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PREFACE

The looming possibility of major changes in the carth’s climate system as a direct
consequence of increasing concentrations of atmospheric gases has attracted intense interest
in both atmospheric scicnce journals and the general press. This “greenhouse gas eftect”
has joincd acid rain and ozone deplction on the list of well-known cnvironmental impacts
that can arise from kuman activitics and changing natural conditions, and that may aflcct
the carth on a global scalc. Undcrstanding these impacts and their underlying causes well
enough to develop effective national and intcrnational policies to mitigate and/or to cope
with them is onc of the major challenges facing the people of the world in the 1990s.

The National Academy of Scicnces has rccommended a major national program of
resczrch under the leadership oi NSF, NASA, and NOAA, which have ongoing programs
in global troposphcric chemistry, as an csscntial step in meeting that challenge. One of the
most important clements of that program must be the study of the interaction between
the atmosphere and the surfacc of the planct. It is there that gases and particles are
introduced into the atmosphere and, usually after chemical transformation, removed from
it. Mcasuring the fluxes of material across the air-surface interface and understanding
the myriad processes that give risc to those fluxcs is a central problem in atmospheric
chemistry.

In October 1987, NSF, NASA, and NOAA jointly sponsorcd a workshop at Columbia
University to asscss the experimental tools and analysis procedures in use and under
development to mcasure and understand gas and particle fluxes across this critical air-
surface boundary. This rcport, Global Tropospheric Chemistry: Chemical Fluxes in the
Global Atmosphere, presents the results of that workshop. It is published to summarize our
present understanding of the various measurement techniques that are available, identify
promising new technological developments for improved measurcments, and stimulate
thinking about this important measurement challenge.

The Center for the Study of Global Habitability at Columbia University and the
Goddard Institute for Space Studics werce iocal hosts for the workshop. We wish to thank
them for their cxcecllent arrangements. We wish also to thank the many scientists who
participated in the workshop and contributed their expertise to the preparation of this
report. The report was edited by Donald Lenschow and Bruce Hicks, who deserve special
thanks for their extensive, carcful, and paticnt cfforts in bringing the report together.

Robert J. McNeal

Manager

Troposphceric Chemistry Program

National Acronautics and Space Administration

Jarvis Moyers
Program Dircctor for Atmospheric Chemistry
National Scicnce Foundation

Vernon E. Derr

Dircctor

Environmental Rescarch Laboratorics

National Occanic and Atmospheric Administration
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EXECUTIVE SUMMARY

Grcat strides have becn taken in recent ycars in
developing technology for measuring concentrations
of trace chemical specics in thc atmosphere, for
investigating the role that various species play in
the chemistry of the atmosphere, and for monitoring
trends in atmospheric concentrations. Measurement
of trends is well recognized to be important not only
for undenstanding how the quality of our atmosphere
is changing but also for predicting climate. We now
have a broad general vnderstanding of the links that
many species have to other specics within the scparate
families of chcmical species: the nitrogen and ozone
group, the sulfur group, and the carbon group. Yet,
to be able to model and predict the chemical behavior
of the atmosphere, we nced to have a much better
understanding of how and where the species are
generated and lost and how they are transporied and
mixcd. Indeed, the study of atmospheric chemistry
is the study of sources, sinks, transformations, and
transports of tracc rcactive chemical specics in the
atmosphere.

We cannot, thercfore, escape the necessity of
looking into thc dctails of the processes involved in
surface exchange of trace specics and their subsequent
transport and mixing throughout the tropospherc.
The flow patterns that arc involved are ¢hymplex and
multiscaic. In the boundary layer, which is the layer
of thc atmosphere that intcracts with the surface on
a ume scale of a few hours or less, the motions
arc 50 chaotic that we call it turbulence and dcal
with its cifects statistically. Adding chemical reactions
to this alrcady complex behavior means that many
obscrvational and modeling approaches are intractable.
Fortunaicly, there are techniques for measuring these
cxchange and mixing processes that have proven usclul,
particularly ncar the carth’s surface.

Studics that have been conducted so far have been
ablc to address only a limited number of specics in a
limited sct of circumstances. At present, most is known
about cxchange over land of thosc few trace specics
that can bec mcasurcd with case at trace levels (oflten
in mixing ratio concentrations of less than 10-9).

A specialists’ workshop was conducted in New
York City, in Octobcr 1987, to review air-surface
exchange and flux measurement of trace specics in light
of what we know abcut their distributions and reaction
rates, 1o develop plans for obscrvational studics making
usc of rceent technological advances in both chemistry

and micrometeerology, and to deb - avcus Of
technological development that should . s i
The workshop brought together repa. -+ .aves

from many different disciplines, from instrumcntation
specialists  to numcerical modclers, with interests
ranging from the prisune atmosphere to recgions
aflected by air pollution. The success of the workshop
itself underlines the major conclusion that was drawn:

The problems confronting the prediction of
changes in global air chemistry and related
climate change are necessarily multidisciplinary
and must be addressed by teams of researchers
from many specialties.

Related to this is the need to consider the
wide range of cxchanges that occur, because of both
diffcrences in surfaces and differcnces in atmospheric
structure. Therefore, workshop participants concluded
that:

A continuing scries of field experiments is
needed, to span the spectrum of chemical
exchanges and interactions that occur through-
out the ktiosphere and which impact the
troposphere.

Ficld studies cannot be conducted to address all
surfaccs and all exchange processes—only a subset of
represcntative cxamples is possible.  Accordingly, we
concluded that:

Models are required to interpolate among

existing results, to extrapolate 10 situations that

have not yet been studied experimentally, and to
incorporate the appropriate parameterizations.

The models should then be verified with

subsequent observational studies.

The most dircet technique for measuring a vertical
flux, which is the rate at which trace spccics are
transported through a spccified reference level per
unit arca, is by cddy correlation—computing the
average of the instantancous product of vertical
velocity and fluctuations in concentration of a trace
constituent. At this time, this is the only fundamentally
dircct technique for flux measurement that is in
widc usc and can measure charges of flux with
height.  The main disadvantage of eddy-correlation
mcasurcment is its difliculty, it requires fast-responding
and scnsitive detection of trace specics, and concurrent
mcasurements of vertical velocity.  To date, it is




possible (0 measure eddy-correlation fluxcs of only a
few species  e.g., O3, NO, NO, CO, and CH;. The
results obtained from these measurements point to
the desirability of developing this capability for more
specics. We therefore recommend the following:

1. A major limitation to research on surfuce ex-
change and flux measuremens is the lack of
sensitive, reliable, and fast-response cliemical
species sensors that can be used for eddy-
correlation flux measurement.  Therefore,
we recommend that continued effort and
resources be expended in developing chemical
species sensors with the responsiveness and
sensitivity required for direct eddy-correlation
flux measurements.

Candidate species for continved effort include 5O;,
H;0;, and nonmcthanc hydrocarbons. At the samc
time, all of the cxisting instruments for specics flux
measurement by eddy correlation arc not without
weaknesses; continued improvements in all the existing
sensors, as well as existing water vapor sensors, would
be valuable. In particular, scnsors that measure mixing
ratio with respect to dry air obviate the need for
corrections 10 measared fluxes due 10 mass flux and,
on aircraft, flow distortion.

Although cddy corrclation is the most funda-
mental flux measuring tcchnique, many times it is
not feasible because of instrument limitations or
lack of a proper cxperimental site, or because
it is too cxpensive or sophisticated for particular
applications. Therefore, other techniques also need
10 be developed and implemented. These include the
gradicnt technique, which requires measurement of a
concentration difference across a vertical displacement,
and enclosure techniques, which require mean concen-
tration measurements within an enclosure that acts as
a reservoir for specics emitted from or deposited to a
surface covered by the enclosure. This means there is a
requirement for accurate measurement of an absolute
coneentration or concentration difference that can be
averaged over scveral minutes; fast 1esponse s not
important. Therefore, we further recommend that:

2. Continued development be pursued to obtain
accurale mean concendration or concenlrad-
tion difference measurements, particularly for
species for which no immediate possibility
exists for eddy-correlation flic measurements.

In contrast o enclosure methods, gradient and
cddy-corrclation methods do aot interfere with the
cxchange at the surface; they mcasure the flux at
some height above the surface, which may not, in somc
cascs, be the same as the surface flux. Furthcrmore,
flux mcasured above the surface may be affected by
the characteristics of the surface, the mean wind, and
the hydrodynamic stability. A major finding of the
workshop was the importance of combining scveral

CHEMICAL YLUXES

methods of flux measurement in intensive cxperimental
programs; the varicty of available methods is such that
many different scientific questions can be addressed
if an appropriate selection of methods is made from
among the sct of available techniques.

For some trace specics, measurement technigues
are alrcady well advanced. Ozonc is a notable example.
Fast response sensors are already available to permii
usc of cddy-correfation methods (both on towers and
aboard aircraft), and scnsitivity is sufficient 1o resolve
small vertical concentration differences, as is required
for the application of tower gradicnt techniques. No
cther trace gas can yct be investigated with the
confidence that is now attachcd 10 measurcments
of ozone and ozonc fluxes; the cxisting sct of
ozone deposition data is large in comparison to that
for all other trace rcactive gases, yet even in this
special case the available body of information consists
lurgely of spot mcasurcments of a few categorics of
surfaces, predominantly in the mid-latitudes. These
include several agricultural surfaces, forests, rangeland,
and occan. The Atmospheric Boundary Laycr
Expcriments (ABLE) have been successful in obtaining
flux mecasurcments of O3, CH,, CO, and NO,
over the tropical rain forest and thc Arctic tundra.
These experiments have demonstrated the feasibility
of carrying out intensive ficld investigations, utilizing
several complementary measurement techniques for a
suitc of specics, 1o obtain a more complete picture of
the chemical behavior of particular biomes.

In recognition cf the limited circumstances tha.
have been investigated so far, we recommend that:

3. Future experiments be planned for surfuces of
importance to global budgets. These include
tropical and boreal forests, tundra, taiga,
agricultural croplands such as rice paddies
thai cover lurge areas, wintertime continental
areas (snow covered), and especially the
oceans.  Fxperiments need to spun both
diumal and seusonal cycles.

Studics owei the occans should receive particular
cmphasis; cven if average cxchange rates are much
lower than over land, the much greater surface arca of
the world’s oceans raiscs them to prime importance.
It is particularly important to obtain data {from arcas
with differing biological productivity as a function of
meteorological conditions and scason. The primary
platform for measurements over ocean is ihe aircraft.
Existing aircraft mcasurcments demonstrate that it
is feasible 10 mecasure surface cxchange by cddy
corrclation, but few data have thus far been obtained.
Mecasurements over the tropical oceans and in high
wind conditions are of particular importance.

It is clear that diurnal and scasonal changes
are not sufliciently well understood even over more
commonly studicd surfaces.  Carrying out  studics
o investigate these changes requires commitment (o

I Siasd. TR
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EXECUTIVE SUMMARY

development of facilitics for surface flux measurements
that can be deployed for extended periods. Morcover,
comparisons between different sets of data are difficult,
vecause of the common failure to report results in a
“l.aier (hat can be used in a surface-specific sensc.
We reccommend, therefore, that:

4, The results of surface exchange studies be
reported, as much as possiblz, in ways that
generalize the results for application to a
wide range of meteorological conditions. For
example, a useful way to specify deposition
rates is by means of surface resistances.
Furthermore, the state of surface vegetation
should be reported whenever possible because
of its strong effect on surface exchunge.

A critical step in the development of measurement
capabilitics, and in aulaining confidcncc in  the
results, is to obtain agrcement between concurrent
mcasurements of a flux using independent techiiques.
This step not only provides assurance that different
techniques  provide valid results but also allows
cxtension of flux measurcments in time and space; for
¢xample, combining airplanc and towcr measurcments
permits vertical flux profiles from near the surface
through the top of the boundary layer. The workshop
gave a resounding endorsement of the continuing need
for comparison studics and concluded that:

5. Frequent  comparison  studies be carried
out, especially in conjunction with  field
studies utilizing extensive micrometeorological
capabilities.

Althcugh the workshop conclnded that  the
highest short-term payofl in improved flux measuring
capabilitics lics in devclopment of chemical scnsors,
participants also cmphasized that there is need for
further development of micrometeorojogical tools and
techniques.  Improved understanding of the physics
ol turbulent exchange is essential in the development
and application of mcthods thai might simplify flux
mcasurement from moving platforms (c.g., ships and
airplancs’ and make flux mcasurements possible in
situations that arc currcatly not scceptable. Most ficld
situations arc far from perfeet for lux measurement.
Limiting flux measurement o “ideal” conditions is
impractical and unnccessary. We need 1o measure over
complex terrain and in situations of rapid time changes
and large horizontal advective fluxes.  Wawelengths
of ceddics responsible for vertical transport extend

over a broad range of scales. Further work on
limitations in measurcment accuracy and evaluations
of measurement  strategics is  also needed when
designing ficld programs and determining instrument
specitications. Therefore we recommend that:

6. Aerodynamic flux measuring methods must
continue to be evaluated and extended to
address situations of inhomogeneous land
surfaces and routine measurement over the
cpen ocean, provide guidance for instrument
design and developmeni, and determine limits
of applicability for the different techniques.
New flux measurement techniques need to be
explored in light of new sensor technology and
the requirements of the modeling community.

The usc of enclosvres to investigate emissions
from specific surfaces received intensive attention, with
special scrutiny of the nced fur replication of mea-
surements and for techniques that climinate problcas
associated with imposed pressure differentials.  We
rccommend that:

1. Enclosure studies be conducted specifically
to reveal details of the subsurface processes
contributing to emissions.

Finally, thc ultimate goal of much of the effort
in measuring surfacc cxchange and vertical fluxcs is
o provide useful parameterizations for modcls of the
atmosphere, from regional to global scales, and from
several-hour forecasts to climate prediction. Thercfore,
we recommend that;

8. Close interactions with the chemical, me-
teorological, und ecological modeling com-
munities be included in all phases of
field investigations, from the design of the
experiment through the analysis of the data
and presentation of the results. At the
same time, modelers need 1o be aware of
inherent limitations in spatial and temporai
resolution of flux deierminations in specifying
their requirements for flux data.

We hope that these conclusions and rccom-
mendations provide a framework to move forward
in the development of new techuologics for flux
mcasurement, the design of field programs, the
acquisition and usc of flux data, and the application
of ficld results to modeling studics.
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INTRODUCTION

D. H. Lenschow and B. B. Hicks

The impact of man’s activities on the globa;
atmosphecre is becoming increasingly evident.  On
local scales, thc most noticeable changes are those
associatcd with pollution released as a by-pru uct of
manufacturing, transportition, agriculture, residential
heating, and othcr factors directly related to the
modern way of life. Areas with high population density
tecnd to be most affected by air pollution. But it
is becoming increasingly evident that the health of
the atmosphere is more than just a local problem;
rceent emphasis on the long-term conscquerces of
continucd emissions of chlorofluorocarbons and so-
called greenhouse gases (including carbon dioxide) has
awakened the public to the vulnerability of the climatic
regimes that we know. On a global scale, many of the
trace gascs are likely to play an influcntial role in the
climatic trends that arc now being predicted.

The Global Troposphcric Chemistry Program
(GTCP) grew out of these concerns. The program
is in its infancy, but plans are alrcady wcl' advanced.
The scope of GTCP is global, cven though rccent
cmphasis has been more on local and regional impacts
of pollutants such as “acid rain.” The initial report
(from 1he National Rescarch Council, 1984) on the
nced for a large-scale research cffort on the chemistry
of the troposphere was well received and spawncd a
sccond report on proposed plans for the U.5. research
contnbution (UCAR, 1986).  Activitics elscwhcre
have parallcled the US. efforts. In particular, both
the Europcan and US. plans call attention to the
indisputable ncced for better understanding of chemical
intcractions in the atmosphere in order to identify
causcs of changes in the quality of the atmosphere that
have now been detected and to predict future trends.
We must identify and quantify the sources and sinks
of important chemical specics and determine how the
related fluxes and concentration ficlds vary with time
and height in the troposphere.

We are faccd with the nced to measure the
chemical state of the troposphere and to extrapolate
from available measurcments in order to assess
conditions at other locations and to predict changes
that might occur. In gencral, measurements of air
chemistry at remote locations call for high-quality
instrumentation, oftcn not yet adequately developed.

Extrapolation rcquires understanding the processcs
that dcterminc thc concentrations.  The Global
Trupospheric Chemistry Program emphasizes the need
for better knowledge of cxchange processes, especially
in thosc biological and surface environments that
constitute the sources and sinks of the chemical specics
of major interest. The relevant atmospherc-surface
exchange environments vary from the tropical ocean
(for chemical spccies such as dimethyl sulfide) to
subarctic tundra (for many organic species such as
methanc). The range of environments is suflicient that
considerable difficultics in measurement are imposed:
dry and wet tropical land regions, agricultural regions,
occans, areas where vegetation is periodically burned,
and subpolar land regions. Many chemical species
must also be considered: CH; and other major
hydrocarbons, CO and CO,, a variety of aldchydes
and ketones, NO, NO,, and HNO;s, organic nitrates,
amincs and acids, NO and NH;, dimcthylsulfidc and
other sulfur specics, (e.g.. HaS, SO;, OCS, and CS,),
03, H;0,, and a number of organoperoxy compounds
and organohalogcns.

Monitoring programs, whose main role is to keep
track of changes as they happen, are already in place
at a small number of carefully selected locations where
high-quality data on key indicators of the sta‘c of
the remote atmosphere are routinely mcasurcd The
data provided by thcse monitoring programs cannot be
uscd to predict future situations with confidence; such
nnguided extrapolation cf current trends is well known
to bc dangerous. Instead, an additional capability
is rcquircd. We necd to predict the concentrations
of relevant chemical specics in aii, so that the
conscquenzes of uncontrolled chemical emissions and
modifications of the biosphere, as well as the impacts
of control strategies, can be assessed. Thesc issues
can be addressed with models that incorf srate both
mcteorological and chemical processes. The need to
develop and utilize these models underlies the need to
improve our understanding of air-surface exchange of
tracc gases.

