequately resolve high-frequency fluctuations as 
required by the eddy-correlation flux measurement 
technique. 

Ozone Detectors and Flux Divergence Measurements 

to the point where major field measurement programs 
are feasible without new technology. Two kinds of 
detecting mechanisms are widely used cheniilumines- 
cence and ultraviolet photometry. Chemiluminescence, 
using nitric oxide as a reagent, has been used to 
make instruments with very fast response (bandwidths 
greater than 20 Hz), high sensitivity (below 0.1 ppbv), 
high specificity, and very low drift during operation. 
This method is preferred for many eddy-correlation 
measurements from both aircraft and towers. 

It is of particular importance that the complete 
mechanism of nitric oxide-ozone chemiluminescence 
is well known, including all important kinetic rate 
constants. Thus, it is possible, in principle, 
to establish a calibration and measured operating 
parameters from these data. However. for practical 
reasons, chemiluminescence instruments are normally 

In situ analyzers for ozone have been developed , 
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calibrated against a photometric analyrer. which is an 
absolute standard. 

Nitric oxide-ozone chemiluminescence has three 
limitations that, fortunately, do not significantly reduce 
its applicability. The first is a slight interference 
from water vapor, which is easily removed from eddy- 
flux measurements of ozone if simultaneous fast- 
response humidity measurements are made (Lenschow 
et al., 1981). The second limitation is the shot 
noise arising from discrete photons detected by the 
instrument. Since this noise is uncorrclated with 
measurements of vertical velocity, it does not bias 
estimates of the vertical flux by eddy correlation. 
Moremr, the current gcnerarion of instruments has 
suficiently high sensitivity that shot noise does not 
contribute significantly to flux uncertainty. Shot 
noise does, however, contribute to both the power 
spectrum and variance of the ozone signal. Since 
at high frequency (in the inertial subrange region 
of atmospheric turbulence) the ozone spectrum is 
proportional to the -5/3 power of frequency, shot 
noise, which is white, tends to obscure the power 
spectrum for many typical atmospheric conditions. 
This limits the use of dissipation techniques for 
estimating ozone flux. Currently available sensitivities 
are probably adequate for using dissipation techniques 
within a few meters of the surface over land but 
are likely to be inadequate for measurements over 
water. II there is a strong need to employ dissipation 
techniques, the sensitivity of the nitric oxide-omne 
analyzers can probably be increased to the point 
where power spectra over land could be measured to 
frequencies as high as 10 Hz. The third limitation is 
that the reagent nitric oxide is both toxic and dificult 
to remove from the vacuum pump exhaust. Thus, there 
is a potential for contaminating NO, measurements in 
collocated surface experiments. 

Chemiluminescence with ethylene or other olefins, 
such as cis-2-butene, is also used to measure ozone. 
This technique has the following disadvantages: (1) 
the reaction is slower and less sensitive than nitric 
oxide chemiluminescence, (2) the mechanism of light 
production is much slower, and (3) the temperature 
dependence of light emission is much greater. Suitably 
designed units can have a bandwidth as large as 1 Hz, 
making them suitable for tower-based eddy correlation 
at sampling heights of >5 m. An advantage is 
that the reagent olefin does not interfere with NO, 
detection; however, it may be a factor if hydrocarbon 
measurements are collocated with the ozone sensor. 

Ultraviolet photometry is the basis of practical, 
absolute Ozone measurements generally made at the 
mercury 253.7 nm line. Commercial units have 
bandwidths of 0.03-0.05 Hz, while state-of-the-art 
research instruments have 1 Hz sampling (Prolitt and 
Mdaughlin, 1983; Profitt. 1985). Any of these devices 
can be used for gradient measurements, although 
the former typically have such a low precision (a 

few ppbv) that gradicnt applications are prccludcd in 
many common meteorological situations. The fastcr- 
responding versions are also suitable for towr  cddy- 
correlation measurements. It should be noted that 
practical UV photomctry is intrinsically a diITcrcntia1 
measurcmcnt. This property can and ought to 
be applied to gradient measurements. The major 
interference of this category of instrument is light 
scattering from ambient acrosols. While filtcn are 
emploFd by some investigators to rcmove particlcs, 
they can introduce additional uncertainties into the 
measurements. 