The atmosphere is normally near chemical steady-
state, with input fluxes supplying trace chemicals at
about the same rate as chemical reactions and surface
sinks remove them. A change in any one of these

Preceding page blank
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factors (rcactions, input rates, and rcmoval rates) will
disrupt the cxisting balancc. The trends that are
now being observed correspond to such disruptions,
causcd jargely by steadily changing cmissions of the
by-products of society into the atmosphcre. Increased
emissions will nccessarily cause an incrcasc in air
concentrations, but estimation of the eventual steady-
state level is far from simple. Any such computation
must also take into account the appropriate ratcs of
removal, due to chemical reactions in the air and the
removal rates to the surface.

Most of what wc know about atmosphere-
surface interaction has resulted from studies involving
conventional mctecrological quantitiecs—momentum,
heat, and watcr vapor. Water vapor is of special
interesi as an analog for the exchange of other trace
gascs and beeause of its rolc (along with CO;) in
photosynthesis. The process known as transpiration
involves biological tissuc, stomatal opcnings, and
turbulcnt exchange. Many tracc gascs cxchange via
the same pathways as CO; and watcr vapor, but
others arc surfacc-rcactive and transfer cflicicntly to
all awailablc surfaces with which air comces in contact.
Another sct of trace gascs is cmitted from [oliage
as a by-product of evapotranspiration. Among such
gascs arc reduced hydrocarbons (c.g., cthylence). Yet
another sct of trace gascs derives from soils—nitrogen
oxides, reduced sulfur specics, etc. There is no general
sct of tracc gases that is derived from all surfaces.
Instead, differcat surfaces emit different scts of trace
chemical specics at different ratcs. These differences
can sometimes be used as indicators of specific surface
conditions; ethylcne, for cxample, can be usced as an
indicator of plant water stress. Similarly, diffcrent
surfaces have diffcrent deposition propertics. A major
qucstion in global atmosphceric chemistry concerns the
quantification of the average fluxes of such trace specics
at the surface of the carth. It is clear that the exchange
is highly variable both in space and in time. The
answers that are needed relate to the total input
to (and removal from) the global atmosphere. To
obtain reclevant data requircs more than just a few
cxperimental data points. In fact, a concerted and
carcfully orchestrated strategy is required.

The capability to mcasurc atmosphere-surface
cxchange rates experimentally is limited. Chambcer
mcthods are uscful to measurc emission rates of
some chemical species from soils and sometimes from
vegetation.  However, these methods are limited by
their inability to measure deposition to the surface.
The flux measurcd by chambers is thus the gross flux
from the surface, not the nct cxchange between the
surfacc and the air.

Micromelteorological methods (i.c., methods that
mcasurc flux in thc air) mecasure the nct exchange
rather than the gross flux, as with chambcrs. Many
different kinds of micrometeorological mcthods arc
available, ranging from methods rcquiring high reso-
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lution in the measurement of speccies concentrations
over half-hour averaging times to thosc with fractional-
sccond response times and high signal-to-noise ratios.
There is no single technique that can satisfy flux mea-
surement necds for all trace gases in all situations, nor
is there any flux-measuring capability yet in existence
that will generate a long-term average for a large
arca. Furthermore, micrometcorological techniques
have been developed for conscrved variables; this is
not the case for chemically rcactive specics.

Improved modcling capabilitics need to  be
developed and tested on both regional and global
scales for utilizing surface cxchange measurcments
to predict species concentrations. This should be
done in paralle]l with the development and deployment
of improved flux-measurement techniques.  Once
provcn acceptable, these models must then be used
to assess the large-arca, long-time averages of spccies
concentrations that are required by global programs.
The major goals of cxperimental programs must
therefore be:

1. 1o identify those processes which must be included
in the modcls,

2. to provide rcference data sets to use in model
development, and

3. 10 provide independent data sets for testing the
models that are dcveloped.

The overall stratcgy that results is to employ detailed
experimental mcthods at carefully selected locatious
to develop modcls, which arc then used t - interprct
information obtained using simpler methods at other
locations and at other times. It is not the intent tha:
complicated and expensive research methods be used
directly to obtain the global averages that arc sought,
but instead that they provide a sound foundation for
developing the tools by which the desired information
can then be derived.

In general, there is morzs confidence in a; 2
models to interpolate among existing data sets
than in cxtrapolating beyond the bounds of cxisting
understanding. Thus, the data scts generated o help
develop process-related models of air-surfacc exchange
should be obtained in a wide variety of conditions,
spanning thc range of situations that the models arc
requircd to address. Individual studies should be
designed to demonstrate which processes are most
important and then to yield formulations of thosc
processes. Oncc devcloped, these detailed process
models must be tested; independent sets of ficld
obscrvations obtaincd in new expcrimental situatjons

must be used to quantify uncertainties and limitations

in the gencral applicability of the tools that arc
developed. The models also play an important role in
evaluating the sensitivity of concentrations to changes
in the inputs and thus in determining the most rclevant
variables and scts of species to be studied.
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In general, the process modcls that are devel-
oped are designed to derive flux information from
rclatively simpic data obtained at places where direct
flux mcasurements are not feasiblc. The driving
information is usually concentration data, for thc air
and for the surfacz (or subsurface), together with
sufficicnt additional information to quantify the rate
of cxchange between the surface and the atmosphere.
Al sea, for example, the “tool” that is necded is a flux
relationship between the atmosphere and the surface
in terms of conccntrations in air, concentrations in
watcr, and atmospheric and ocecanic conditions that
intiuence the diffusion in each medium and across
the boundary between them. In the present context,
the focus is on exchange through the atmosphere,
with measurement tcchniques limited to thosc that
arc applicd abovc the surface. Other mcasurement
methods are feasible, in some circumstances, but are
not addressed here. For the oceans, [luxes through the
water below the surfacc may sometimes be measured
more easily than through the air above it. Similar
rclations will then apply, using concepts that parallcl
the lincs of this document. Relationships that involve
both above-surface and below-surface concentrations
necessarily inwlve the Henry’s Law constant, applicd
10 concentrations in the medium corresponding to the
mcasurcments or to the location of the controlling
processes.

Workshop Details

The workshop summarized here focuscd on the
necd for detailed air-surface cxchange information,
as is rcquircd to develop and test exchange process
modcls. The mcthods by which routinc data can
be uscd by thosc modcls to assess global averages
of air-surfacec cxchange were not discussed.  This
workshop focused on three sets of techniques: tower
micrometeorological methods, aircraft techniques, and
the use of chambers. Most attention was paid to
the availability of trace chemical detection methods by
which flux measurcments could be made. No attention
was given to scveral techniques that have been well
surveyed elsewhere. In particular, the special case of
dry deposition {rom polluted atmospheres has been
addressed cxlensively in other recent workshops, of
which proccedings summarics arc now awailable. In
consequence, the prescnt document concentrates on
surfacc fluxcs at remote locations. More specifically,
the workshop was designed 1o answer four questions:

1. How can we best address the goals specificd in the
Global Tropospheric Chemistry Program plans?

2. How should an optimal expcrimental program be
structurcd?

3. What new experimoental capabilitics are now
awailable for cxploitation?
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4, What cspecially promising wechriques are best
suitcd for exploratory investigation at this time?

The specific goals were to explore ways in
which recent technological developments might be of
assistance, to identify especially promising mcthods
currently being developed or considered, and to
suggest ficld programs optimally designed to capitalize
upon these ncw developments. Experts from the
atmospheric chemistry community (including thosc
intcrested in both polluted and pristinc atmospheres)
joined with experts on rclevant surfacc exchange
and atmospheric transport mechanisms to categorize
and clarify problems of fluxx measurement of trace
chemical species. Discussion focused on thosc chemical
species for which fluxes can be measured by awvailable
techniques and on thosc circumstances for which
improvements could be anticipated in the near future.
Discussion mainly conccrned exchange between the
atmosphcre and the surface and flux divergence within
the planctary boundary layer, although measurements
at higher levels in the atmosphcre were also discussed
when  techniques used for measurements in  the
boundary layer secmed suitable for this purpose.

The workshop took place from 19 to 23 October
1987 in New York, New York, on the campus of
Columbia University. An appendix identifics the
participants. Their membership on several working
groups was arranged to concentrate attention on ozone
and odd nitrogen species (F. C. Fehsenfeld, chairman),
sulfur species (C. E. Kolb, chairman); and methane,
nonmethane hydrocarbons, carbon monoxide, and
iraccr malerials (P. Steele, chairman). Consideration
of specitic measurement methods was divided among
enclosure techniques (O. T. Denmead, chairman),
tower methods (M. L. Wescly, chairman); and aircraft
methods (C. W. Fairall, chairman).

The following chapters of this document will
present the results of the workshop dcliberations.

1. Key Aspects of Specics Related to Global
Biogeochemical Cycles.

The concentrauons and fluxes of chemical specics
important in the context of biogeochemical
cycles: ozone and odd nitrogen, sulfur, methane,
nonmethane hydrocarbons, and carbon monoxide.

2. Flux Measurement Techniques.
Advantages and shortcomings of enclosure tech-
niques, towers, and aircraft.

3. Status of Chemical Scnsors for Flux Mcasurement.

Scnsors with long averaging times, as rcquircd for
measurements involving enclosures and gradients,
and sensors with rapid response as required for
cddy correlation and variance methods.
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4. Flux Measurcment Program Plan. opportunities rclated to the development of new

. . . rimental approaches.
Specitic program plans designed to make optimal sensors and ncw cxpe pproaches

usc of cxisting capabilities. The success of the workshop and this report will
depend on how correct we are in our assessments, how
well we have foreseen the emerging needs in studying
Kcy difficultics and challenges in the use of the chemical behavior of the atmosphere, and how
mecasurement techniques as well as needs and fluently we have expressed our conclusions.

5. New Opportunities for Flux Measurement,
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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. Stecle, H. Westberg,

and R. Zika

The important rolcs played by various trace specics
in global biogeochemical cycles have been discussed
in Global Troposphoric Chemistry: Plans for the U.S.
Researc!: Lfforr (UCAR, 1986). In this chapter, we
will limit discussion to the surface exchange and
flux divergence of the key trace spccies, and rclated
research needs. The specics 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 identified and discusscd.
We note, however, that many of the studies are related
10 each other; therefore, carrying out concurrent
studies addrcssing scveral specics at the same time
offers considcrable attraction.

The surface exchange rate of a chemical specics
is usually a function of surface propertics such as
the kind and condition of vegetation, nutrient level,
tcmperature, and moisture. Since measurements of
surface exchange rates arc lmited in their temporal
and spatial coverage, extrapolation to other locations
and times is usually nceded. Detailed understanding of
how exchangc ratcs depend on prevailing environmen-
tal conditions will greatly facilitate this cxtrapolation.
The ultimate goal of studying surface exchange is to
understand the basic biogeochemical mechanisms that
control the exchange processcs. A full discussion of
thesc issues, however, is beyond the scope of this work.
In the following discussions, thc cmphasis will be on
the phenomenological aspects of surface exchange.

Discussion of the behavior of different chemical
species in the troposphere necessarily involves consid-
cration of both chemical and physical aspects of the
air-surface systcm, 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 surfacc forms a constant
flux layer, called the surface layer, some tens of meters
thick, in which there is little flux divergence.  This
constant ilux layer is the lowest part (lcss than about
10%) of the planctary boundary layer (PBL), which is
typically i to 2 km decp in daytime, 100 to 500 m decp

at night over land, and £00 m to 1 km deep over the
occan. The PBL is that part of the lower troposphere
that rcsponds to changes at the earth’s surface within
a fcw hours and consequently over land exhibits a
pronounced diurnal cycle of vertical mixing. During the
daytime, convection causcs strong mixing, and the PBL
is often called the convective boundary layer (CBL). At
night, vertical mixing is rclatively weak, shallow, and
intermittent, and the PBL is often called the nocturnal
boundary layer (NBL). The structurcs of thcsc various
layers vary with terrain, latitude, seasons, €tc., in ways
thai complicatc the overall behavior of trace species
and inject a strong meteorological component into
any description of specics concentrations, as well as
of the change of species fluxes with height, called flux
divergence.

Flux divergence plays a crucial role in studying
the budgets and distribution of many trace chemical
specics.  For example, flux divergences of specics
like NO, and Oj;, whosc concentrations can differ
greatly between the boundary layer and the free
troposphere, nced to be cstimated in order to evaluate
their budgets. For the most part, however, flux
divergence mcasurements will not be discussed in
great detail since the technigues for measvring flux by
cddy corrclation apply equally well to multiple levels,
as requircd for flux divergence estimates, and 1o a
single level as required for measuring surface cxchange.
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 O3 and H;O; and the
family of odd nitrogen compounds, including NO, NO,,
NO;, N,Os5, HNO;, HNO;, PAN, and NHj, play a key
and closcly interconnccted role in the oxidative state
of the atmosphere. Because the chemistry of these
specics is so closcly interrclated, it is convenicnt to
consider them together as a family.

Y P




Estimated Photochemical Lifetimes (in Summcr)

Table 1.1

of 03, HzOz, NH;, and N'—'),

CHEMIcAL FLUXES

REGION
(1) () (3)

Tropical marine Rural continental Upper
LIFETIME boundary layer boundary layer troposphere
Greater 03, H;30;, Same as (1) Same as (1)
than HNOj, NH, plus PAN, N;O5,
1 day other organic

nitrates, NHj

1 hour to NO,, NO3, Same as (1) Same as (1)
1 day some organic plus NOj, N2Os,

nitrates NO;
10 min. to PAN, some Same as (1) None
to 1 hour organic nitrates,

HNO,*
less than NO, NO,*, and Same as (1) Same as (1)
10 min. | NOy*

*During the daytime

Table 1.2

Estimated Lifctimes of O3, H»O,, NH3, and NO,, for Incorporation into
Cloud Watcr and;or Acrosols

R S

REGION
(1) (2) (3)
Tropical marine Rural conlinental Upper
LIFETIME boundary layer boundary layer troposphere
Greater PAN, NO,, Same as (1) Same as (1)
than Og, organic plus H303, HNOy,,
1 day nitrates N;0s, NOs, HNO3,
and NHs
1 hour to None H303, N2Og, None
1 day NO;, HNO:,
HNOs, NH,
10 min. to H303, N3Os, None None
to 1 hour NOs, HNO;,,
HNOj, NHs
less than None None
10 min.

. -.‘a




KEY ASPECTS OF SPECIES

The major precursors of ozone can be divided
into two groups: NO, (ie, NO + NO;), and
hydrocarbons and CO. Since CO and CHy are readily
available in the troposphere, NO, usually is the rate-
limiting ozone precursor. The distribution of NO, is
very inhomogencous (sce Fehsenfeld et al, 1988), as
expected from its short photochemical lifctime and
highly localized sourccs. As a rcsult, the ozone
production rate should be a very strong function of
location.

Table 1.1 gives a list of photochemical lifetimes
of ozone, H;O,, NO, spccics, and NHj, while Table
1.2 gives the cstimated lifetime for the loss of these
compounds by incorporation into cloud water and
aerosols. The lifctimes of these species range from Icss
than ten minutcs to more than a day. Therefore, their
distributions and exchange fluxcs depend on transport
proce:ses of various time scales.

We nced to consider here not only surface
exchanges but also cxchanges between the boundary
laver and the free atmosphere; except for a few highly
rcactive species that originate from surface emissions,
boundary laycr concentrations of trace chemical species
are determined by both interaction with the surface and
entrainment of air from the free atmosphere. This is
particularly truc in stuc'ng the global distributions and
budgets of O3, H,0,, NO, spccies, and NHj.

Exchange of boundary layer air with the frce
atmosphere takes place through a varicty of mccha-
nisms. On a large (vertical) scale, convective clouds
can transport boundary layer air up to ncar the top
of the troposphcrc within a few minutes and can also
bring air from thc frcc atmosphere down to the surface
in evaporation-driven downdrafts. On a small scale,
both shear and convection can generate turbulence to
overcome the static stability of the frec atmosphere
and causc cntrainment of air into the boundary layer.

Since the chemical lifetimes of H,O,, NO,, and
NHj arc less than or comparable to the residence
time of air in the boundary layer, the amount of these
specics exchanged between the boundary layer and the
frece troposphcrc may be considerably less than the
amount introduced into the PBL. In addition, chemical
processing in the PBL scrves to convert NO, to a
varicty of other NO, spccics. Thus, both theorctical
and experimental studics should be made to assess this
exchange for O3, NO,, and NH;j.

A complication for mcasuring the cmission or
deposition flux for specics such as NH3, NO,, and
amines (Farquhar ct al, 1983), and perhaps also for
other gascs, is that a compensation point ¢xists, a non-
zero gas concentration in the leaf air spaces, which
is in cquilibrium with mctabolites in plant cclls. If
the ambicnt concentration excceds the compensation
point, the gas is taken up by the plant from the
atmosphere, but if the ambicnt concentration is less
than the compensation point, the gas is emitted to the
atmosphere. If enclosure techniques (sce Chapter 2)
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are uscd to cstimate the flux of such chemical specics, a
corrcct cstimate of the gas flux depends on maintaining
gas concentrations in the air within the enclosure very
close to ambicnt. “Closcd” cnclosure systems arc
thus unsuitable, and “open” systems will require large
ventilation rates, so that Icaf boundary layer rcsistances
will bc much smaller than stomatal resistanccs.

Emission rates of N,O are relatively small
comparcd to those of NH; and NO, (Kcller ct
al., 1986). Natural sources are likcly to be the
primary contributor, although there is probably some
anthropogenic contribution. The only known N;O
sinks are in the stratosphere; surface deposition of N;O
is negligible.

Sources of NO,, 03, and H,0,

Table 1.3 lists thc important sources and sinks
of NO,. Most of the sources are on land and ncar
the surface. Anthropogcnic sources appear more
important than natural sources, espccially in winter,
when there are fewer natural sources. Emissions of
NO, are primarily in the form of NO. Oncc emitted,
NO is oxidized quickly to a mixture of NO and NO; in
photochemical equilibrium, and then to other reactive
nitrogen spccics, such as HNO;j;, PAN, NO;, and
N;Os. As pointed out by Lenschow and Delany (1987),
the rapid photochemical reactions involving NO, NO,,
and O;3 have a considerable impact on their flux and
concentration profiles in the surface layer. Figure 1.1
shows a simplified rcaction schemce of nitrogen specics;
a discussion of these reactions and time constants can
be found in Logan (1983).

The cmission rate of NO, from soils has becen
measured primarily by thc cnclosure tcechnique, as
discussed by Galbally (1985) and as summarizcd
in a rccent report of the World Mecteorological
Organization (WMO, 1986; scc Chapter 3). Rcsults
arc summarized in Table 1.4, updated from the WMO
report.

Rcceent comparisons of the enclosure techmyue
and a local budget technique indicate that the methods
give similar results (Parrish et al.,, 1987; Kaplan et al,,
1988). The budget technique rclics on the fact that
at night the reaction of NO with Oj is the dominant
removal process for NO and that atmospheric rcactions
reforming NO from NO, are ncgligible. Hence, the
nct flux of NO from the soil must balance thc total
column loss of NO by rcaction with O3, which may be
calculated from vertical profiles of NO and Oj at night.
At lcast onc study of soil cmissions has cmployed the
cddy-corrclation technique (Delany ct al., 1986).

The majority of NO flux measurcments have been
at mid-latitudes. As discusscd in Chapter 3, cmission
ratcs mcasurcd with enclosurcs are highly variable,
averaging about 1-2 x 107! kg N m~2s~! at mid-
latitudes, while the fcw studics in the tropics give valucs
of 8-11 x 107! kg N m=2s~1. at Icast for dry soils.
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Table 1.3
Global Budget of NO, = NO + NO,*

SOURCES Tg N yr-!
Fossil fuel combustion 21
(14-28)
Biomass burning 12
(4-24)
Lightning 8
(2-20)
Microbial activity in soils 8
(4-10)
Oxidation of ammonia 0-10
Oceans <1
Stratospheric input ~ 0.5
TOTAL 25-99
SINKS
Wet deposition 12-42
Dry deposition 11-22
TOTAL 23-64

*Logan, 1983
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Emission rates increasc with increasing soil tempera-
ture and depend also on vegetative cover, soil type,
waler content, and fertilization.  Soils act as both a
source and a sink for NO,, so appropriatc carc must be
taken when determinine NO fluxcs in ficld conditions,
as discusscd by Galbally ct al. (1985).

It is of intcrest to compare the magnitude of
the soil sourcc of NO, with typical emission ratcs
from combustion of fossil fucls. Emissions of NO,
in the U.S. have been estimated by the Environmental
Protcction Agency. (1986), 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
U.S. Evidently combustion of fossil fuels providcs the
major sourcc of NO, over the industrialized regions of
Europc, Asia, and North America.

An obscrvational study has been conducted in the
Amazon Basin during the dry scason (the Amazon
Boundary Laycr Experiment [ABLE-2A]); preliminary
results are discussed in a special issuc of J. Geopitys.
Res., 93, 1349-1624. This cxperiment has provided
new insights into the production of NO by biomass
burning in a tropical region (Andreac et al, 1988b).
The yield ol NO with respcct to CO; in fresh plumces
was 0.51 x 10~3, a factor of tcn higher than the valuc
in haze laycrs about onc day old. Previous aircraft
obscrvations of large-scalc biomass burning cmissions
in central Brazil (Crutzen ct al, 1985a and b) showed
that the ratio NO,/CO; in aged firc fume (when fresh

plumes were specifially avoided) was ~ 1.9 x 10-3.
Apparcntiy NO, is oxidized rapidly to HNO;, PAN,
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or nitratcs in the tropical cnvironment. Background
concentrations of NO over the Amazon region
incrcased by about 25% during the month-long
expedition, as burning activity incrcased within and
to the south of the study region (Torres and Buchan,
1988). Thus, while biomass burning was thc dominant
source of NO, in the vicinity of fircs and within plumcs,
it appcarcd that cmissions from soils provided the
major source in the mixed layer and in the convective
cioud laycr. Andrcae ct al. (1988b) used the ABLE-
2A data to cstimate that the global source of NO, from
biomass burning was 7.6 Tg N yr~!, about 2/3 of the
estimate given in Table 1.3. The latter figurc was bascd
on cstimates of the nitrogen content of various biomass
fucls, asscssments of the extent of burning, and the
assumption that 25% of fuel nitrogen is converted to
NO.

Elevated concentrations of NO werc observed in
the vicinity of clectrically active clouds over the Pacific
Ocean during the first Chemistry Instrumentation Test
Experiment (CITE-1) expedition (Davis et al., 1987,
Ricley et al, 1987). Chamcides et al. (1987) uscd
these data in combination with estimatcs of thc mass
flux of air through convective clouds to estimatc a
global source for NO, from lightning of 7 Tg N yr-l,
This estimate is very similar to that given in Table 1.3,
which results from ground-bascd obscrvations of NO,
from lightning and satcllitc data for the total number
of lightning flashes per ycar. The good agrecment for
the independent methods is remarkable, since both are
bascd on very limited observations of NO, production
by clectrical activity.

Table 1.5
Tropospheric NO, Distributions in the Planctary
Boundary Layer (PBL) and Above*

Regions NO, (ppbv)
Industrialized PBL 05 -10
Oceanic PBL (0 ~ 2 ki) 0.001 - 001
Clean continental PBL 005 - 02
Biomass burning PBL 05 -10
Frce troposphere (2 ~~ 12 km) 002 -02

*Fehsenfcld ct al, 1987

Table 1.5, adopted from Fchsenfeld et al. (1987),
gives typical observed NO,, leveis in five major regions
of the troposphere and reflects our current knowledge
of the distribution of NO, sources. The inhomogencity
in NO, distributions implics that some rcgions act
as ozonc sourc:s while others act as ozonc sinks
(Liu, 1988). The nct ozone production (or loss)
rates for .acse regions are shown in Table 1.6. In
stcady-state conditions, the net ozonc production (or
loss) cquals the flux divergence in a particular region,
and the cstimated flux divergences arc comparable
to the stratospheric flux divergences and the surface
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dcposition of nzone. This cmphasizes the importance
of measuring ozonc flux divergence as well as surfacc
dcposition.

Table 1.6 shows that ozonc production in the
frec troposphere also has a significant impact on
the global ozone budget; yet the sources of free
tropospheric NO,, which plays an essential role in free
tropospheric ozone production, arc poorly uaderstood.
In addition to the contribution from industrial rcgions,
the large biomass fires in the tropics also contribute
to the production of ozone on a global scale (Dclany
ct al, 1985). In order to cvaluatc the impact of
anthropogenic activitics 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 winter half of the
year and the scasonal variation of ozone arc not
understood. This may have important implications for
assessing the role of anthropogcnic emissions on ozone
concentration ficlds and for estimating possiblc adverse
cffects on ccosystems by cxposure to high ozone
concentrations. Mcasurements of surface cxchange
rates and flux divergences of ozone and its precursors
in the winter scason will resolve some of the key
questions involved.

H,0; is produced in both gas-phase and aqucous-
phase chemical reactions that volve odd hydrogen
specics. Like ozone, HyO, formation depends strongly
on the distributions of NO, and hydrocarbons. The
photochemical lifetime of HpO; is relatively short—
about two days in summer at mid-latitudes. As a result,
we cxpect considerable spatial and temporal variation
in the distribution of H,O,. Therefore, as in the case
of ozone, flux divergence plays a major role in the
budget and distribution of H,O,.

Deposition of NO,, 03, and H,0,

Wet and dry deposition are the major sinks for
rcactive nitrogen specics.  Solubie species such as
HNO;, NO;, and N,;O;5 are rcadily scavenged by
precipitation.  Ehhalt and Drummond (1982) and
Logan (1983) estimate that more than half of the total
loss of reactive nitrogen specics occurs through wet
deposition. Hucbert and Robért (1985) have found
virtually no surface resistance to HNOj; exchange from
the atmosphere to grass; under these conditions, its
deposition is determined by acrodynamic resistance.
In somec circumstances, HNO;3; deposition may be
controlled by phase cquilibria (Brost ct al, 1988;
Hucbert ct al, 1988). The same can be cxpected
for N,Os, which is rcadily converted to HNO; in the
presence of surface moisture.

Decposition velocities (vg—the ratios of surface
fluxcs to air concentrations at some reference level,
typically 2 m height) for NO; in the range of 0.3-0.8
cm s~} have been inferred for cement, soil, grass, and
agricultural crops from ficld and laboratory studics,
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Table 1.6.

Net Ozone Production or Loss in Summer from Various Regions Averaged
over Each Hemisphere and Compared with Stratospherc O3 Flux

Net Production or Loss
NH SH
(kg m~2s71) (em~2 s71) (kgm~2s71) (em=2s71)

x 10+12 x 10-10 x 1012 x 10710
Free troposphere
> 2km 40 5 20 2.5
Industrial
areas 8-24 1-3 4-12 0.5-1.5
Oceanic
boundary layer -36 -4.5 -36 -4.5
Clean continental
boundary layer -44 -5.5 -8 -1
Biomass burning
areas 1.6 0.2 1.6 0.2
Stratospheric
flux 56 7 32 4

while values for NO are considerably lower, < (0.1 —
0.2 cm s~! (Judcikis and Wren, 1978; Bottger ct
al., 1978; Galbally and Roy, 1981; Varhclyi, 1980).
Wescly et al. (1982b) inwestigated loss of NO, over
a soybcan ficld, using an cddy-corrclation technique.
They reported a maximum deposition velocity for MO,
of 0.6 cm s~! during the day, with a minimum valuc of
0.05 cm s~! at night during windy conditions. These,
however, arc uncertain due to the nonspecific nature of
their NO, mcasurcments. Garland and Penkett (1976)
rcported deposition velocitics for PAN of 0.25 ¢cm s~1
over grass and soil.

The deposition of NO and NO; on water
surfaccs should be ncegligible because of the low
solubility of these chemical specics (Lee and Schwartz,
1981). There is no published measurcment of the
deposition velocitics for NO, NOz, or PAN under
winter conditions. Since the photochemical lifetimes of
NO, and PAN bccome fonger in winter, dry deposition
may play an important role in their budgets, and
measurcment of the deposition of NO, and PAN for
winter conditions should be a high priority.

Dry deposition of particulate NO7 depends very
much on the size distribution of the particles involved,
or, in somc cascs, on particle-gas interconversion
(Brost ¢t al., 1988; Hucbert ct al, 1988). (In both
the contincntal and marince boundary laycrs, there may
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be situations in which acrosol nitratc evaporatcs and
dcposits as HNOj vapor.) Coarser paiticles tend to
have larger gravitational scttling velocities, while fine
particlcs arce transportcd much like gases. There arc
scrious shortcomings in our understanding of the dry
deposition of particics. This problem will be discusscd
in Chaptcr 4.

Considerable work has bcen done on mcasurc-
ments of deposition of ozone over various surfaces
for summer daytime conditions (c.g., Aldaz, 1969
Galbally and Roy, 1980; Lenschow ct al, 1981, 1982;
Wescly ct al, 1981; Wescly, 1983; Greenhut, 1983,
Cobeck and Harrison, 1985; and Kawa, 1988). Over
land, daytime deposition velecitics range from 0.2 to 2
¢m s~! during thc summer. Photosynthetically active
vegetation has a relatively small surface resistance
to ozonc. Mcasurcments over occans and frcsh
water (Galbally and Roy, 1980; Wescly ct al., 1981;
Lenschow ct al., 1982; Kawa, 1988), although limited,
are sufficicnt to demonstrate that surfacc resistances
arc large and result in dcposition velocitics in the
range of 0.02 to 0.1 cm s—!.  Mcasurcments under
nighttime conditions arc rclatively few. However, this
may not be a scrious problem for cvaluating the
ozone budget, because deposition at night is limited
by transport processes. As a measurcment strategy for
ozonc dcposition, the highest priority probably should
be given to measurcments under winter conditions.
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Both wet and dry depositior are significant sinks
for H,0,. There have been few mceasurements of
cither, because rcliable instruments for measuring
H,0, have been available only recently (Heikes et al.,
1980).

Ammonia

Ammonia, the main nitrogen-containing com-
pound in primordiai carth’s atmosphere, is now present
only in trace amounts. It is unique among atmospheric
trace species as the only basic gascous specics present
in significant concentrations (typically 0.1 to 19 ppbv
[7.7 x 10~ 10 1.5 x 10-® kg m~* STP]) ncar ground
level, For this reason, its accession to the atmosphere,
the dispersion and transformations it undcrgocs
there, and its subsequent deposition are of great
interest in many carth sciences, including metcorology,
atmospheric chcmistry, soil scicnce, agronomy, and
ceology.

Concentrations in “clcan” air over land are
typically in the range of 1.3 to 13 ppbv (10 to
10-% kg m—3 STP) (Aycrs and Gras, 1980), although
concentrations in rural arcas with much livestock
production may be very much higher, up to 330 ppbv
(25 x 107 kg m~* STP) as a daily avcrage
(Vermetten ct al,, 1985). Concentrations in clcan air
over the occans are quite low, < 0.13 ppbv (10710 kg
m-3 STP) (Aycrs and Gras, 1980).

A precursor 0 - 1e chemical subunits of early life,
ammonia is now formcd in nature from the biological
degradation of proteins in soil organic matter, plant
residucs, and animal wastes. Smaller amounts are also
cmitted from fertilizer bicakdown and from industrial
and combustion processes.

There is considerable  gucsswork in published
cstimates of NH; emissions. Galbally (1985) discusscs
some of the problems. Among morc reeent cstimates
arc thosc made by Crutzen (1983) in an up-date of an
carlicr ammonia budget of Soderlund and Svensson
(1976). Crutzen’s cstimates of annual global cmissions
arc:

Biomass burning

Emissions from natural ficlds
Excreta from domestic animals
Coal burning

Excreta from wild animals
Emissions from fertilized ficlds

< 60 Tg N/ycar

< 30 Tg N/ycar

10 to 20 Tg N/ycar
4 10 12 Tg Njycar
2 10 6 Tg N/ycar

< 3 Ty Nfycar

'I’t\lc biggest source, biomass burning, is probably
thc most uncertain, so it is important that its
magnitudc be verified. Vines ct al. (1971) were unable
to deteet NH; in the smoke of bushfires, smali fires
in the laboratory, or large forest fires. They suggest
that NH; that formed during the pyrolysis of nitrogen
compounds would probably bc oxidized to water
and molccular nitrogen at the flame temperaturcs
prevailing in bushfires.  Crutzen, on the other hand,
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attributes  to Soderlund and Svensson  (1976) the
statement that NHjy is a surprisingly stablc compound
in combustion systcms, and Gatbally (1985) cxpresscs
the view that a significant fraction of thc nitrogen
must be volatilized as NHj during the keating and
burning of plant material. Recent measurements of
NH; cmissions from laboratory-scale biomass fircs
yicld an estimaic of 3.2 Tg N (NH;) yr~! for the global
annual cmission (Andicac, personal communuication,
1989; daia from W. M. Hao, Max Planck Instituic for
Chemistry, Mainz, FRG).

The next largest NiIz source suggested by Crutzen
is rclease from natural (unfertilized) fields, up to 30
Tg N yr-!. As discussed by Cratzen and by Galbally
(1985), this is difficult to cstimate because soils and
plants can be cither sources or sinks. Crutzer's
estimate is based on a model of NHji production
and transport in soils developed by Dawson (1977).
The mode! 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 sourcc
of atmospheric NH;.

Malo and Purvis (1964) and Hannawalt (1969),
however, concluded from laboratory and ficld cx-
periments  that  soils  could be  substantial sinks
for atmosphcric NHj.  Although the atmospheric
concentrations they cmployed in the laboratory and
measured in the ficié (39 to 78 ppbv [3 to 6 x 107°
kg m~3 STP]) were rather larger than normal ambicnt
valucs, they were, nevertheless, still much smallcr han
the values Dawson predicts for soil.

Dawson’s model also ncglects the possible absorp-
tion of NH; from air as it diffuses through the canopy
spacc. Hutchinson ct al. (1972) have shown that plants
can absorb NHj gas by diffusion through stomata, and
Denmead ct al. (1976) found strong cevidence lor the
existence of a closcd NHj3 cycle in plant canopics,
whereby NHj released from the decomposition of litter
at the soil surface is rcabsorbed by the foliage above.
In other work, Denmead ct al. (1978) found that at
normal concentrations (up to 13 ppbv [10-% kg m-*
STP]), atmospheric ammonia was taken up by a corn
crop (plant plus soil) whea the soil surface was dry, but
sustaincd NH; losses from the crop occurred when the
surface was moist. They suggest that the nct exchange
is a balancc between absorption by the plants and
cmission from the soil. The latter is strongest when
water is being cvaporated.  Crutzen (1985) suggests
that a significant release of NHy to the atmosphere
could occur in carly spring, when the soil is moist, fresh
vegetation is not well developed, but dead matcrial on
the ground is abundant and the soil is being heated
strongly.

Whether plunts themselves lose or gain ammonia
appears to be controllcd by the NH; compensation
point. Farquhar ct al. (1980) have found that fo. the
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plant specics they examined, the compensation point
is close to normal clean-air concentrations, although it
increases with increasing temperature, partly because
of the cffects of temperature on the equilibrium vapor
pressure of NHj solutions and increascs also during
scnescence, presumably because of changes in plant
metabolism (Farquhar ct al, 1979). The temperature
dependence has been suggested as a rcason for the
apparently higher atmospheric concentrations of NH;
i tropical regions.