In  addition, tunable diode laser (TDL) IR absorp- 
tion spectrometers and luminol chemiluminescence 
detectors are under development for in situ mea- 
surements. The availability of satisfactory techniques 
for in situ measurement lessens the rcquirement for 
development of TDL and luminol techniques for fast- 
response ozone measurements. Furthermore, TDL 
ozone instruments resemble those discussed for othcr 
species in later subsections. Therefore, they will not 
be  discussed further here. 

Remote sensors for tropospheric ozone con- 
centration profiles are largely limited to IR and 
W differential absorption lidar (DIAL) systems. 
Both types of systems have undergone extensive 
development in reccnt years, with the IR sensors 
offcring somewhat greater spatial resolution at the 
expense of greatly reduced range. W DIAL. 
systems have been used to obtain ozone profile 
measurements at high resolution (50 m) through the 
entire troposphere. The exact performance of an 
ozone DIAL system is, however, more dependent 
on atmospheric conditions than are lidar wind 
profilers. Ozone concentration, temperature, aerosol 
distributions, and the spatial and temporal resolution 
requirements all affect the operational parameters 
selectcd for a particular measurement. This diversity 
of operational parameten, although providing an 
important means for optimizing the  performance of the 
instrumcnt for a particular measurement, nevertheless 
makes evaluating “typical” performance characteristics 
difficult. 

Hydrogen Peroxide Detectors 

A number of techniques are emerging to 
measure H202. Hovever, these techniques do 
not yet have the sensitivity and/or response times 
needed to measure H202 flux by eddy-correlation 
tcchniques. Thus, experimental flux mcasurements are 
currently restricted to gradient and enclosure studies. 
Instrument comparisons have becn carried out using 
many of the currently available detection methods. but 
the results from these studies are not yet available. The 
newly emerging tkchniques include: (1) the enzymc 
catalyzed dimerization..of p-hydroxyphenyl acetic acid 
with continuous flow concurrent extraction (Lazrus et 

. 
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al, 1986). (2) the  same enzyme analytical technique 
with dilTusion collection of the H202 (Hwang and 
Dasppta, 1986; Dasgupta and Hwang, 1985; Dasgupta 
et al, 1986). (3) the enzyme analytical technique with 
nitric oxide pretitration of the ozone and subsequent 
mllection of the Hz02 in an impinger (Tanner et al., 
1986), (4) tunable diode laser absorption spectroscopy 
(Slemr et  al, 1986) and (5) cryogenic trapping with 
peroxylate chemiluminescence detection (Jacob et al.. 
1986). Hankamp and Backhausen (1987) review and 
evaluate several techniques for measurement of HzOZ. 

A highly selective, general-purpose detection 
method for many compounds is infrared TDL absorp- 
tion spectrometry. A lead salt diode laser produces 
tunable radiation having a linewidth that is narrow 
compared to the Doppler-broadened vibrational- 
rotational lines for H202 and thus permits high selec- 
tivity. The laser repeatedly scans a single vibrational- 
rotational line; this sewes to cancel background noise 
and allows measurements of absorbances lower than 

Absorption by HzOz takes place within a White 
cell having a base path of 1 5  m and is operated at a 
pressure of 25 torr to minimize pressure broadening 
of individual lines. Present instrument configurations 
permit response times of 0.6 min. with detection limits 
of approximately 03  ppbv H202 with extended (>S 
min.) signal averaging (c.f., Slemr et al., 1986). 

The enzymelsupponed detection of H202 is an 
innowtive approach to detection of trace species in 
the atmosphere. Lavus et  al. (1986) report the 
detection of HZOZ and organic peroxides (ROOH) 
by first scrubbing them from the air into an aqueous 
solution using a continuous flow concurrent extraction. 
Next, 0.4 ml m-I of scrubbing solution is drawn 
with the air sample into a glass coil; the velocity 
of the air spins the scrubbing solution to the walls, 
and the peroxides are dissolved into solution. The 
collection elliciency for H202 is estimated to be 100%; 
for methyl hydroperoxide and peroxyacetic acid, it is 
about 60%. The collection elliciency is lower for the 
organic hydroperoxides with higher molecular weights. 
The analytlcal chemistry for HzOz is based on the 
reaction of peroxides with p-hydroxyphenylacetic acid 
(POPHA) in the presence of the enzyme peroxidase. 
This reaction forms the dimer of POPHA, which 
fluoresces with an emission wmlength of 420 nm when 
excited at 326 nm. Both H202 and shortshain organic 
hydroperoxides drive the analytical reaction. 