The fact that compensation points are normally
close to ambient concentrations makes considcrable
scnse. Plants with higher compensation points would
be at an ccological disadvantage. Given all this, it
scems that in normal clean air, atmospheric cxchange
of NH; will be of small conscquence to the nitrogen
budget of many agricultural crogps, cxcept during
periods of clevated temperature or in senescence,
but atmospheric exchange may be more important in
natural communitics with smaller nitrogen turnovers.

Excreta from domestic animals is the next largest
sonrce on Crutzen's list and the onc that many belicve
inay be the largest. Crutzen’s estimate is based on
average rates of urca excrction in urine and feces by
livestock, and an assumption that 30% of the nitrogen
ia the urca would be volatilized as NH;. Estimales
»f the latter range from 10 to 45% (Lenhard and
Gravenhorst, 1980).

From aircraft mcasurements of the concentration
of NH; and NH, in the air at 100 m and 700 m
above a rural arca in western Germany, Lenhard
anu Gravenhorst (1980) cstimated upward fluxes of
NH: and NHJ and concluded that these could
be maintained entirely by NHj volatilization from
domestic animal cxcrcta, again assuming that 30%
of the excreted urea nitrogen is volatilized as NH;.
Galbally ¢t wr. (1980) also cctimated that the major
emissions of NH; to the atmosphere in Australia were
from this source, some 70%. The most dctailed
estimates currently available are those of Buijjsman
et al. (1987), who calculated that 819 of the total
anthropogemic NH; emissions in Europe were from
livestock wastes.  They also estimated that natural
cmissions of NH; in Europe (from uncultivated land
arcas) contribute only 0.6 Tg N yr~!, comparced
with livestock cmissions 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 amimals, cmissions from fertilized ficlds,
and industrial cmissions (< 1 Tg N yr').  Apan
from cxcreta from wild animals, these are the best-
documented sources, but, even so, there are still some
unknowns. In calculating cmiss.ons from fertilized
ficlds, for instance, Cratzen takes the NH; contribution
as about 5% of the annual fertilizer use of almost
60 Tg N, but published estimates of NHjy loss from
fertilizer application range from 0 to 50%, depending
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on fertilizer type, soil, weather conditions, and mcthods
of application.

Two trends in modern agricultural practice are
worth noting here. One is the increasing usc of urca as
a fertilizer. Buijsman ct al. (1987) suggest an emission
factor of 10% for urca, which is twice Crutzen’s
figure. The sceond is a shift to minimum cultivation
practices, which mcans that more fertilizer is spread
on the soil surface, where its gascous decomposition
products can be casily lost to the atmosphere, instcad
of being incorporated within the soil, where releascd
NH; can be quickly fixed by the soil exchange complex.
Additionally, the use of more nitrogen fertilizers in
developing countrics, where agricultural practices arc
often incllicicnt, will probably lead to Pigher Nij
cmissions.

Ammonia is rcturned to the carth’s surface as
NH; and NH; very cfficicntly by both wet and dry
deposition, so that the majority of cmittcd NHj is
probably deposited in the vicinity of its sources. While
the flux dcnsitics of nitrogen from these sources
(typically, 1 t0 2 x 1073 kg N m=? yr=! [32 10
6.4 x 107" kg N m~? s~!]) compared with fertilizer
applications of ~10-2 kg N m~2 yr=} (3.2 x 101
kg N m~? s~y arc rclatively small in comparison
with inputs of nitrogen to fertilized ficlds, they arc
certainly of conscquence in the nitrogen balance of
natural ccosystems.

A new envitonmental clfect of atmospheric Nilj
is now cmerging, particularly in regions of high NH;
turnover, as in Europe (Buijsman ct al,, 1987). Scrious
suil-acidifying cffects have been obscrved, which could
be attributed to wet deposition of NHY and dry
deposition of NH; and ammonium acrosols.

The role of the oceans is largely unknown. Some
mecasurcments of NH; in marine air by Ayers and
Gras (1980) suggest that the atmospheric concentration
is close to the cquilibrium gas concentration to be
expected for scawater, which suggests that the oceans
arc unlikely to be nct sources or sinks. At present,
there are likely too few measurcments of NHj in
surface air over the oceans or in occan sarface watcers
to decide this question (Galbally, 1985).

Sulfur Group

Both natural and anthropogenic sources contribute
to the global sulfur budget.  Anthropogenic sullur
cmissions are dominated by the release of SO; from
fossil-fucl burning.  Scveral authors have recently
reviewed these emissions and presented detailed source
allocations (c.g., Moller, 1984; and Cullis and Hirschler,
1980); the estimates fall into a relatively narrow range
of about 70 to 100 Tg S yr-!.

Various attiempts to derive a global atmospheric
budget for sulfur have suggested that natural cmissions
of a magnitude comparable to man-made emissions
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arc necessary to balance this budget (for a review,

scc Freney ct al, 1983).  However, since the
calculations of natural cmissions from the dillerence
between anthropogenic emissions and total deposition
fluxes involve very large uncertaintics, they cannoi be
expected to provide a meaningful estimate.

This scction is an overview of the processes that
result in the natural emissions of sulfur specics and
provides, where possible, estimates of these fluxes.
Only fluxes of natural gascous sulfur specics are given
extensive coverage here.  For detailed discussions of
other emissions, such as sca salt sulfate and volcanic
emissions, the reader is referred to the reviews by
Andrcac (1985, 1980).

Production of Volatile Biogenic Sulfur Compounds

Sulfur is an cssential clement to  biological
organisms. Two biological pathways lcad from sulfatc
(the maior sulfur source for almost all organisms)
to reduced sulfur compounds:  assimilatorv and
dissimilatory sulfate reduction.  Volatile organosulfur
compounds arc produced from nonvolatile sulfur
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mctabolites in biota cither through the formation and
release of volatile sulfur metabolites in healthy living
cells or as a consequence of decornposition. The most
important product. rcleased from live cells, especially
by plants, is dimcthylsulfidc (DMS), which is discusscd
later in snme detail.  The major pathway to the
tormation of H,S, howewer, is througl dissimilatory
sulfate reduction. Under favorable conditions, the ratc
of sulfate reduction to H»S cau e quite high, on the
order of several tens of pg m=2 s=!. Howecver, this
process occurs only when a mixing barricr prevents
oxygen from entering the syst.m. (The escape of HpS
from the system is, of coursc, limitcd by thc same
barricr.) Furthermore, in the presence of oxvgen,
H;S czn be consumed by bacteria in a layer only a
fraction of a millimetcr thick. Conscquently, the large
amounts of H,S that are produccd in the coastal and
marinc environment are not usually transferrcd to the
atmosphecre (Andreae, 1984). Only a small fraction
of the HS produced can cscape under exceptional
conditions in shallow water. H;S cmissions from the
marinc cnvironment are, thercfore, limited to such
ncar-shore cnvironments as cstuarics and salt marshes.

Table 1.7
Summary of Biogenic Sulfur Emissic1 Mcasurements*

Source Location Month Number Geo. Mean Mcan Sample
(State) (1985) of Sumples  Emission Temperature
°C)
Soils kg S m~2s-1
x 101
Incepisol iD 3, 4,9 10, 11 17 45 109
Entsol ID 3,4,5 10 11 169 119
Alfisol ID 5, 6, 10 15 26.6
Moliisol IA 7 15 18.4 384
Histisol, bare OH 7 18 3410 329
Tidal shore NC 8 8 374.0 363
Saline marsh
(with grass) NC 8 25 580.0 327
Salt water NC 8 S 516 314
Fresh water NC 8 4 2640 29.6
Crops
Oats (with soil) 1A 1 11 1.6 354
Misc. vegetabless  OH 7 123.7 293
(with soil)
kg S kg~'s-!
x 101
Corn 1A, OH 7 36 103.04 289
Soybeans 1A 7 16 2106 328
Alfaslfa WA 9 6 179.0 224
Trees
Dcciduous IA,OH,NC 17,8 55 471 295
Coniferous NC 8 13 311 292

*Lamb et a!., 1987
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Sulfur Emissions from Continental Ecosystems

Duc to 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~! (Andreae, 1986). Here, we will focus
on the esults of recent mcasurcments of emissions
from freshwater wetlands, inland soils, and terrestrial
plants.

The concentrations of dissolved volatile sulfur
compounds in freshwater bodics tend to be much
lower than those in the surface layer of the oceans
(Adams et al,, 1981; Froclich et al, 1985; Iverson
et al, 1989). However, based on mcasurcments of
DMS concertrations in water from freshwater wetlands
in Ontario, Nriagu et al. (1987) recently proposed a

DMS emission rate of 2.5 x 10~2 kg S m~2 s~! for
such ecosystems and suggested that H,S emissions of
a similar magnitude may be occurring. These fluxes
may, however, be overestimatcd, since the exchange
coeflicicnt 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
‘rom anthropogenic pollution may have enhanced
sulfur flux from thesc wetlands. Recent studies in
Alaska suggest extrcmely low cmissions of volatile
sullur from bog and tundra ecosystcms (Martens,
personal communication, 1988).

Adams et al. (1981) detcrmincd the flux of sulfur
gases from soils in the castern and southeastern
United States. Their flux data showed several orders
of magnitude variability between sites and betwecn
sampling periods at the same site; for nonsaline soils,
they ranged from 6.6 x 10-'* to 1.1 x 10-!! kg S m~?
s~L. Most of the flux from inland soils was in the form
of H,S (66%); the rest was COS (13%), CS; (13%),
DMS (7%), and a trace of DMDS (2%). Dclmas et al.
(1980) mcasurcd an average H,S flux of 2.2 x 10~12
kg S m~2 s=! from oxic lawn soils in France. Jaeschke
et al. (1980) found fluxes of H,S between 3.3 x 10~
and 3.3 x 10~ kg S m~2 s~! from marshland suils
in the Ems River region of northern Germany. Much
higher flux~s werc estimated from tropical soils in the
Ivory Coast by Delmas et al. (1930): 9.7 x 10712 o
28x10-M kg Sm~% 5L,

Most recent studics have found much lower flux
estimates from soils. In a iarge study of soil emissions
conducted partly at ‘he same sitcs as thosc used
by Adams and coworkers, valucs about tcn times
lower than thosc reporied previously were obtained
by Goldan et al. (1987) and Lamb et al. (1987b)
(Table 1.7). The differences between these valucs
and thosc 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 scason as follows: (2.2 + 0.2) x 10-13 kg S(DMS)
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m-2 s, (2.2 £ 0.5) x 10-* kg S(CH;SH) m~? s~!
and (3.7 & 1.7) x 10~ kg S(H;S) m~2? s~!. These
values give a total flux of short-lived sulfur spccics
of (2.7 +0.43) x 10~ kg S in~? s~! (Andrcac and
Andrcae, 1988) During the wei scasons, even jower
values were observed. However, duc to the small
number of mcasurcments and sites involved, our ability
to extrapolate from thesc datza is very limited.

The emission of sulfur gascs from vegetation,
including trees, is well established. The cmission
of H;S from leaves is light-dependent; it incrcascs
strongly with the intensity of light and drops to very
low values in the abscnce of light (Wilson et al., 1978;
Filner et al,, 1984). Emission of H;S also increases
as a result of root injury, high lcvels of atmospheric
SO,, and incrcased levels of soil water sulfate or
bisullite. Bascd on studies with varinus crop plants,
Filner et al. (1984) estimated a worldwide emission
of volatile sulfur from plants on the order of 74 Tg
yr~1, whereas Winner et al. (1981) estimate ~50 Tg

yr—!.  Adjusting these values to the leaf arcas and
biomass valucs characteristic of tropical forests, fluxcs
of about 2.7 x 10~12 to 27 x 10-*2 kg S m~? 5!
can be predicted. Filner et al. (1984) also rcport the
emission of CH3;SH by plants under some conditions.
The emission of DMS from trccs was obscrved by
Lovelock ct al. (1972); a flux of 5x10-3 10 10~ kg S

m~2 s~! is estimatcd from their data for a forest with a
ical mass of ~2 kg (¢'y weight) m~2. In a rccent study
on sulfur gas emissic 1s from plants and soils, Lamb
et al. (1987b) found cmission fluxes in the range of

10-1 10 10-12 kg S m~? s~! from various crops and
trees. The mean sulfur flux from dcciduous trces was
5% 10~3 kg S m~?% s~! during summer conditions
(mean sample temperature: 29.5°C). Emissions from
soybcans and corn were dominatcd by DMS, while
deciduous treces emitted similar amounts of H;S and
DMS. These fluxcs are comparable to or greatcr than
the sullur gas emission fluxcs that have been reported
from vegetated inland soils.

Comparison of the cmissions of COS from bare
and vegetated soils showed that the vegetation canopy
was a sink for this gas, rcducing the flux of COS from
soils to the atmosphcre (Goldan ct al., 1987; Tali ct
al,, 1988). The uptake of COS by vegetation has been
proposed as the major global sink for this compound
(Brown and Bcll, 19806).

The fluxes of DMS, H,S, and CH3;SH f{rom
the soil/plant system of the Amazon forcst were
dctermined during the 1985 dry scason by a

gradicnt/flux technique (Andreac and Andreae, 1988).
The mean finxes were 4.2 x 1073 and 2.2x1¢ P kg S
m-2 s-! for DMS and CH;SH respectively (Andreac
ct al.,, 1989a). Since these fluxes are much larger than
the obscrved soil fluxes, most of the sullur emissions
must come from the 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 specics during
the night.

If these obscrvations are representative for
remolc continents worldwide, an assumption which is
supported by the existing data for sulfate deposition
(Galloway, 1985; Andrcae ct 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 continemal sulfur cycle over the
continents worldwide, being overshadowed by marine
and anthropogenic sourccs essentially everywhere.

Emissions from Coastal Wetlands

Emissions of sulfur gascs from saline marshes and
intertidal arcas vary widely between sites, between
scasons, and even betwecn days (Ancja et al, 1982;
Hanscn et al. 1978; Adams ct al., 1981; Jaeschke et
al,, 1980; Steudler and Peterson, 1984; Ingvorsen and
Jeergensen, 1982; Cooper et al.,, 1987; DeMello et al.,
1987). The results from flux-chamber mcasurcments
range from undctectable to ncarly 6.3 x 1078 kg S
m~2 s=! during peak periods. Typical cmission rates
for various sulfur species are presented in Table 1.8.

Many of the reported differences are caused by
diurnal and scasonal variations. The production of
oxygen by photosynthesis leads to rapid oxidation
of HyS in surface laycrs of intertidal scdiments and
marshes, thercby preventing most of the HyS produced
in the anoxic zonc from escaping into the atmosphcre.
At night, the anoxic zonc mowves lo the scdiment
surface, and the emission of H,S incrcascs by several
orders of magnitude (Hansen et al, 1978; Rcvsbech
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ct al, 1983). COS is produced from organosullur
compounds by photochemical rcactions (Ferck and
Andreae, 1984). The strong diurnal variability in COS
emissions from salt marshes reported by Carroll ct
al. (1986) may te related partly to the photochcmical
dependcnce of the production rate and partly to soil-
temperature and tidal cycles.

It is difficult to assign an avcrage value to the flux
of volatile sulfur compounds from coastal wctlands.
However, even if we were to use a relatively high
estimate of 10~2 kg S m~2 yr ~! for the average annual
flux and combine it with the total global coastal wetland

arca of 380,000 km?, we would obtain a global flux of

~4 Tg S yr~!, which is only a small pereentage of the
total biogenic emissions.

Emissions from Biomass Burning

The composition of sulfur specics emitted from
fires is still quite uncertain. It had been assumed
that SO, was the major product, but H;S, COS, and
sulfatc acrosol have also been observed and may be
important. The global emission rate for COS {rom
biomass burning has bcen estimated to be 0.11 Tg S
yr~1. Although this is only a minor fraction of the
sulfur flux from fircs, it is a significant component in
the atmosphcric cycle of COS (Crutzen et al, 1979).

Sulfur spccies recently measured in acrosols
generated by biomass burning in Brazil suggest that
global sulfur biomass emissions may be on the order of
2.6 Tg S yr~! (Andrcae et al,, 1988b). The diflcrences
between the results of these direct measurements and
the estimates given above may be duc to lower sullur
content of the biomass or to a lower volatilization
cfliciency.

Table 1.8

Emissions of Volatile Sulfur Compounds from Coastal Wetlands*
In Units of (kg S m~2s~!) x 10"

Varions
Compounds Saline Wetlands Salt Marshes Salt Marshes
H,S 1.9 1.7 7.6
COS 0.29 — 1.1
MceSH 0.29 < 6.0 —
DMS 0.70 2.1 4.8
CS, 0.38 < 0.6 0.6
DMDS 0.03 <26 1.1
Total S 3.49 < 35.0 15.0

*Andreae, 1986 (The two columns at right are from different studies.)
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Emissions of Volatile Sulfur Species from the Oceans

Bingemer (1984) has made the only mcasurcments
of sulfur gas flux from scawatcr in a chamber system
at zero wind speed using the DMS naturally prescent

in scawater, For DMS concentrations of 4 x 108
10 9 x 10-7 kg S(DMS) m~3, he found fluxcs that
compare rcasonably well with the predictions from
thcory. For other gascs, however, we have to rcly
entircly on extrapolations based on relatively poorly
developed theories.  The uncertaintics involved in
estimating transfer fluxes with this approach introduce
a potential error of as high as a factor of two into the
estimates of occanic sourccs of most species.

Altcrnativc mcthods to mcasure the flux (e.g.,
cddy correlation or gradicnt techniques) are difficult.
No fast-responsc sulfur gas scnsors suitable for eddy-
corrclation measurements are yet available for any
sullur gas in thc rcmote atmosphere. Nguyen et
al. (1984) have used the gradient method onboard
ship by taking samples at different levels above the
waterline.  Although the results arc comparable {o
the predictions from gas-transfer calculations, they may
contain substantial crrors because of the influence of
the ship on airflow characteristics. Since a realistic
wawve climatc is difficult to simulate inside an enclosure,
sulfur-gas fluxes across the air/sca intcerface have not
been measured by this technique. Thercfore, in the
following discussion of the fluxes of individual sulfur
species, predictions arc madc using the transfer model,
which uscs gas conccntrations mcasurcd in scawater
and boundary-laycr air.

In open ocean waters, DMS is the predominant
volatile sulfur compound (Barnard et al, 1982;
Andrcae et al, 1983; Andrcac and Barnard, 1984;
Nguyen ct al.,, 1984; Clinc and Batcs, 1983; Bingemer,
1984). Although other compounds, cspecially CS;
and CH3SH, may also be present in coastal waters
(Turncr and Liss, 1985), their limited distribution
and rclatively low concentrations allow for only
minor contributions to the global atmospheric sulfur
budget. DMS is produccd ncar the occan surface

by phytoplankton from an intraccllular biochemical

precursor, dimcthylsulfonium propionate.

The analysis of large data sets and of the vertical
distribution of DMS in thc marine water column clearly
show that the DMS concentration in scawater is related
to thc abundance of phytoplankton. Nevertheless, a
dircct correlation between total plankton abundance
and DMS concentration within a given region has
not yet been cstablished because of the substantial
differences in the DMS output ratc of diffcrent
plankton spccics (Andrcac et al, 1983; Barnard ct
al, 1982). As Tablc 1.9 shows, when emissions of
DMS from different marine biogeographic regions are
comparcd, cmissions from large occanic rcgions of
relatively low productivity appear to be as important

21

to the global flux as those from localized “hot spots”
of high productivity, c.g., upwelling arcas.

Bascd on a large data sct from a wide varicly
of ocecanic biogcographical zoncs, Andic.. and
Racmdonck (1983) have calculated an average DMS
concentration for each zone and a global sca-to-
air flux of ~40 Tg S yr-!. This cstimatc is
subjcct to an uncertainty of about +20 Tg, most
of which dciives from the uncertaintics involved in
using the “stagnant film” modcl to estimate air-sca
transfer. Other researchers have rccently published
comparable flux estimates based on gcographically
limited concenatration data scts (Ngayen et al, 1984;
Bingemer, 1984; Clinc and Batcs, 1983).

To wverify thesc estimates, it is important to
find indcpendent checks on the flux of DMS
from the occans. DMS concentrations of 100 to
300 pptv (2.8 x 1071 10 84 x 10-1° kg DMS
m~* STP) arc consistently found from a number
of measurcments in remote marine atmosphcres
(Andreae and Racmdonck, 1983; Andrcac ct al., 1985).
These concentrations are consistent with the measured
reaction ratc of DMS with OH and a sca-to-air flux
of the same magnitude as estimated above (Gracdcl,
1979; Chatficld and Crutzen, 1984).

Ccncentrations of one to a few x 10-° kg S(COS)
m~3 of COS are found in surface scawatcr {Rasmusscn
et al., 1982; Ferck and Andreae, 1984; Turner and Liss,
1985). Since observed concentrations arc almost always
higher than the cquilibrium concentration relative to
the overlying atmosphere, a nct sca-to-air flux exists
esscntially across the entire occan surfacec.  Using
samples collected without considering the diurnal cycle
and only scparated into coastal and open-occan valucs,
Rasmusscn ct al. (1982) cstimate a global COS flux
from the occans of 0.3 Tg S yr~!. Bascd largely
on coastal data and intcrpolation from an obscrved
rclationship of DMS and COS. Ferck and Andreac

(1984) estimatc a global flux of 0.5 Tg S yr~'.

Carbon disulfide in scawater was first found
by Lovclock (1974), who mcasurcd an averagc
concentration of 4.4 x 10-1° kg S(CS;) m~3 in 35
samples taken from the open Atlantic. Inshore valucs
were about an order of magnitude higher. Rccent
measurcments by Kim and Andrcac (1987) have been
used to estimate an occanic CS; flux of 0.2 Tg S yr‘l,
which is small rclative to the oceanic DMS flux.

Although H;S, CH3SH, and DMDS have occasion-
ally been reported, their concentrations appear to be
insignificant rclative te other occanic sulfur cmissions.
A recent report of sullur-containing amino acids in
the marine boundary layer (Mopper and Zika, 1987)
indicatcs that they and their atmosphceric oxidation
products could be another significant source of suifur
over the occans.
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Table 1.9

DMS Concenirations and Fluxcs for the World Occans

Biogeographic Area Mean Conc. Total Flux

Region (10° km?) (kg DMS m~3) x 108 (TgS yrY)

Oligotrophic (tropical/

low productivity) 148 15 6-19

Temperate 83 13 3-10

Upwelling (coastal

and equatorial) 86 30 6-22

Coastal/shelf 49 17 3-6
Mean: 19 Total: 19-54

Summary of Natural Sulfur Emissions

The fluxcs of the sulfur compounds SO,, H,S,
COS, DMS, CS,, and sulfate are summarized in Table
1.16. Large uncertaintics obviously cxist in both the
chemical spcciation and the magnitude of these fluxes.
Although the estimated sea salt acrosol flux introduccs
a very large uncertainty into the total estimate, even
after removing this componcent the range of estimates
for the gascous flux is still 38 to 89 Tg S yr-1.

Clearly, better cstimatcs of sulfur fluxes are
nceded to reduce this uncertainty. The flux cstimates
arc most scnsitive 1o inaccuracics in the major
constituents.  Thercfore, SO, SO4 particulates
and acrosols, DMS, and H,S arc given the highes:
priority as spceics for which precisc and accurate flux
mcasurcments arc nceded. Table 1.10 also indicatcs
the most critical study rcgions for flux mcasurements.

Deposition of Sulfur Species

Reduccd sulfur spccics arc oxidized in the
atmosphcre to SO, and particulatc SO;”.  The
atmosphcric sulfur cycle is completed by thc wet and
dry removal of SO, and SO;. On continental scalcs,
the ratio of dry to wet dcposmon of sulfur appcars to

T T Y

be of the order of unity (Shannon, 1981; Galloway ct
al,, 1984).

Dry deposition of SO, and particulate SOy has
been studied extensively in the industrialized counmcs
because of concern over acid deposition (e.g., Hicks ct
al,, 1987). The dcposition of SO, on various surfaccs
has becn obscrved to be moderately rapid, with
deposition velocitics of 0.3 to 0.6 cm s~! in summer. In
winter, the deposition velocity is significantly smallcr.
The dcposition of particles larger than abont 2 um
is controllcd by gravitational scttling. These particles
tend to be deposited locally, while smaller particles
can be transportcd over long dictances. The average
deposition velocity for SO, particles is about 0.1 to

0.5 cm s=! in summer and about half that in winter.

Uptake of COS by various plant spccics has been
observed by Taylor ct al. (1983), Kluczewski ct al.
(1983, 1985), and Goldan ct al. (1988). They show that
the surfuce resistance of COS is similar to that of CO,
under various conditions of controlicd illumination,
temperature, and CO, concentration. This similarity
provides a means for cslxmdtmg 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 ct al., 1988).
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Table 1.10
Estimatcs of Natural Sulfur Emissions (in Tg S yr—!)

SO, H;S COoSs DMS CS, Sulfate Other Total
Sea spray 38.00-320 38.0-320
Dust 3.00-32 3.0-32
Total Particulaies 1.42-352 42.0-352
Volcanoes 74-93 1.0 0.010 — 0.010 <3 ? 10.0-13
Soils and plants — 3.0-10 0.2-06 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 — ? ? ? > 2.6
Oceans (gases) — 1.66.4 0.4 19.0-51 0.3 — ? 35.0-58
Total Gases 10.0-13 6.0-19 1.0-1.3 19.0-54 1.0-13 <3 1.0 38.0-89

Carbon Group

The global aimospheric carbon budget is domi-
nated by CO,, and this aspect of the carbon cycle
has been studicd intensively for many years (Bolin
ct al, 1979; Bolin, 1981; Trabalka and Reichlc,
1986). Nevcrthcless, it is sobering to realize that
cven after considerable effort it is still not possible
to adequatcly reconcile thc mcasurcd distribution of
CO, in the atmosphere with the surface exchange that
constitutes the major sources and sinks of this gas
(scc Tans et al., 1989). Nor is it possible to account
satisfactorily for the strong, asymmctric meridional

gradient of 'O in atmospheric CO, (Francey and
Tans, 1987). While CO, may dominate thc carbon
budget, it is clear that fluxcs of other, much Icss
abundant carbon spccies play kcy roles both in the
carbon cycle itsclf and in the broad chemistry of
the troposphcre. For cxample, carbon monoxide
(CO) is prcsent in the tropospherc at an average
concentration of about 0.03% of that of CO,, but the
quantity of CO, formed each ycar by the oxidation
of CO by OH is significant when compared to the
quantity of CO, rcleascd dircetly into the atmosphere
by thc burning of fossil fucls. Naturally occurring
nonmethane hydrocarbons (NMHC) are present at
concentrations almost iwo orders of magnitude lower
than thosc commonly obscrved for CO, but thcy
significantly affect the formation of tropospheric ozone
in both rural (Traincr ct al., 1987) and urban locations
(Chameides et al., 1988). During the atmospheric
oxidation of methane (CH4) and NMHC to CO and
CO2, much of thc carbon flux passcs through the

spccies formaldehyde, but its conccntration in the
troposphcre is typically Icss than one part per billion by
volume (Dawson and Farmer, 1988). Another organic
specics that influcnces the formation of oxidants in the
atmosphere is acetonc, since it acts as a precursor of
pcroxyacctylnitrate (PAN), which may then act as a
source of rcactive nitrogen in the remote troposnhere
(Arnold ct al., 1980).

The following scctions, together with Table 1.11,
provide a summary of what is currently known about
the surface cxchange of the key carbon specics.

Carbon Dioxide

Carbon dioxide does not play a dircct role in
the chemistry of the troposphere.  Nevertheless, the
warming of the carth’s surfacc and troposphere, as
wcll as the cooling of the stratosphere above 20 km,
that are likely to result from continuing increascs in
global CO; concentration will have consequences for
the abundanccs of many chemically active trace gascs
in the atmosphere. Over the occans and vegetated
land surfaces, there can be significant fluxcs of CO,
both to and from the atmosphcre. The flux of
CO; from a varicty of crops and forcsted regions
has been mcasurcd for many ycars, using a varicty
of tcchniques. Seme of these techniques, such as
the dynamic or static chamber techniques, have been
shown to have dcficiencies (e.g., Baldocchi ct al., 1986).
Over agricultural surfaces, CO; flux has been measurced
by using a stability-corrected acrodynamic formulation
(Verma and Roscnberg, 1976 and 1981). The cddy-
corrclation tcchnique has been used to measure both
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the CO» emission from the floor of a dcciduous forest
(Baldocchi ct al.,, 1986), and thc CO; flux above the
forest canopy (Verma ct al, 1986). Eddy-correlation
mcasurcments of CO» flux from an aircraft have
been reported by Desjardins et al. (1982 and 1989).
Micrometcorological techniques have also been uscd
to measure CO, flux over coastal occan sitcs (Smith
and Jones, 1985; Wescly et al., 1982a), but the valucs
were significantly larger than those found by isotopic
techniques (Broecker et al, 1986). The discrepancy
has been discussed by Wescly (1986) and Smith and
Jones (1986). Measurcments of CO; concentrations in
conjunction with other tracc gascs has somctimes been
the basis for making estimates of the fluxes of these
trace gascs, as in the casc of biomass burning (Crutzen
et al, 1979; Sciler and Crutzen, 1980; Crutzen et al,
1985).

Methane

Fluxes of methanc to the atmosphere have been
measured or estimatcd from many known source types:
wetlands (Svensson and Rosswall, 1984, Harriss and
Sebacher, 1981; Scbacher ct al., 1986), rice paddics
(Ciccrone and Shetter, 1981; Ciccrone et al, 1983;
Holzapfcl-Pschorn and Seiler, 1980), animals (Crutzcn
ct al, 1986), municipal solid wastc (Bingemer and
Crutzen, 1987), termites (Zimmerman et al., 1982;
Sciler et al, 1984; Fraser et al, 1986b), biomass
burning (Greenberg et al, 1984; Crutzen et al,
1985), and fossil fucl utilization (Ehhalt and Schmidt,
1978; Crutzen, 1987). Virtually all of the direct flux
measurements have relicd upon some variation of
the enclosurc tcchnique. A notable fcature of the
results for wetland cnvironments is the large range
(approximatcly two orders of magnitude) of mcasurced
fluxcs. For a varicty of wetland sitcs in Alaska,
Scbacher ct al. (1986) found that thc mcthanc fluxcs
were significantly related to the water depth at cach
sitc. Largc variations in mcthanc fluxes have also
been observed for termites, where the flux is strongly
dependent upon the specics of termite (c.g., Frascr ct
al., 1986b). In some cascs fluxes of methane from
the atmosphere into the soil have been measured
(Kcller et al., 1983; Sciler ct al., 1984). More rceently,
fluxes of methane were measurcd with eddy-corrclation
techniques during the ABLE-3A expcriment held in
the Alaskan Arctic during July-August 1988. A fast-
responsc methanc scnsor bascd upon the use of a
hclium-ncon gas laser (Kolb ct al., 1986) was used for
flux mcasurcments from an instrumented o cr, while
another fast-rcsponse scnsor using a tunable diode
lascr (Sachsc ct al., 1987a,b) was uscd on board the
NASA Electra to measure fluxcs over large expanscs
of tundra.

In many cascs the methanc fluxcs have an intrinsic
intcrest, but usually the fluxes are cxtrapolated to
the regional or global scale for the purpose of
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compiling global inventorics of the sources and sinks of
atmospheric methane. Over the past decade there have
been several atiempts to understand the global budget
of mcthanc in this way (Ehhalt and Schmidt, 1978;
Sheppard et al, 1982; Khalil and Rasmussen, 1983;
Scilcr, 1984; Blake, 1984; Crutzen, 1987; Bingemer and
Crutzen, 1987; Cicerone and Oremland, 1988). Given
the very large uncertaintics involved in extrapolating
to the global scale from fluxcs mcasurcd over arcas of
perhaps a few squarc mcters, it is not surprising that
there remain significant disagrcements over the relative
importance of various global sourccs of methane.

Carbon Monoxide

The global atmospheric budget of carbon monox-
ide, and its associated uncertaintics, have bcen
thoroughly discusscd (Logan et al, 1981, WMO,
1986; Sciler and Conrad, 1987; Warncck, 1988). As
much as 40% of the global source is attributed to
anthropogenic activitics, such as the burning of fossil
fucls, agricuitural burning, and the clearing of forests.
Onc important featurc of the CO budget is that
at lcast 50% of the sources do not involve suiface
cxchange of CO itsclf. 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 occurs in tropical
rcgions (Sachsc ct al., 1988; Andreae ct al.,, 1988b).

Many of the terms in the global CO budget arc not
based upon dircet measurcment of CO fluxes. In fact,
much of the information we have about the CO budget
has been inferred from considerations of gas-phasc
chemistry (Logan ct al., 1981), thc mcasurcment of
CO cmission factors from various types of combustion
(Logan ct al., 1981; Crutzcn ct al., 1985b; Greenberg ct
al,, 1984; Andrcac ct al., 1988b), and cstimatcs of the
production and rclcasc of nonmcthane hydrocarbons
(Zimmerman ct al, 1988). Since the tropics arc
thought to be such an important rcgion for CO
production, dircct mcasurement of CO fluxcs over
large arcas of the tropics would be very desirable. The
first sct of such measurements was made during the
ABLE-2B flights over the Amazon Basin during the
wet season (April-May) of 1987 using airborne cddy-
corrclation techniques.

The dominant sink mcchanism for CO is oxidation
to CO, by the hydroxyl radic ' iccounting for about
90% of the total. The remaindc. is *hought to be lost
by uptake in soils.

Nonmethane Hydrocarbons

It is now clcar that the global flux of carbon
into the atmosphcerc as nonmethane hydrocarbons
(NMHCs) greatly exceeds the flux of carbon as CHy.
This flux is dominatcd by the relcasc of biogenic
NMHCs from vegetation, principally trees. The most
important of these biogenic NMHCs arc isoprene
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(CsHg) and the monoterpenes (CioHye) such as a-
pincne. In some tree specics, such as pincs and firs,
the primary NMHCs cmitted arc the monoterpencs,
while in other spccics (c.g., oaks and aspens) the
primary NMHC product i< isoprenc. Somc spccics,
such as sprucc and cucalyptus, produce both isoprcne
and monotcrpenes (Rasmussen, 1981). Zimmerman
ct al. (1988) estimatcd that in thc Amazon forest,
isoprene accounted for approximately 20% of the
gas-phasc carbon of the NMHCs and that isoprcne
emissions were cquivalent to approximatcly 2% of the
nct primary productivity of the forest (thc nct amount
of carbon fixcd during photosynthesis). The global
annual release of isoprenc from vegetation has been
cstimatcd as 450 Tg, with almost half of this total
coming from tropical forests (Rasmussen and Khalil,
1988).

There have been relatively few  attempts o
measure fluxes of NMHCs into the atmosphere from
the world’s occans. Thc availablc mcasurcments
indicatc that the fluxes are small rclative to those scen
from land vegetation. Bonsang ct al.  (1988) have
estimatcd an annual global releasc from the occans to
the atmosphere of 5.2 Tg (as carbon) of the C; to Cs
alkancs and alkencs.

The total annual cmission 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, thesc
authors cstimate the anthropogenic NMHCs relcased
from the US. in 1983 as 18 Tg. Thcre is a strong
scasonal and regional dependence of the biogenic
cmissions, with over half of the U.S. total occurring
in the three summer months and approximatcly hall
the US. total coming from the southcastern and
southwestern regions of the country (Lamb et al,
1987a). The total anthropogenic NMHC cmissions in
the U.S. arc lower than the biogenic cmissions; the
anthropogenic relcases occur principally from urban
and industrial locations, which account for about 3%
of the total land arca, correspoading to arcal fluxcs
about 20 times larger than those for biogenic source
regions (Lamb ct al,, 1987a).