Current instruments have detection limits of 
approximately 0.15 ppbv. The principal anifact 
identified is 0 3 ,  which may form some H202 in 
the solutions used in these instruments (2 0.1 ppbv 
H202 equivalents). At present, the response time 
(10% to 90% for square wave analyte injection) is 
approximately 100 s. 

Detectors for Odd Nitrogen Species 
Whereas specific fast-response instruments h a c  

been developed and applied to micrometcorological 
flux determinations of 0 3  (Pearson and Sledman. 198q 
Lenschow et al., 1981; Grcgory, 1987), instrument 
development for odd nitrogen has bccn directed 
towards maximizing sensitivity and specificity for 
ambient concentrations. With a few exceptions @elany 
et  al., 1986; Stedman, personal communication), 
little attention has been given to the provision 
of fast response for eddy-correlation applications. 
Consequently, most measurements of the surface 
exchange of odd nitrogen constituents have lsed 
enclosure, gradient, or budget techniques (Galbally and 
Roy, 1978; Johansson, 1984; Williams et al., 1987; 
Huebert and Robert, 1985). The species listed in 
Table 3.1 can be divided into three categories. The 
first includes those that hold promise for near-future 
eddysorrelation measurements using either towrs or 
aircraft. The second includes those species for which 
monitoring techniques currently remain restricted lo 
s l m r  samplifig methods, The third includes those 
species for which reliable techniques for even low 
sampling rates are not yet available, where details 
remain to be resolved before application to flux 
measurements, or where funher instrument tests are 
needed. 

The first category includes the TDL, LIF, and 
.-chemiluminescenc& instruments designed lo measure 
NO. Many of these detectors have undergone measure- 
ment comparison tests successfully and have impressive 
sensitivities at low frequency (<1 Hz). Consequently, 
for locations where the mean NO concentrations are 
near or in excess of 0.1 ppbv, these instruments 
may be adequate for moderately fast-response (55 
Hz) flux measurement approaches. For example, 
the fast-response 0, instrument of Pearson and 
Stedman (1980) utilizes the NO/O3 chemiluminescence 
technique with NO as the reactant. Although it is 
much easier to generate high-reactant conccntra:ions 
of NO than the reverse, where 0 3  is uscd as the .  e 
reactant, it shculd be possible to extend the frequency 
response of the chemiluminescence technique to 5-10 
Hz Howevx, it must be emphasized that all but one 
of the NO or NO2 instruments require an inlet system 
for aircraft or tower applications. The exception is 
the open cell, ambient pressure infrared diode laser 
technique, which is currently under development (Kolb 
et al., 1986; Anderson and Zahniser, 1988). Most 
of these instruments are large and are not “turn-key” 
operable. Clearly, adequate investigation (on-site and 
laboratory) of inlet lag times, surface eflects, and true 
frequency response are necessary. Such tests would 
also be required for the direct NO2 measurement 
instruments of Table 3.1 (Le., TDL, luminol, and laser- 
induced fluorescence). 

. .  
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The first category also includes instruments for 
NO2 and total reactive odd nitrogen (NO,) based on 
the detection of NO resulting from the chemical or 
physical reduction of these spccies. This conversion 
Can result from photolysis (in the case of N02) or 
chemical conversion on hot surfaces (for both NO2 and 
NO,). These techniques, with their high sensitivities, 
hold promise for fast-response flux determinations, 
but laboratory assessments of the  overall instrument 
frequency response are also required. For example, 
for frequencies larger than about 1-2 Hz inlet. 
converter, and reaction memory effects need to be 
investigated to determine possible filtering of the 
response. Clearly, the higher mean concentrations 
Of NO, present a distinct advantage for possible 
high-frequency measurements. However, as outlined 
elsewhere in this report, NO, flux determinations 
without concurrent flux measurements of other family 
members are often not particularly useful. 

The second category includes instrumentation for 
NOz, PAN, "03, NH;, NOS, and HONO. Here, 
the precision of current measurement techniques is 
sufficient for gradient methods and certainly for budget 
or enclosure methods. Instrument comparisons have 
been conducted for most of these species. There 
are also long-path absorption methods available for 
NO2 and for nighttime NO3 and HONO (Platt et 
al, 1984, Platt and Perner, 1980). However, their 
application to surface exchange measurements needs 
to be investigated. 