A varicty of methods has been used to measure
dircetly the  fluxes of biogenic NMHCs.  Some
data arc from mcasurcments on live plants in a
laboratory cnvironment (Tingey, 1981), but most
reported fluxes are from measurements madc in the
..cld. The laboratory mecasurements showed that higher
temperatures incrcase the release of both isoprenc and
monoterpenes. Isoprenc emissions occur only during
daylight, with an incrcasing cmission ratc as the light
intensity is incrcased. Monoterpene emissions do not
vary with light intcnsity (Tingey, 1981). Ficld mcthods
which havc bcen used arc an enclosure tcchnique
(Zimmerman, 197%9a and b), a micrometcorological
approach (Knocrr and Mowry, 1981, Lamb ct al,,
1985), and an atmospheric tracer technique (Lamb et
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al., 1986). The three methods give good agreement in
mecasuring isoprenc emission rates (Lamb ct al., 1986).

The principal sink for atmospheric NMIICs is
oxidation by the hydroxyl radical. Oxidation by spccics
such as ozone and by the gascous nitrate radical (NO3)
during the night docs occur but constitutcs a smaller
sink (Winer ct al, 1984). The rcaction bctween
isoprenc and the hydroxyl radical is so rapid that during
the daytime in thc mixed layer over a tropical forest,
isoprene controls the concentration of hydroxyl radicals
(Jacob and Wofsy, 1988). Such oxidation of NMHGCs
lcads to the formation of a varicty of oxygenated
substances such as aldchydes, organic acids, ketoncs,
and organic nitratcs (Lloyd ct al., 1983; Kamcns «t al,,
1982), which may undergo further rapid rcactions 1o
cventually produce carbon monoxide. Such oxidation
of isoprene and other NMHCs over tropical forests
has bcen observed to cause significant incrcases in the
CO Icvels in the boundary layer (Gregory et al., 1986;
Zimmerman ct al., 1988). Oxidation of NMHCs can
also lead to the formation of particulatc mattcr.

Dircct deposition of NMHCs to the surface may
also occur, but it probably provides a rclatively small
sink comparcd to oxidation. The effectivencss of wet
dcposition for any particular specics would dcpend
upon its solubility in water as well as the pH of the
precipitation droplets.

Organics

The species included in this catcgory arc thosc
carbon-containing compounds (both vapor phase and
particulatc) other than CHy, CO, thc NMHGCs, and
the entircly man-made chlorofluorocarbons. Relatively
little is known about this class of compounds in the
atmosphere. For an extensive survey of the litcrature
on the subject, the reader is referred to Duce et al.
(1983). In this scction we will concentratc on those
arcas where there have been recent advances in our
understanding.

Formic acid and acctic acid arc known to
contribute to the acidity of precipitation, particularly in
arcas remote from significant anthropogenic influcnces
(Keenc and Galloway, 1988). Rccent mcasurcments
by scveral investigators have greatly improvcd our
understanding of the sources of these acids.  Vapor
phasc concentrations of these acids typically range
from lcss than 1 ppb to a few ppb (Dawson et al,
1980; Talbot ct al., 1988, Andrcac ct al., 1988a). It
is known that both acids arc emittcd from burning
biomass and from motor vchicle cxhausts (Talbot ct
al., 1988). Formic acid is produccd by the oxidation
of isoprene, while acctic acid is not (Jacob and Wolsy,
1988). It is likcly that both acids arc also emitted
dircctly from vegetation (Gracdcl et al., 1986). Over
the Amazon Basin, Andrcac ct al. (1988a) showed that
over 98% of the total formic acid and over 99% of the
total acctic acid arc present in the gas phasc, with
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very small amounts present as acrosol. They found
the highest concentrations of acrosol formate and
acctate in haze layers associated with biomass burning.
At a site in eastern Virginia, Talbot ct al. (1988)
also found both organic acids almost completely (>
98%) in the gas phase, and that there were significant
scasonal variations in the acid conccntrations. The
current knowledge of formic and acctic acids in the
troposphere has recently been revicwed by Keene and
Galloway (1988).

Research Needs

Based on the above discussion, we list in Tablcs
1.11, 1.12, and 1.13 the important nitrogen and ozone,

o

sulfur, and hydrocarbon group spccies for which surface
cxchange nceds to be studicd. For each of the three
groups the species arc ranked into two prioritics—
highest priority species and other key specics.  The
critical regions for study are listed for each spccics.
Although not specified, it is obvious that measurcments
of temporal variations of the fluxes are csscntial,
cspecially when surface exchange is related to biogenic
processcs.

Typical mixing ratio ranges in each rcgion are
listcd as a guide for the requircd instrumental
sensitivity and dynamic rangcs. Also included arc the
expected ranges of surface flux or surface deposition
velocity. In certain cascs, surface resistance instcad of
deposition velocity is listed.
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2 FLUX MEASUREMENT TECHNIQUES

M. L. Wescly, D. H. Lenschow, and O. T. Denmead

Scveral techniques  have been  developed  to
mcasure the rates of exchange of chemical specics
between the atmosphere and the surface.  Principal
among thesc arc the acrodynamic mcthods, which
quantify fluxes in air from tower and aircraft platforms,
and nonacrodynamic mcthods, which usually involve a
mass balancc at or very near the surface. Each method
has its advantages and disadvantagcs, as will be evident
in the discussions that follow. Nonc of the approaches
is ncw; many represent extensions, modifications,
or improvements of mcthods initially devcloped for
cstimating the fluxcs of heat, momentum, and moisture
important in mcteorology and agriculture. To set the
background for thc detailed examination of modern
applications of these mcthods to the surface exchange
of chemical species, a bricl historical review s
appropriate.

Dircct measurcmenis of surface fluxes were
apparently first attempted in order to  cstimate
cvaporation rates by using buckets and paus containing
carcfully monitorcd amounts of water exposed to
ambicnt conditions ncar the surface.  To this day,
cvaporation pans arc standard in many meteorological
obscrvation systems. It is recognized, however, that
these devices rarcly, if cver, measure the evaporation
rate characteristic of the surface in the vicinity of
the pan and certainly do not mcasure characteristic
cvaporation when the surrounding surface is not wet.
The term “potential evaporation™ is used to describe
the results « tained from a pan or from a thoroughly
wetted surface. An important step toward measuring
actual cvaporation was takea 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 surfacc. Initial development took place in
the 1930s (Hatficld, 1988). Weighing lysimetcrs now
provide a standard of evaporation measurement in the
agricultural scicntific community.

Pans and lysimecters used for studics of the
surface exchange of water have obvious counterparts in
studics of tracc gas and particle exchange: static and
flow-through chambers used for measuring trace gas
cxhalation and surrogate surfaces used to investigate
particle dcposition.  Despite the long  history  of
development, it is clear that no technique that
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nterferes with the processes that influence surface
exchange can yicld accuratc measurcments of the
exchange from similar surfaces that arc unaffected.
For example, surrogatc-surfacc mcasurcments of
deposition cannot casily be extended to ncarby natural
surfaces. Iikewise, chamber techniques can distort the
clfcets of atmospheric turbulence on exchange and
the environmental conditions important in biological
processes that affect exchange.

Acrodynamic ncthods for mcasuring cxchange
rates of tracc chemical species are also founded on
a long history of mctcorological rescarch. In gencral,
modcrn mcthods rely on the measurcment of cither
vertical gradicnts of time-averaged concentrations or
on turbulent fluctuations of concentration. Gradient
mcthods began with studies of wind ncar the surface
and date back morc than 70 ycars; Hellman (1915)
and Johnson (1929) provide some carly cxamples.
Studics of ncar-surface atmospheric  profiles were
soon cxtended to temperature (c.g., Best, 1933).
Eddy corrclation, which involves sensing of terbulent
fluctuations, was cxplored in the samc period by
workers such as Scrasc (1930) but did not come to the
forcfront until electronic data-processing technirues
became readily available in the 1960s.

The first cddy-corrclation flux  mcasurcments
from aircraft sccm to be those reported by Bunker
(1955). He estimated vertical air velocity by mecasuring
vertical aircraft acceleration and horizontal air-oeed
fluctuations in  conjunction with the acrodynamic
characicristics of the airplane.  Vertical wvelocity
and airspeed fluctuations were used 1o compute an
estimatc of momentum flux, and sensible heat flux
was measurcd by combining the output of a fine wire
thermomceter with the vertical velocity fluctuations.
These carly measurements, although somewhat crude
by today’s standards, cstablishcd the uscfulness of
aircraft as platforms for turbulent flux mcasurcments.

For the acrodynamic mcthods, it is not always
clear that the flux measured in the air is the same
as that at the surfacc. Rapid temporal changes
in concentrations, large spatial inhomogencitics, fast
chemical reactions, and a shallow boundary layer
rclative to the measurement height can all cause
significant flux changes with height (i.c., flux divergence
or convergencee). As a result, it is usually necessary to
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estimate or measure the spatial and temporal trends in
local concentrations and wind ficld, the characteristic
times of chemical reactions relative to vertical turbulent
mixing, and the temporal and spatial variability of
boundary-layer height.

It 1s often best to use more than one method to
measure {luxes, to provide independent evaluations and
to asscss crrors caused by some of problems mentioned
above.  The dollowing three scctions discuss some
of the more promising methods now available, using
towers, airplancs, and cnclosurcs. Tower and aircraft
techniques are  discussed  separately, because  they
tend o provide complementary spatial and temporal
coverage and their technological requiremerts are
somewhat different.

Tower-Based Flux Measurement
Systems

Towcer-based instrumentation systcms for measur-
ing air-surface exchange arc well proven, conwenicnt,
and cconomical.  Mcasurcments at several mcters
above the surface can be used to quantify the average
vertical exchange over several hundred square metes,
along a path cxtending several hundred meters upwind
and with a cross-wind breadth that incrcases with
distance from the sampling {ower. This “footprint™
is not defined precisely, causing some difficulty when
attempting to cvaluate the air-surface exchange above
a particular type of surface that borders other types
ncarby. The mcasured cxchange rate incorporates
fluxes to and from individual plants, surfaces bencath
plant caropics, and individual portions of the surface
such as fcavwes in a canopy. In summary, the samnpling
performed by tower-based flux measuring systems is
representative of bulk surface properties over an arca
that depends on the height of the measurements.

Muny tower-based methods of measuring  the
air-surface exchange of trace substances have been
reviewed inrecent publicatic - concerned with dry
deposition and surface cnergy balance  (Kancmasu
et al, 1979, Businger, 1986; Hicks, 1986; Hicks ct
al, 1980b).  Much of the discussion here is based
on the more detaled descriptions available in these
publications and the references cited in them.

Traditional micrometeorological approaches are
frequently used 10 measure air-surface exchange of
trace chemucals.  The methods addressed here fall
most clearly into the category of micrometeorological
techmques: eddy correlation, use of vertical gradients
or proliles, and calculations of fluxes from vanances
of turbulent fluctuations. In some specific sitvations,
however, alternatives may be required.  Small-scale
mass  balances may be computed by integration
of wvertical profiles in horizontally  homogencous
conditions, when vertical mixing s weak and the height
of the upper boundary of the mechanically mixed
laycr in contact with the surface (the *hid™ on vertical
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mixing) can be accurately estimated. Extremecly stable
atmospheric conditions or densc vegetative canopics
can provide the opportunity for such mass balance
studics.  Carcfully designed dual tracer methods
provide another alternative.  The sampling strategics
must be preciscly taillored to the physical conditions
of the experiment.  Similarly, special tracers can be
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cmployed.  For example, Rn or “*Rn can, in
special circumstances, provide information on exchange
cocllicients for nonreactive gases.  Finally, numecrical
dilfusion modcls can be uscd to obtain cstimates
of air-surfacc cxchange with rather simple sampling
stratcgics, if a small, isolated arca of uniform ecmissions
or uptake is well defined.

Inferential methods of surface cexchange arc
designed  to obtain operational  cstimates of  dry
deposition for which standard micrometcorological
mcthods may be too dillicult or too expensive to apply
routincly. Infercntial approaches arc not considercd
here because they arc not sufliciently dircct; they
are, in fact, based on paramectcrization experiments
that employ more direct approaches.  Surrogate
surfaccs may somctimes be appropriate for routine
measurement of drv deposition but are not considered
here because they do not measure fluxes that arc
dirccted upward.

Several  requirements  for  micrometcorological
measurements of vertical fluxes should be kept in mind.
Substantial atmospheric nonstationary or horizontal
advection should be avoided, or the cffects should be
taken into account by appropriate measui.ments and
calculations. Flux divergences resulting from changes
in thc mean concentrations, cntrainment through
the top of the PBL, or mesoscale divergenee may
have to be cvaluated, or at lcast detected, so that
crrors in micrometeorological flux cstimates can be
identificd.  For substances that undergo very rapid
chemical reactions in air, measurements must be taken
sufficicntly close to the surface that the resulting
changes of fluv with height are small, if the intent
is to evaluate cxchange rates at the surface.  This
problem has ariscn for measurement of fluxes of O,
NO, and NO; and may be most casily addressed by use
of both flux and profilc measurcments combined with
modeling of chemical reactions.  For meny purposcs,
the complications of the chemistry can be avoided by
mcasuring NO,, which is a conscrved paramcter with
respect to ozone oxidation and fast photochemistry.

Mcasurcment of fluxes over nonuniform terrain
requires especially carcful analysis. In eddy corrclation
over sloping terrain, the proper distinction must be
madce between cross-strecamline  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 nonuriform
surfaces may be different from those over uniform
surfaces.
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In all cascs, it is essential that sensors not respond
significantly to chemical species other  than  those
intended. However, even if coneentrations arc perfectly
measured, traditional micrometcorological technigues
will probably not yicld uscful cstimates of vertical fluxcs
if the ratio of flux to mean concentration F,/C has a
magnitude less than about 0.01 cm s~

Fluxes of chemical species at the surface should
be measured concurrently with fluxes of momentum,
and scnsible and latent heat, in order to cvaluate
gas-phasc physical resistances to vertical transport and
thus 10 allow computation of surface resistances or
conductances. Knowledge of sensible and latent heat
fluxes also permits computation of the corrections
necessary to0 measurc concentration in air in other
than mixing-ratio units (scc Webb ct al., 1980). Thesc
corrections arise because temperature and humidity
fluctuations associated with sensible and latent heat
fluxes influcnce the volumetric concentrations of ali
trace specics in the air and hence cause the appearance
of an exchange that is not associated with chemical
exchange at the surface itsclf. This induced flux can
contribute significantly to the species fluxes in a CBL
if (1) concentration is mcasurcd in units other than
mixing ratio with respect to dry air, (2) [F.|/C < 1.0
cm s~1, and (3) the latent and scensible heat fluxes are
typical of a daytime contincntal boundary laycr.

For interpretation of surface resistances to be
uscful in developing paramcicrizations for usc in
modecls, the surface should be fully documented. For
cxample, it may be nccessary to identify soil type,
to mcasure soil moisture, to identify plant specics
in surface vegetation, and to determine biophysical
parameters such as leaf arca index—-preferably as a
function of hcight.

Eddy Cerrelation

Eddy corrclation is a well-cstablished techuique
that has the primary advantage of measuring turbulent
dilfusive fluxes dircctly across a ncar-horizontal plane
above the surfacc. It requires a rigid platform
uncacumbered by signilicant acrodynamic obstacles.
The fluxes arc computed as covariances of the
fluctrations of vertical wind velocity with fluctuations
of concentration or mixing ratio at the same point and
time (c.g., Brutsacrt, 1982).

Pcrhaps the most diilicult requirement in using
cddy-correlation methods to measure fluxes of trace
suostances 1S the nced for fast-response  sensors.
For cxample, suitable scnsors have yct to be fully
developed for nonmethane  hydrocarbons, organic
sulfur compounds, N;O, NH;, and many other
specics. Substances for which fast-response sensors arc
currently available include Oy, CO, SO;, CHy, sulfate
particles, NO, NO;, and CO,, in addition to wind
components, tcmperature, and water vapor.  Some
recent technological advancements that offer promise
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for other species are discussed in Chapter 3. Figurces
2.1 and 2.2 show examples of recent results for fluxes
of momentum, heat, water vapor. Os, and SO;. As is
often the case, these fluxes were mcasured at heighis
of 5 to 15 m and over time intcrvals of 30 minutcs. We
sce that there is a typical variability of 10% to 20% in
flux estimates from half-hour to half-hour for sensors
not significantly aflected by noisc. (The SO; scnsor
uscd for the fluxcs in Figure 2.2 is noisy.)
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Figure 2.1. Friction velocitics u, and heat fluxes measured
by cddy correlation (solid symbols) and by the normalized
standard deviation method (open symbols) 12 m above a
tall grass prairic in Kansas during June (287,
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Figure 22. Ozone and sulfur dioxide fluxes normalized
by meen concentrations above short grass, based on
tower measurements made in the Federal Republic of
Germany during late winter.  The solid uncs represent
¢ddy correlation, and the other lines are applications of
the normalized standard deviation technique, in which
the standard deviations of the concentration fluctuations
are extracted from noisy signals via calculations involving
corariances with humidity and temperature fluctuations.
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Table 2.1
characteristics necded for various levels of accuracy in
flux estimates. Often the most demanding requircment
is for fast responsc. Tigure 2.3 shows the cflects of
a time constant (based here on a critically damped,
first-order response) on the accuracy of cddy flux
estimates, in a manner similar to that used rcariy

summarizes somce o1 the scnsor

30 years ago by Pricsticy (1959). The curves are
calculated using the procedures described by Wescly
(1"83); we assume a perfectly responding vertical wind
sansor colocated with a chemical scnsor. If, as a rough
approximation, we assume that the ratio of horizontal

wind spced U to height z is 1 m s~! per meter, then
the time constant ¢, should be < 0.15 s in order to
cnsure an accuracy of 10% or better. (A sensor with
t. = 0.1 s will mecasurec 72% of the variance of the
input signal, and its phasc will be shifted by 32° at
1 Hz.) Allernatively, the calculation used to generate
the curves in Figure 2.3 can be used to correct the
measurcd flux duc to the sensor time constant. This
procedure becomes increasingly unreliable, however,
when attenuation becomes more than about 30%.
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Figure 2.3. The calculated amount of chemical flux found
by cddy correlation, in which the chemical scnsor has a first-
order response time constant of ¢t. and delay time of At,
and otherwise ideal characteristics.

Table 2.1

Estimates of Some Scnsor Requirements to Achicve Spccificd Levels
Of Accuracy in Eddy-Corrclation Fiux Estimates from Towcrs*

Frequency Response : Delay Separation
Maximum Minimum Time Distance
te f (3dB) At d
(s) (Hz) (s)
10% accuracy 0.1az/U 1.1U/z 0.1z/U 0.2z
30% accuracy 0.6z/U 0.3U/z 0.4z/U 0.5z

*Neutral atmospheric stability is assumed and height z is between 1 and

50 meters.

A dclay time At, such as might be associated
with ducting the air samplc from an intake to a
sensing chamber, and a scparation d between the
species sensor and the vertical velocity scnsor can
causc significant flux undcrestimates.  The eflects
of a dclay time can bc counteracted by shiflting
onc time scrics with respect to the other in the
analysis procedures. The cffects of scnsor scparation
can be minimized by mounting scnsors as closcly
as possible, but this requircs that the scnsors be
small; othciwisc acrodynamic flow distortion can
result.  Small, acrodynamically strcamlincd scnsors
also have the advantage of reducing the cffects of flow
distortion on the measurced flux (Wyngaard and Zhang,
1985, Wyngaard, 1988b). To a first approximation,
calculations indicatc that the flux attenuation for

o i

ccrtain valucs of AtU/z arc cquivalent to that obtained
for the same values of t U/ z. This ncar cquivalence of
dclay times to time constants can be discerned from the
curves shown in Figure 2.3. Ficld tests and calculations
indicate that the attenuation associated with valucs of
d/z multiplicd by numerical coeflicicnts ranging from
0.5 to 1.0 is about the same as corrcsponding vaiucs >f
t.U/z, when the wind direction is perpendicular to a
line connecting the vertical wind and chemical sensors.

Table 2.2 gives cxamples of the cflects of
poor scnsor signal-to-noise ratios on hall-hour cddy-
corrclation cstimates of vertical flux. The noise is
assumed to be nonatmosphcric and not corrclatcd with
fluctuations oi vertical wind velocity. Lenschow and
Kristensen (1985), and Wescly and Hart (1985) have
studicd the eflects of uncorrelated noisc on covariance
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cstimatces. The estimates of added run-to-run
variability in Tablc 2.2 are bascd on the equations
of Wesely and Hart (1985), in which the value of the
numerical cocflicicnt f* = 2.0 is assumed for sensors
contaminated with band-limited white noise and f* =
0.2 for noisc cntering thie signals at lower frequencies;
the computed normalized standard deviations shown in
Table 2.2 are prope:tional to f*~1/2, These evaluations
of prceision arc conscrvative, because the assumed
values of f* are smaller than those often obtained
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in ficld cxperiments.  Ficld expericnce has shown
that standard deviations representing the zun-to-run
variability of cddy fluxes mcasured from towers with
low-noise scnsors over periods of 30 minutes typically
correspond to about 15% of F,/C. Ience, to calculale
overall precision of mcasured actual cddy fluxcs, the
estimatcs shown in Table 2.2 should be vector summed
with about 0.15F, /C. Such measures of variability are
inverscly proportional to the square root of the total
length of sampling time.

Table 2.2

Estimates of increased Variability of 30-Minute Averages
Of Eddy Fluxc: from a Noisy Chcmical Sensor®

Type of Noise

Mean Signal-to-Noise Ratio

300 100 30 10 3 1
Band-limited white noise <0.01 0.01 0.02 0.08 0.25 0.82
Peaked near frequencies
of flux-carrying eddies 001 0.03 08 0.25 075 2.6

*The estimates are express as the standard deviation of vertical flux
divided by mean concentration at a height near 5 m, in units of cm s~ 1.
This assumes a moderate wind speed (U ~ 3.5 m s~!) with neutral
etmospheric stability over a moderately rough surface, 40 cm s~! for
the standard deviation of vertical wind fluctuations (0w)-

Eddy Accumulation

Eddy accumulation is a variant of cddy corrclation
that docs nut require fast-response chemical sensors
(Desjardins, 1972; Spcer ct al, 1985). Instcad, air
is pumped into cither of two traps for accumulating
mass (or volume), depending on whether the local
vertical wind velocity is positive or ncgative, at a rate
proportiona! to its magnitude. Then the flux can
be computed as the difference in mass, numerically
weighted by the factor relating vertical wind speed
o pumpiny ratc. Also, it is usually nccessary to
determine any residual mcan vertical velocity that is
produced by the wind scnsor, even after appropriate
high-pass filtcring of its signal, and to add its product
with mean concentration to the computed cddy flux
in order to obtain the best estimate of vertical flux.
A fast-response wind scnsor is nccded, just as in
conventional eddy corrclation. Mcasurement periods
can be fairly short, say 30 minutcs, as in other micro-
meteorological tcchniques, but eddy accumulation can
also be applicd continuously over much longer time
periods in order to accumulatc amounts suflicicntly
large for precisc chemical analysis (provided that such
cxtended sampling is not prohibited by considcrations
of stationarity, as discusscd above). A variation of

cddy accumulation that uscs clectronic memory bins
rather than volume or mass accumulation is described
by Desjardins (1977) and Desjardins ct al. (1984).
Hicks and McMillen (1984) rcview many of the
rcquirements for cddy accumulation, including that for
extremcly precise control over the pumping of sample
air through the two collection systems. They find that
the amounts of the collected chernical substances ol
interest should be measured with a relative accuracy
of +0.4% in ordcr to achicve an accuracy in F,/C

of £0.1 cm s=!.  Although systcms currently under
development have shown marked improvement, further
technological refinement is nceessary in order to
achicve accuracics comparable to thosc obtaincd with
morc conventional micrometcorological techniques.
Despite diflicultics, the ability to apply cddy accumu-
lation to measuring the vertical flux of many trace
substances remains very attractive because it requircs
relatively standard chemical analysis rather than the
complicated fast-response methods uscd in normal
cddy corrclation. In addition, we should not rule
out the possibility that innovations might reducc the
stringent technical requirements for pumping and valve
control (Reid ct al., 1984; Bucklcy ct al., 1988).
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Vertical Gradients or Profiles

Gradicnt and profile techniques have been
used extensively to cstimate vertical fluxcs of trace
substances (c.g., Brutsacrt, 1982) and have been uscd
successfully to cvaluatc ammonia cxchange, nitric acid
vapor deposition, and biogenic hydrocarbon cmissions
from virious surfaces (Dabncy and Bouldin, 1985;
Hucbert and Robért, 1985; Lamb ct al, 1985).
These experiments arc noteworthy because some other
approaches have been significantly less productive; fast-
response sensors for cddy-corrclation and variance
mcthods to mecasurc such fluxes arc not always
available, and tracers or small-scalc mass balancc
approaches usually require much morce effort to achicve
comparable accuracy. Gradient and prolile techniques
require measuring concentrations with a high degree
of relative accuracy. Even when this is accomplished,
oac should expecet half-hour estimates of F, /C to have
4 minimem run-to-run variability corresponding to a
precision (standard deviation) of about 15%.

In conventional profile tcchniques, concentrations
of the substance of intercst arc measurcd at scveral
levels on a tower, and profile is analyzcd using
flux-gradicnt relationships available in the scicntific
litcrature. Stcady-state atmospheric conditions and a
flat, uniform surfacc arc requircd. Because of these
stringent requircments, it is usually casier and morc
reliable 10 use a form of Bowcen ratio similarity, in
which the transfer velocitics for tracc substances are
assumcd 1o be the samc across the same height interval
at a given location. Although it is probably noi always
valid over nonuniform or denscly vegetated surfaces,
this approacit has mct with considcrable success, most
notably in the well-known Bowen ratio encrgy-balance
technique for evaluating scnsible and latent heai flux.
For trace substances, a modificd Bowen ratio is used,
in which the concer ration Jdifference between the
two lcvels of the trace subc.ance of intcrest, AC, is
mcasurcd with a hith degree of relative accuracy, along
with some referer.or . quarnity whose flux and diflerence
can be measu - fairl, casily, c.g., temperaturc or
walcr vapor.

A ccatra! cssur-ption in the modificd Bowen ratio
approach :; thet b transfer velocity F,/C is the same
for the ssecics « interest and the reference quantity.
Experiraent: Lave shown that this is ofien a poor
assuriptior, over deep vegetative canopics, because
the sourcs and sinks for diffcrent materials in the
c:nopy 1 'nd to be dissimilar, cven for heat and watcr
vapor. Inside canopics, the lack of knowledge about
the dist.ibutions of sources and sinks can cflectively
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prohibit usc of profile and gradicnt mcthods as a
primary mcans to infer vertical fluxcs (Denmead and
Bradley, 1987).

It is fairly standard practice in using conventional
Bowen ratio mcthods to intcrchange the sampling
positions of the two pairs of scnsors approximatcly
cvery 15 minutes.  In this way, the qucstion of
accuracy of the absolutc mecasurements of tcmpcrature
or mass concentration is largely obviated. It is then
the cquired relative accuracy, or combined precision
of two mcasurcments of conccntration, that we must
keep in mird. To this cnd, the magnitudes of
the concentration differences divided by the mcan
concentration can be shown to be

AC[C = —F.(Cku,) '[In(z2/21) + 1 — 2], (2.1)

where u, is the friction vclocity, k is the von
Kirm4in constant, and the s arc adjustments for
atmosphcric stability at thc uppcr measurcment height
z; and the lower height zp.  Valucs of u, range
from 10 cm s=! for light winds to 100 cm s~! for
strong winds over dcep vegetative canopics.  Yable
2.3 shows some results of the above cquation for
a twofold change in height, a rangc of values of
normalized fluxes, and varicus atmospheric stability
conditions. For cxample, for ncutral atmospheric
stability and moderatc wind speeds over low vegetation,
the concentration dilference across a twofold change in
hcight would be approxinatcly 5% of thc magnitude
of the normalized mcan concentration [AC/C| for
|F./C| = 1.0 cm s~!. Thus, to achicve a precision of
10% in the flux cstimate, the concentrations would have
to be mecasured with a combined precision of 0.5%.
This required precision value would be proportional
to the normalized {lux and, for ncutral stability, would
double for each additional factor of two bctween the
hcights of mcasurcment.

Variance Techniques

Variance techniques provide indircct cstimates of
vertical fluxes but require fast-responsc instruments of
the type used in eddy corrclation. The computations
tend to be simpler than in the casc of cddy
corrclation, since a measurcment of vertical wind spced
is somectimes not nceded and the requircment for
fast rcsponsc can be slightly reduced in some cascs.
Variance techniques require additional information to
obtain the sign of the flux. The comments to follow are
largely bascd on some rccent work by Wescly (1988).

A e

- -l




FLux MEASUREMENT TECHNIQUES

37

Table 2.3

Value of Normalized Differcnce in Concentration (AC/C), Expressed in Percent,
Calculated for a Two-Fold Change in Height (22 is the Upper Levei) for Various Atmospheric
Stability Conditions, Emission (or Deposition) Velocities (F, /C), and Friction Velocitics (u,)

Moderately Unstable
z;/L =-0.7
F /C. 0.1 0.5 1.0
u,

Neutral Moderately Stable
Zz/L:OO Zz/L:07
0.5 1.0 0.1 0.5 1.0 cm s™!

Light winds

10 cms! 0.6% 2.8% 5.6% 1.7% 8.7% 171.3% 6.1% 30.5% 61.1%

20 0.3 1.4 2.8 0.9 4.3 8.7 3.1 15.3 30.5
Moderate winds

30 0.2 0.9 1.9 0.6 29 5.8 2.0 10.2 20.4

60 u.1 0.5 0.9 0.3 1.4 2.9 1.0 5.1 10.2
Strong winds,
deep vegetation

100 ¢ * ' 0.2 0.9 1.7 ¢ * ¢

Formulation

includes u, 56 F./(Cu,)

173 F./(Cu.) 611 F,/(Cu.)

*Represents unrealistic atmospheric conditions.

In an approach similar to the modificd Bowen
ratio technique discusscd above, the ratios of the
standard deviations of two scalar quantities can be
uscd to estimate the flux of one if the flux of the
other is mcasurcd, without knowledge of atmospheric
stability. With variance techniqucs, thc main constraint
on accuracy is much diffcrent than with mean gradicent
measurement, in that errors depend directly on sensor
noise that is unrelated to atmospheric fluctuations.
Related variance methods include normalized standard
deviation and the corrclation cocflicient technique,
which can bc successful if atmosphcric stability is
evaluated and certain scmi-empirical functions arc
known.  Itcrative calculations involving mcasurcd
variances of fluctuations of tcmperature and vertical
wind speed can be used in placc of dircct flux
measurcments, in order to detcrmine atmospheric
stability.

Examples of the results of this approach arc shown
in Figures 2.1 and 2.2. These results demonstrate that
variance techniques provide a means of checking results
from cddy corrclation and scem to provide estimates
of fluxcs with lIcss run-to-run variability.  Further,
rccent work has shown that the atmospheric signal
of concentration fluctuations can be cxtracted from a

noisy signal if the standard deviation is cstimated as
the ratio of a covariance with another scalar quantity
to the standard deviation of that “reference” scalar;
the reference scalar must be mcasurcd with a very
large fluctuation signal-to-noisc ratio. Alternatively,
three covariances ultilizing two reference scalars can
be employed successfully.  This assumes that the
corrclation cocfficicnt between any two of the scalar
quantitics is unity, which appcars 1o have been the casce
for the successful measurcments illustrated in Figurc
2.2, where humidity and temperature were used as
reference scalars.

Aircraft-Based Flux Measurement
Systems

The primary advantage of aircraft for mcasuring
fluxcs lics in thcir mobility. An aircraft can probe the
entirc depth of the PBL (with the exccption of the
first fcw mcters) and can obtain statistically significant
mecasurcments about an order of magnitude fastcr than
is possible with tower mcasurcments. Furthcrmore,
an aircraft can be uscd for either vertical profiling,
horizontal Icgs, or some combination of the two.
Compared to fixed-point measurcments, which are
limited to sampling air advected by the wind, aircraft
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can measure along a path at any arbitrary angle with
respect to the wind and can mcasure in a frame of
reference that moves with the wind.  This makes it
possible to usc aircraft in budget studics: evaluating
the transport and time rates of change of a particular
specics and thereby obtaining as a residual the rate
of production or loss by chemical rcactions. For the
most part, towers arc not very suitabic for obtaining
flux mcasurcments over inhomogencous terrain and
arc difTicult to use in rcmote land arcas (e.g., forests,
swamps, and tundra) and over the occan. By contrast,
these situations present Lo particular problems for
aircraft; indced, low-level measuremcents are gencrally
casier to carry out over sparscly populated regions and
the occan than over populated regions.

Unfortunatcly, the aircraft’s mobility also has its
disadvantages. Aircraft motion needs to be accuratcly
mcasurcd and corrections applicd to the data. Since
aircraft nced to fly relatively fast compared to the
mcan wind speed in order to stay airborne, faster
instrument response is required than for fixed-point
mcasurcments. Furthcrmore, corrections may have to
be made for compressibiiity, adiabatic and frictional
hcating, and flow distortion induccd by the aircraft.
Long unintcrrupted time scrics and changing or
modilying instruments in {light arc also not possible.
Generally, instrument packaging rcquircments arc
also morc stringent on an aircraft than at fixcd-
point sitcs, for cxample, constraints on sizc, weight,
power consumption, and opcration in a vibrating and
turbulent cnvironment.

It is clear that fixed-point and aircraft mca-
surcments arc complementary—the disadvantages of
onc arc compensated for by the advantages of the
other. The cflective design of ficld programs will,
therefore, often include both techniques.  There
arc numcrous examples of coordinated cxperiments
that have included both aircraft and fixcd-point flux
measuring systems.  Rceent cascs arc the Amazon
Boundary Layer Experiment (ABLE-2B) and the
First ISLSCP (Intcrnational Satcllite Land-Surface
Climatology Project) Ficld Experiment (FIFE).

Eddy Correlation

Flux mcasurement from aircraft cntails obscr-
vations of both the air velocity and the quantity
whose flux is bcing mcasurcd. Because  the
aircralt is a moving platform, air vclocity is not a
straightforward mcasurcmeot (Lenschow, 1986).  An
aircraft has complete three-dimensional frcedom to
mowe, depending on control surface and power scttings
and on velocity and density fluctuations of the air.
Thercfore, the velocity and angular oricntation of the
aircraft relative to the carth as well as the velocity of the
air relative to the aircraft must be measured. Since the
aircraft typically flics an order of magnitude faster than
the wind, mcasuring the air velocity involves calculating
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a small difference between two large numbers.

The airplanc velocity can be obtaincd from
intcgrated  accelerometer outputs on  an incrtial
navigation system (INS), from radiation transmitting
and recciving devices such as Doppler radars or radar
altimeters, or by radio navigation tcchniques. For
turbulence measurcments, the components of airplanc
velocity can be measured with suflicient resolution and
responsc time with the available INS. Furthcrmore, the
INS can also provide the fast-response, high-resolution
attitudc angles that arc rcquired to transform air
velocity measurements into an carth-based frame of
rcference.

The longitudinal component of air velocity (truc
airspced) is usually obtaincd from thce pressure
difference between the dynamic pressure port of a
Pitot tube and the static pressire from cither the
Pitot tubc or a static port on the aircraft fusclage.
The pressure difference must be corrected for air
density, which is calculated from static pressure and air
temperature, before computing the true airspeed. The
transverse (lateral and vertical) air velocity componcents
arc usually measurcd cither by means of vancs or from
pressure diflcrences between ports scparated by 60°
to 90° on a hemisphcrical probe or on the nosc of
the aircraft itsclf. If vancs or a hemisphcrical probe
arc used, the scasors are usually mounted on a boom
forward of the aircraft to reducc as much as possible
the airflow distortion induced by the aircraft. This is a
convcnicnt location as well for other sensors, such as
thcrmometers or hygromcters, whose outputs may be
affected by flow distortion.