It is more difficult to categorize Current in- 
strumentation for NHJ and "0,. Techniques 
for both species are available, but the results of 
instrument comparison studies for HNO3 (and planned 
for NHJ) are not yet generally available. The 
reluctance of the community to accept these methods 
is mainly associated with sampling dificulties rather 
than detection. These species are notoriously dificult 
to transport unperturbed through inlets, and losses 
through sample handling can be severe. These 
factors can also make calibration dificult. A novel 
alternative for NHJ, inmlving a vane-mounted sampler 
that measures fluxes directly (with some surface-layer 
structure assumptions), may prove useful (Leuning et 
al.. 1985). 

The third category is obvious from a cursory 
examination of Table 3.1. For example, no 
measurement techniaues are currently available for 
NzOs, H02N02, or many organic nitrites (other than 
PAN or PPN). 

In summary, there are a variety of measurement 
schemes for odd nitrogen species, many of which 
are based on the sensitive detection of NO (OJ/NO 
chemiluminescence or two-photon laser induced flu- 
orescence) or NO2 (luminol). Other species of 
NO, are detected either by heterogeneous chemical 
conversion or by photolytic conversion. The exceptions 
to this general detection scheme are the 'IDL and 

the  filterpack methods. All of these provide dctection 
limils in the low pplv range. although the  intcgralion 
times required to attain this level range from one 
second to tens of minutes for the chemiluminescence, 
TDL, LIF, and filter pack methods, in roughly that 
order. Most of these instruments have been dcvelopcd 
for high sensitivity with little consideration of frequency 
response. Moreover, the dificulty in sampling "sticky" 
gases like "03, HONO, and N H 3  through an inlet 
system limits the time response of many instruments. 
Open path absorption methods may alleviale many of 
these problems and provide higher frequency response 
for such species. 

Carbon Monoxide, Methane, and 
Nonmethane Hydrocarbon Sensors 

Most of our knowledge about the atmospheric 
distributions of the carbon species CO, CHI, and non- 
methane hydrocarbons ("C) has been obtained by 
gas chromatographic analyses using flame ionization 
detection. This detection technique can be used with 
continuous sampling systems, but it is most often 
used for grab samples, often processed a considerable 
time after sampling. Quite recently, however, tunable 
laser techniques have been developed that allow real- 
time and fast-response measurements of CO and CH+ 
These techniques are discussed in further detail below 
and summarized in Table 3.2. 

Fast-Response Sensors for CO and cH4 
Gas sensors using semiconductor TDLs have the 

potential for making measurements of many important 
atmospheric gas species. The wide applicability of 
TDL-based sensors is due to the availability of lead- 
salt 'lDLs, which may be composition tuned to operate 
near a particular wavelength in the spectral region 
between 3 and 30 pm, where most atmospheric 
species have absorption bands. Other semiconductor 
laser sources fabricated from 111-V compound; are 
also available in the near-infrared spectral rcgion.. 
The ease of wavelength modulation of TDLs (simply 
by modulating the laser injection current) enables 
highly sensitive differential absorption (1:104 to 1: ld)  
detection of many gas species. 

A fast-response TDL sensor has been developed 
to measure CO from an aircraft (Sachse et al.. 1987a; 
198%. 1988). A TDL lasing in the 4.7 pm spectral 
region is used to detect ambient CO in a White cell 
containing a 125 m absorption path. Instrument 
response time depends on the air sampling rate; 
consequently, a low-volume White cell and a vacuum 
pump with a high pumping speed are important factors 
in achieving the rapid response required for airborne 
eddy-flux measurements. A high performance air 
sampling system has been developed using a venturi 
air jet ejector 'vacuum pump that is driven by bleed 
air from an aircraf€.engine compressor (Sachse et al., 
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198%). This TDL sensor has achieved a l/e response 
lime of 70 ms using a 15 liter White cell volume and a 
VOOL min-' pumpingspeed (at 100 torr). Substantial 
reductions (by a factor of three  or more) in White cell 
volume are readily achimble and will m u l l  in further 
h p m e m e n t s  in the time response of TDL gas sensors. 

Recent modifications of this instrument have 
enabled it to make simultancous, fast-response 
measurements of CO and a during the ABLE- 
3A expedition to Alaska. Methane detection is 
acmmplished using an additional TDL lasing in the 
7.6 pm spectral region. By beam combining the 
radiation from the 4.7 p m  and 7.6 pm TDLs using 
a dichromic beam splitter, the two laser beams follow 
a common path through the White cell, permitting 
simultaneous dflerential absorption measurement of 
CO and CH+ A "hvoalor" detector consisting of 
a sandwich structure of InSb on HgCdTe enables 
independent detection of the dinerential absorption 
signals occurring at the two wavelengths. 

While TDLs are extremely versatile, they require 
careful handling and significant talent to operate. Fur- 
thermore, they consume considerable power, especially 
if the laser must operate at below 77 K (liquid nitrogen 
temperature). Many of these problems can be avoided 
if a gas laser can be substituted for the TDL. 

Rare gas laser infrared absorption detectors 
rely on accidental close coincidences between an 
atomic line of the-lasing medium and an appropriate 
molecular transition. Such coincidences occur for 
HeNe and W (2,947.9 an-'), and HeXe and N20 
(2,467.4 cm-I); among others. Zeeman splitting of the 
laser gain line owr a portion of the plasma column 
provides three possible emission wavelengths, which 
are scanned by modulating the cavity length to sense 
diuerential absorption (Kolb et al., 1986; McManus et 
at, 1989). Depending on the nature of the laser power 
control loop, the instruments can be conGgured to 
detect either absolute concentration or, with increased 
sensitivity, small concentration fluctuations as needed 
for eddy correlation. The lasers are small and rugged, 
and can be coupled to either open- or closed-path 
multipass absorption cells. Detection levels are similar 
to those obtainable with TDL systems, since similar 
diuerential absorption signal processing is involved. 

A unique fast-response method that has been 
used for CH, chamber flux measurements utilizes a 
gas-filter-correlalion IR absorption analyzer coupled 
to either a closed or an open sampling chamber 
(Sebacher, 1978; Sebacher and Harris, 1982; Harris 
et al., 1982; Haniss et al., 1985). This technique 
provides continuous sampling and analysis of the air 
in the chamber, with high precision (f10 ppb for 
m) and a response time of 1 s, enabling CH, 
fluxes as small as lo-'' kg CH, m-* s-l  to be 
measured in a 15-minute sampling and analysis period. 
The continuous measurement of CHJ in the chamber 

allows variations in the flux rate during the sampling 
period to be readily identified. The rapid response 
ol the technique. combined with the chamber dcsign, 
allow any disturbances lo natunl systems during flux 
measurements to be kept lo a minimum. 

Slow-Response Me!hods for Hydrocarbons 
Currently. fast response sensors for NMHCs are 

not available. Measurement of species such as 
ethylene, propene, isoprene, and the monoterpenes 
requires collection of discrete samples of sullicient 
volume to permit quantification by gas chromztog- 
raphy. Consequently, enclosure and tower (gradient) 
procedures are applicable to the measurement of 
NMHC fluxes but eddy-correlation methods currently 
are not. Table 1.11 lists the ranges for ambient 
hydrocarbon concentrations observed in various envi- 
ronments. Concentrations of many Nh4HCs in clean 
oceanic air masses may be as low as 0.1 ppbv (Bonsang 
et  at., 1988). which is close to the detection limit 
of current methods. In contrast, ambient isoprene 
concentrations, which fall in the ppbv range in the 
vicinity of hardmod forests on hot summer alternoons, 
can be measured with certainly. 

Grab-sample methods for NMHC and CHd 
measurements have existed for several years (Steele 
et at., 1987; Sexton and Westberg, 1979; Roberts et 
al, 1983; Rudolph et at., 1981; Singh et al, 1985). 
Whole-air samples are colleaed in either glass or 
elcctropolished stainless steel containers. Analysis is 
by gas chromatography (GC) with flame-ionization 
detection. Preconcentration by cryogenic trapping of 
the NMHC is normally necessary prior to injection into 
the chromatograph. The sample collection method 
readily allows for sampling at diITerent heights on 
a tower or aircraft. Tethered balloon sampling 
can be accomplished by collection into tenon bags 
(Zimmerman et at., 1988). 

Techniques for carbonyl species sampling include 
high-pressure liquid chromatography (HF'LC) of sam- 
ples collected on impregnated cartridges (Kuntz et al., 
1980) and cryogenic collection into glass loops followed 
by analysis wi:h a flame ionization detector (FID)- 
equipped gas chromatograph (Snider and Dawson, 
1985). The cartridge method collects carbonyl 
compounds by passing air through silica cartridges 
impregnated with 2,4-dinitrophenylhydnzone. Samples 
are then eluted from the cartridges and analyzed 
by high-pressure liquid chromatography (HPLC). The 
G C  technique provides measurement of many Cz- 
CS carbonyls with detection limits in the lower ppt 
range. Both of these methods are appropriate lor 
measurements on towers as well as aircraft. 

Several methods exist or are under development 
lo measure organic acids. These include condensation 
sampling (Farmer and D a w n ,  1982), a mist 
chamber (Talbot et aI:,.1988), denuder tubes (Norton, 
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1986), and impregnated filters. Results from an 
intermmparison of these methods during June 1956 
showed agreement b e t e n  all systems except for the 
impregnated fillers (Keene et al, 1989). Most of the 
existing data have been collccted by the use of the 
condensation method-cooling a highly polished, clean 
surface below the dew point temperature so that a 
film of water collects on the surface. Highly soluble 
gaSeS are collected with essentially unit elliciency. 
Ion d~romatography or ion exclusion chromatography 
provides measurement of organic acid concentrations 
in the condensate. These concentrations are then used 
to calculate gas-phase levels of the acids. T m r  and 
aircraft measurements are possible with all current 
systems with the exception of those that use the 
condensation tcchnique. 

Sulfur Species Chemical Sensors 
As discussed in Chapter 1, the mixing ratios of 

sulfur species in the atmosphere, in almost all regions 
lree of industrial pollution, are < 1 ppbv. The 
measurement of such low concentrations of reactive 
and labile sulfur compounds of interest, such as 
HIS, CHJSH, SOz, and CHJSCHJ (DMS), and even 
the more stable species COS and CS2, has been a 
serious challenge and the most significant motivation 
for the development of sulfur-specific detectors. Those 
detectors currently available or known to be under 
development are listed in Table 33, together with the 
sulfur species for which they are applicable, estimated 
sensitivities, and sampling-related information. 

Detectors Sensitive to a Variety of Suvur Compounds 
The oldest (-20 years) of the listed detection 

techniques is the flame photometric detector, or FPD. 
Its sensitivity to sulfur compounds relies on thermal 
decomposition of the compounds in an oxy-hydrogen 
flame with the subsequent occasional formation of an 
electronically excited Sz molecule that can radiate in 
the near W. The detection of photons from those 
molecules that escape collisional deexcitation is the 
signal-producing mechanism. Since the FPD relies 
upon the formation of an S2 molecule, its sulfur 
response is inherently nonlinear. Recently, a number 
of workers (D'Ottavio et al., 1981; Goldan et al., 
1987) have lowered the detection limit of the FPD and 
circumvented this nonlinearity by intentionally adding 
some convenient volatile sulfur specics to the flame 
combustion gases. If the detected sulfur species 
concentrations are small compared to the added 
spccies (commonly SF.5). the differential response is 
quasi-linear. 

A number of chemiluminescent sulfur detectors 
that have recently been developed are also included in 
Table 33. These depend upon the reaction of a specific 
class of sulfur compounds with a gas-phase chemical 
reagent to produce electronically or vibrationally 

excited species whose subscqucnt radiation can =lye 
as a dctection mcchanism. Spurlin and Yeung (1982) 
claim a detection limit of 3 ppbv for HzS by using 
its reaction with CIOz. Kelly et al. (1983) observed 
the chemiluminescent reaction of a number of sulfur- 
bearing compounds with 0 3  and showcd a detcction of 
DMS in the low ppbv range, with higher sensitivity for 
CH3SH and much I m r  sensitivity for HzS. Perhaps 
the most promising of the chemiluminescent detection 
techniques is that described by Nelson et al. (1953), 
in which sulfur compounds react with Fz. Rcccnt work 
with this type of detector shows promise of achieving 
detection limits of -1 pg S per sample, somewhat 
lowr than that achieved with an sF6 doped FPD. Since 
this response to different sulfur compounds varics a 
great deal (ncgligible response to SOz. COS, HzS. and 
CSz was reported), its use in the measurement of sulfur 
flwes in the atmosphere appears limited. 

A recent development in sulfur gas detection is the 
use of an electron capture detector (ECD); (Johnson 
and Lovelock. 1988). Sulfur-bearing compounds 
may be converted to sF.5 at moderate temperatures 
(- 2 W C )  by reacting them with A@?. Since the 
resulting SF6 has a large electron capture cross section, 
it may be readily detected with an ECD, thereby taking 
advantage of that detector's extremely high sensitivity. 
The A& is replenished by supplying a small amount 
of fluorine gas to the sample stream. Since the ECD 
is also sensitive to Fz, the excess Fz must be removed 
by reacting it with Hz on a hot palladium catalyst. 
Although this technique is in its infancy, the procedure 
is fraught with technical dilliculties, and its application 
is likely to be limited to skilled practitioners, it ollen 
great promise. The method should yield a detection 
limit some hundred times lower than even the doped 
FPD. 

Application to Total Surur Measurements 
Since both the FPD- and ECD-based dctectim 

schemes described above are sensitive to all S U I I C ~ .  . 
bearing compounds, either may be used as a total 
sulfur detector, as well as in systcms where the 
sulfur compounds are speciated. The undopcd FPD 
is capable of detecting changes in sulfur flow of 
approximately 3 x 10" molecules s-l and the doped 
FPD of approximately 4 x 1O'O molecules s-l under 
optimum circumstances. Since typical sample flows 
may be made as high as 0.2 f min-l STP, these 
correspond to mixing ratios of approximately 3 ppbv 
and 05 ppbv. respectively. Thus, the FPD has sullicicnt 
sensitivity for total sulfur measurements, at least in 
somewhat polluted environments, and much of the 
deposition flux work to date has utilized an FPD- 
based system. By minimizing sample throughput times, 
response timesgf the order of a second (or slightly less) 
can be achieved, but the FPD remains inherently noisy, 
even for levels of Sdlfur gases (prcdominantly SO2) 
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found in moderately polluted air. Prwure  fluctuations 
aRecting the flame and collisional quenching by other 
minor atmospheric species (such as CO2 and H20) 
present operational problems that were dillicult lo 
ovemme in early applications of FPD techniques in 
eddy-flux studies, and which remain the sources of 
continuing concern. FPD detectors optimized for 
fast response have been utilized for eddy-wrrelation 
measurements of total sulfur deposition in many 
studies in moderately polluted environments (e.& 
Hicks et al., 198Ga). 

The inherently greater sensitivity of an ECD- 
based system holds greater promise in that regard. 
Its detection limit, estimated to fall in the range 
of 5 x 108 to IO9 molecules s-', coupled with 
a sample flow rate of - 20 cm3 min-', results 
in a detection limit of 50 to 100 ppw. Detector 
time constants < 1 s can be achieved by increasing 
the sample flow rate and decreasing the detector 
volume with some loss of sensitivity. Since such a 
system would be compatible with the requirements 
of minometeorological techniques, its development 
would appear highly desirable. Using either an FPD 
or ECD detector-based system for the measurement 
of volatile sulfur gas fluxes requires, of course. the 
remoyal of SO; aerosols prior to analysis and dealing 
with the problems associated with diUerent sensitivities 
for diffeerent sulfur compounds. 

Species-Specific Detectors - Fast Response 
Table 3 3  also lists several laser and nonlaser 

spectral techniques that can be used to monitor specific 
sulfur compounds with detection limits expected to 
fall in the 0.2 to 1 ppbv range. Of these, two 
new techniques show promise for the sensitive, rapid, 
real-time detection ne-ly for eddyamelation flux 
measurements. The first of these uses diUerential 
optical absorption of TDL radiation in either an open, 
atmospheric pressure multipass region (Kolb et al., 
1986; Anderson and Zahniser, 1988), or a closed, lower 
pressure, multipass absorption cell (Edwards et al., 
1984; Edwards and Orgram, 198G). This technique, 
which is expected to have a detection limit near 1 
ppbv for SO2, is currently under development for eddy- 
correlation flux measurements. 

The second approach is the vacuum W flash 
photolysisilaser-induced fluorescence (wv-FP/LIF) 

technique. In this method. a parent sulfur spccies 
(SO*, HzS, or CS2) is photodissociated by 193 nm 
photons from a pulsed ArF excimer laser. The 
resulting molecular fragments (SO, HS, or CS) are 
thcn detected by induced fluorescence from a tunable 
dye l a w .  This innovative tcchnique is estimatcd lo be 
capable of a detection limit of N 150 pptv but is more 
equipment intensive than the TDL approach. 

Both of these techniques exploit the specificity of 
spectral detection, along with the high sensitivity and 
temporal resolution often possible with sophisticated 
laser techniques. It should be recognized, howvx, 
that lasers are expensive and frequently dificult 
to incorporate in field instrumentation, and usually 
require advanced skills to operate successfully. 

Species-Specific Detectors - Slow Response 

No species-specific detectors with suflicient sen- 
sitivity to measure ambient levels of biogenically 
produced sulfur compounds on time scales suitable 
for eddy-wrrelation flux measurements are currently 
available. The measurement of such compounds 
(most notably DMS) requires some lype of sample 
concentration followed by analysis with the  possible 
exception of the ECD-based scheme dcscribcd above. 
If the concentration step is species specific, it may 
be followed directly by detection. More generally, 
however. the concentration step is followed by species 
separation by some type of chromatography with 
subsequent individual species quantification. Such 
batch or grab sample processing techniques typically 
have time scales ranging from several minutes lo 
several tens of minutes. Thus, flux measurements for 
these species will be restricted to gradient tcchniques. 

Currently available analysis techniques of this type 
are also summarized in Table 33. The sample 
concentration techniques utilized in the measurements 
referred lo are summarized in Table 3.4. Some of 
these sample concentralion techniques are amenable 
to subsequent species-specific detection and some . 
only to classes of sulfur compounds as noted in the 
table. Those techniques that utilize liquid extraction 
are generally amenable only lo ion chromatographic 
analysis and lead to much higher (-Id) detection 
limits. The flash vaporization technique results in a 
nonspecific "total sulfur" sample. 
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CHEMICAL FLUXES 

- Table 3.4 

Concentration Techniques for Sulfur Species 

Species Technique Recovery References 

HZS 

so1 

Reduced s u l f u  
compounds 
Reduced sulfur 
compounds 
cos, CSI 

All 

All 

Impregnated filter 

Impregnated filter 

Palladium foil 

Gold or wool 

Tenax GC 

Glass, bead bed/ 
cryogenic enrichment 
Open tubular/ 
cryogenic enrichment 

Liquid extraction 

Liquid extraction 

Flash evaporation 

Nondestructive 
thermal desorption 
Nondestructive 
thermal desorption 
Nondestructive 
thermal desorption 
Nondestructive 
thermal desorption 

Natwch et al.,'1972 
Jarrcbke k Human, 1981 

M e h e r  k Jacschke, 1984 
Ockelmann k Georgii, 1984 

Kagel k Farwell, 1966 

Barnard et al., 1982 
Ammons, 1980 

Steudler k Kijowslri, 1984 

Farwell et al., 1979 
Farwell k Gluck, 1960 

Goldan et al., 1987 

Aerosol Detectors 
Aerosols are involved in the atmospheric cycles 

of several trace gases with important consequences on 
rates of deposition, as well as potential climatic effects. 
Many trace species have solid phases in the atmosphere 
(e.&, SO;), with straightrotward consequences. In 
other cases (e&, chemical composition changes 
associated with aging sea salt aerosol), the invuhement 
is more complex. For some, such as mineral and 
organic particles suspended and transported by the 
wind, the interactions may be more subtle. There 
is a need to d e h e  the surface emission fluxes of 
primary aerosols, surface deposition of both primary 
and secondary aerosols, and the nux divergence due to 
gas-to-partide conversion. 

The definition of aerosol fluxes is intrinsically 
more complex than that for gases, as the definition 
must generally include infomation on both the size 
distribution and composition of the aerosols. In recent 
years, fast, high-resolution particle detectors have been 
developed. The most commonly used is a laser-optical 
particle counter. Electric charge devices have also 
been used for covariance measurements (Wesely et  
al., 1977). Flame photometric devices are capable of 
accurate measurement of some elements contained in 
aerosols (e.g., S and Na). These devices are generally 
fast and accurate enough for flux measurements (Hicks 

et al.. 1988). 
Additional intricacy arises when the aerosol size 

distribution is itself modified by the mean humidity 
profile. or when the aerosol fall velocity approaches the 
friction velocity. Fairall (1984) has addressed the effects 
of the humidity profile, as well as other aerosol flux 
measurement techniques. Lenschow and Kristensen 
(1985) have addressed the effects of a finite number of 
particles in estimating a particle flux. 

The critical questions requiring aerosol flux 
measurements to address the role of aerosols in the 
atmospheric cycles of trace species and their potential 
for climate c h q e  are: 

What is the deposition efficiency of different - 
vegetated surfaces as a function of atmospheric 
and plant conditions? 
What is the potential for wind-generated emission 
flux for different areas of the earth's surface as a 
function of seasonal and climate conditions? What 
is the potential for long-range transport of these 
particles? 
What are the emission and deposition fluxes of sea 
salt under various weather conditions, and what 
sort of chemical fractionation can occur within the 
sea salt aerosol due to gas-particle interactions? 

We strongly rccommend that any ocean-atmosphere 
flux experiment include a panicle flux component. 

, 
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