Instead of trying to minimize the flow distortion
cflccts of the fusclage, it is possiblc to makc usc
of mecasurements of pressure perturbations on the
nosc of the aircraft that are causcd by the fusclage.
Since these pressure perturbations arce approximatcely
lincarly rclated to the flow angles, they can be uscd to
mcasurc the flow anglcs. As pointed out by Wyngaard
(1988b), flow distortion can scriously contaminatc flux
mcasurcments from aircraft if spccics densitics arc
mcasurcd in regions of strong flow distortion, such
as acar the fusclage. Thus, mcasuring the transverse
velocity by means of ports on the aircraft nose, without
using a nosc boom, may not obviate thc nced for some
kind of structure that would allow the mcasurcment of
specics density fluxcs in a region not strongly affccted
by flow distortion. Flow distortion cflccts do not
impact fluxes if mixing ratio is measurced instcad of
partial dcnsity.

Another way to obtain airspced and flow angles is
by mcasuring the Doppler shift of reflected laser becam
transmissions in front of the aircraft (Kecler ct al,
1986). This offers the possibility of an absolute velocity
measurcment in all weather conditions, including flights
in clouds and precipitation.

Because of the rclatively high speed of aircraft
relative to the wind, the requirement for accuracy of
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air flow and attitude angles is stringent. A reasonable
figure for short-term velocity accuracy nccessary to
measure turbulence fluctuations is 0.1 m s~1.  This
corresponds to an angular accuracy of 0.001 rad or
0.06°. Attitude ang'cs are diflicult to mcasurc this
accurately except with an INS.

The vertical turbulence flux of a species with
instantancous concentration C(t) is given by we, where
C = C + ¢ Cis the mean of C, ¢ is a departure
from the mean, w is the vertical air velocity, and the
overbar denotcs an average over a length (or time)
long enough to give a statistically rcliable rcsult. The
racan vertical velocity near the carth’s surface is usually
assumed to be zcro, but, as pointed out earlier, it is
necessary to correct for effects causcd by heat and
water vapor fluxcs if conccntration is mcasured in
units other than mixing ratio with respect to dry air
(Webb et al, 1980). Earlicr, we also pointed out
that measuring species density insicad of mixing ratio
can result in significant crrors in flux measurement
duc to flow distortion (Wyngaard, 1988b); these are
important reasons to strive for instruments that can
measurc mixing ratio.

Since the flux is computed from concentration
(prcferably mixing ratio) fluctuations, an accurate
mcan value of thc specics concentration is not
necessary; only the fluctuations need 10 be resolved.
Throughout most of the mixcd layer, we find that the
normalized standard deviation of spccics concentration
o./C, must be > 2, where C, = (we)y/w.,, w, is the
convective velocity (typically of the order of 1 m s—1),
and (wé)o is the surface flux of C. As a practical rulc,
we weuid like to resolve at icast 10% of the standard
deviation, so that we would like to have a minimum
resolution ¢’ ~ 0.2(wé)e/w, in order to be able to
mcasure flux of C' throughout most of the mixed layer.
As pointed out carlicr, it is also possible to use noisy
specics sensors if the noise is not correlated with the
vertical velocity.

Another important question in mcasuring turbu-
lence fluxes is the averaging length L, (or time, in the
casc of fixed-point mcasurcments) nceded to obtain
a satisfactc./ mecasurcment of wé in a horizontally
homogencous stationary ficld of turbulence.  As
discussed by Lenschow and Stankov (1986), the relative
error in a flux mcasurcment over a distance L. is

» 12
~ [?.(Iv_____; * 1)’\'"] : @.2)

ewc - L"c

where A, is the integral scale of wc and r,, is the
correlation cocfficicnt between w and ¢. Lenschow
and Stankov {1986) have uscd obscrvations to cstimate
L, for 10% accuracy (i.c, €, = 0.1) as L, /2 ~
430(z/ z)*/*, where z is the PBL height. This means
that a flight leg of about 200 km is nceded for 10%
precision of flux measurcment in the CBL above the
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surface layer. (This convective layer is often referred
to as the mixed laycr.)

In a similar way, avcraging length or time can
be estimated in the surface layer (where the turbulent
eddics scale with height above the surface) for both
tower and aircraft flux mcasurcments.  Figure 24
prescnts a normalized cospectrum of vertical velocity
and a scalar variable (c.g., spccies concentration) in the
surfacc layer of a ncutral or convective boundary layer.
(The cospectrum can be considered a decomposition
of the flux as a function of frcquency) The data
for this curve werc obtained from Schmitt ct al.
(1979), who ploticd cospectra of both water vapor and
temperature versus vertical velocity computed from
tower mcasurcments. The curve is normalized so that
the arca undcr the curve gives unity scalar flux, i. c.,

/o m[nC.,,(n)]dlnn =1, (2.3)

where C,, is the cospectrum and n = fz/U = z/Ais
the normalizcd frequency. This can be used to provide
a rule of thumb for the minimum averaging time T
requircd to obtain an accurate flux estimate, and the
maximum allowable sampling intcrval At required o
resolve species fiuxes as a function of wind speed
and hcight for tower measurcments. and airspeed and
height for airplanc measurements in the surface layer.
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Figure 24. A schcmatic diagram of a typical cospectrum
of vertical velocity and a scalar variable in a convective
surface layer. The cxamples show typical averaging times
T and sampling intcrvals At for flux measurements from
both towers and aircraft.

The two dashed vertical lines at n = 0.005
and n = 2 arc the frcquencics at which the curve
of frequency times the cospectrum is ~ 20% of its
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maximum; thc maximum is at n ~ 0.1. The flux
contained within these two limits is ~ 93% of the total
flux. The value of T is estimated over a period that
includes at lcast ten samples of the lowest frequency
fmin that contributes significantly to the flux, while
At is estimated as the reciprocal of twice the highest
frequency resolved in the cospectrum fiq. (also known
as the Nyquist frequency) that contributes significantly
to the flux.

Chemical specics sensors must cither be placed
near the air flow scnsors, or the longitudinal spatial
scparation must bc taken into account by shifting
the time base of the rccorded signals so that the
signals arc aligned in time. An additional dclay may
result from ducting air from outside through a sensor
located inside the aircraft. If the specics scnsors are
displaced transverscly from the air flow scasors, the
cospectrum of the the velocity component and specics
corcentration is reduccd by an amount that can be
computed by the formulation derived by Kristensen
and Jenscn (1979).

Scveral efforts have been made in the last decade
to asscss thce accuracy with which aircraft scnse
the dynamic and thermodynamic fluctuations of the
atmosphere.  This can be donc in scvcral ways, but
onc of thc most uscful involves intcrcomparison of
mcasurcments from two aircraft flying in wingtip-
to-wingtip formation (LcMonc and Pennell, 1980;
Nicholls et al, 1983). Lenschow and Kristenscn
(1988) developed an expression for the crror variance
of a wvariable mecasurcd on caca aircraft as a
function of averaging time and scparation.  They
show that for averaging times of morc than a few
minutcs, the crror variance contributed by the spatial
variability of the turbulence in the CBL is small
cnough that wingtip-to-wingtip intcrcomparisons can
be useful for intercalibration of aircraflt systems. Such
intercomparisons should be a part of any measurement
program involving multiple aircraft.  Becausc of the
complexity of aircraft technology, calibration drifts and
other crrors arc always a possibility and may not be
obvious from a routine inspcction of data.

Figurc 2.5 shows an cxamplc of airplanc flux
mcasurcments  over  two  different  types  of  sur-
faces, demonstrating how  horizontal variability in
temperature, humidity, and ozonc f{luxes can be
resolved with aircraft measurements.  The value of
aircraft is maximized when their measurements arc
combined with those from towers or other platforms
to obtain concurrent long-term flux measurcments
from particular locations.  Comparisons between
surface platforms and low-flying aircraft (Nicholls and
Readings, 1979; Davidson ct al., 1988) indicate that
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there is agreement between platforms that is within
the statistical unccrtainty discusscd above.
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Figure 2.5. Rcsults of aircraft cddy-correlation flux
measurements of ozone, water vapor, and temperature on
an cast-west flight track at about 200 m above ground
over castern Colorado.  Each estimate is an average of
an castward and a westward flight leg. The flux estimate
labcled ‘HWY 25’ was obtainced from north and south flight
legs very nearly over Interstate Highway 25 dircetly north of
Denver (from Lenschow ct al., 1987).

Budget Studics

The budget for thc mean concentration of a
specics C is given by

dC _aC aC  owe +Q

dt ot Oz 9z °’

where U is the mcan wind speed oriented along the
z axis and @, is the sum of the sourccs and sinks of
C due to chemical rcactions. With an aircraft, we can
mecasurc cither (1) with respect to the local flow, and
estimate only the time rate of change of mean specics
concentration (the expression to the left of the cqual
sign), or (2) with respect to a fixed geographic location,
and cstimate both the time rate of change and the
horizontal advcction of the mcan concentration (the
middle cxpressior).

Integrating (2.4) vertically through the depth of the
CBL for casc (2), and using the rclation for the flux at
the top of the boundary layer (Lilly, 1968) (wc),, =
-w,AC, where AC is the change in C across the top

(2.4)
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of the PBL and w, is the entrainment velocity through
the top of the PBL, we have

z;ig—fz ~ (wc) + w.AC — (U)z,-a—;—c—)
T (2.5)
+ (U)ACZ‘;‘ +(Qo)z

where 8C is the change in C over a time intcrval 8¢,
and ( ) denotes an average through tiic depth of the
boundary laycr.

All the terms in (2.5), cxcept the last, can be
mcasured in a wcll-designed cxperiment by using
aircraft over a horizontally homogencous surface in a
CBL with a wcll-defined top. The aircraft must be
equipped to measurc both the mcan and turbulent
fluctuations of C, as well as turbulent fluctuations of
w. Once w, has becn determined from mcasurements
of the quantitics in the relation w, = —(w¢),,/AC by
usc of a particular scalar variable (c.g., tempcrature,
humidity, or ozone), it can then be uscd in evaluating
the budgets of other scalars for which turbulent
fluctuations may not be measurcd, provided the mean
concentration of the scalars both within and across
the top of the PBL are mecasurcd. In that case, if
there are no significant chemical sources or sinks, the
surface fluxcs of other scalars may be estimated; or,
alternatively, if surface flux of a trace specics can be
estimated from, for cxample, a deposition velocity, an
emission rate, or surfacc-bascd flux measurcments, it
may be possible to estimate the chemical reaction rate
of that specics. Tracer specics, such as radioactive
isotopes or chemical species not found naturally in
the cnvironment, can also be uscful as surrogatcs in
carrying out budget studics over particular biomcs.
Further details of mcasurcment requirements  for
budget studics are given by Lenschow (1984). Williams
(1982) discusscs the accuracy required for obtaining
dcposition velocity from mcasurcments of the mcan
horizontal advection into and out of a reference “box.”

Enclosure-Based Flux Measurement
Systems

While methods that do not disturb the sample
area will always be preferred for mcasuring trace
gas fluxes, there are circumstances in which they
arc not feasible or desirable, and cnclosurcs are
the only practicablc tcchnique. Suach circumstances
might arise because (1) available sensors have limited
schsitivitics or response times, (2) the large uniform
arcas rcequircd in conventional micrometeorological
approaches arc not available, or (3) the corrections
for density cffects associated with the simultancous
transfers of scnsible heat and water vapor, as discussed
carlicr, make micromctcorological approaches difTicult
if not impracticai. A number of the trace gas fluxcs of
intcrest here fall into the last category.
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As Table 2.4 shows, for somec gascs with large
emission rates and small backgrounds (c.g., NHj3), the
Webb (Webb ct al,, 1980) corrections are ncgligible,
but for others (such as CO; and N;O), thcy can
be as large as or larger than the true flux (c.g.,
Figure 2.6). In this situation, the corrected flux
becomes questionable. Furthermore, there are many
situations (such as within plant canopics) whecre
conveational micrometcorological approaches cannot
be used (Denmcad and Bradlcy, 1987). For these
cascs, enclosure techniques may be the only feasible
altcrnative.

CO, Fiux density (mg m?s™)

AEST

Figure 2.6. Fluxcs of CO, versus time over a bare ficld and
corrections for density cffects associated with simultancous
transfer of heat and water vapor (from Leuning ct al.,, 1982).
The flux F is truc CO, flux mcasurcd by an appropriatc

radient method. The flux F. is the correction (calculated
ollowing Wcebb ct al,, 1980), which should be added to the
measurcd flux F. to obtain the true flux. The measured
cddy flux of CO, over the tare ficld was about 50% of what
might be cxpected over a healthy wheat crop.

The disadvantages of cnclosures arc: (1) they
interfere with the transfer processes that normally
operate in the natural cnvironment, (2) they crecate
artificial microclimatcs, and (3) they sample only a
very small arca of the surface.

Gas Exchange at the Soil Surface

Enclosures work by restricting the volume of air
with which gas exchange occurs, thercby magnifying
changes in gas concentration. Two basic systems arc
cmploycd: closcd systems, in which no rcplacement
of air in the chambcr hcad-space occurs and the
composition changes 2 : ‘auously, and opcn systems,
where air flows through u.c enclosurc at a controlled
rate and the composition approaches stcady state
(dilfcrent from ambicnt).

In the first case, thc surface flux density is
calculated from the ratc of change of specics
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FLux MEASUREMENT TECHNIQUES

concentration; in the sccond, from the diflerence
in the concentration of specics entcring and leaving
the enclosurc (Denmecad, 1979). Both systcms have
problems: closed systems, through the build-up in gas
concentration in the enclosure air and its cflects on
soil emission rate; open systems, because of the slow
approach to cquilibrium and the possibie cffects of air
tlow on pressure inside the enclosure.

For convcnicnce in discussion, we consider gas
cmissions, i situations in which gas is produced
in the soi} and emitted to the atmosphere; the same
considerations apply to gas uptake.

The obvious disadvantage of closcd systcms is
that concentrations of gas in the enclosed atmosphere
can build up to levels where they inhibit the
normal cmission ratc (or, where uptake is occurring,
concentrations can be depleted cnough to reduce gas
exchange significantly). Denmcad (1979) gives somc
examples from studies of the emission of N;O in closcd
systems (Figure 2.7). Most investigators limit enclosure
times to periods in which the gas concentration changes
lincany with time, indicating a ste-* ..inhibited flux
rate. Others (Mosicr and Hut - n, 1985; Galbally
ct al, 1985) cmploy for ul» . wat allow for the cffects
oi the increased concentration on the emission rate,
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10 - * Open system 4
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Figurc 2.7. Concentrations and fluxes of N;O and soil
temperatures in closed and (H)cn enclosure systems operated
side by side (from Denmead, 1979). Breaks in the records
arc where lids were removed from enclosures and then
replaced. Flux of N7O in the open system followed variation
in temperature of the top 0.03 m of soil. Removal and
replacement of iiie lid had no apparent effect.  The flux
of N,O in the closed system was high immediately after lid
replacement, when N, 2 concentration in soil air was much
higher than in the enclosure air, then declined as N,O in
the enclosure built up.
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but this proccdurc assumcs that the concentration
of gas in thc soil air is unaflccted by changes in
concentration in thc atmosphere above. In fact,
changes in the enclosure gas concentration gencrate
changes in soil gas concentration, which can have
profound influcnces on the ratcs of gas cmission at
the soil surface. Denmead (1979) details such cflects
experimentally (Figure 2.7), and Jury ct al. (1982) have
considered the problem from a theoretical standpoint.

Most operators of closed systcms sceking “contin-
uous” mecasurements try to restrict enclosurc periods
to quite short times, typically 15 to 20 minutes, and
allow some hours for the soil gas profilc to rc-cstablish
itsclf before measuring again at the samc site (c.g.,
Blackmer ct al.,, 1982). Opcn systems are, of course,
more suitcd to continuous measurcment.

For somc gascs, such as NO, thc apparcnt
exhalation rate results from a quilc complicated
balance between the actual emission raic, chemical
transformations in the cnclosurc atmosphere, and
cquilibria between the emitted gas and the soil and/or
vegetation in the enclosurc.  Galbally ct al. (1985)
describe a methed for estimating the true cmission of
NO from the apparcnt rate that involves the estimation
of as many as thice cocflicicnts.

Absorption of cmitted specics, such as NHj
and sulfur gascs, on walls and tubing is often a
scrious problem and should always be investigated
before enclosurcs arc employed.  Even in flushed
systcms, corrections may be necded when the source
strength is changing on time scalcs that are short in
comparison with the flush-gas residence time or the
samplc acquisition time (Goldan et al., 1987).

Gas produced in the soil diffuses along 2
concentration gradicnt to the soil surface, where it is
dispersed into the air above. The transfer process at
the soil-air interface can be described in terms of a
surface-to-air transfer cocflicient k dcfined by

Fc = k(pco - pca)’ (26)

where p., and p., arc spccics densitics at the soil
surfacc and in the air above. If k in the enclosurc is
different from ihat in the ficld, the soil and ambicnt gas
concentrations at cquilibrium (when the surface flux
balances the rate of production) will also be different.
Thas, when the enclosurc is first operated, there will
be a pericd in which gas concentrations in soil and
air adjust to ncw cquilibrium valucs. Estimates of the
cquilibrium flux during this time will be erroncous.

Denmead (1979) gives an approximate solution for
the time for cquilibration following a stcp change in
k. In the enclosurc systems he describes, k was about
1/10 that in the open, and cquilibrium requircd from
15 to 90 minutcs, depending on flow rate.

While cxact knowledge of k is not usually
nccessary  provided sufficient time is allewed  for
cquilibration, there are some situations involving post-
cmission gas rcactions in the cnclosure, such as those
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described for NO, where the value of k is required
in calculating the surface cxchange ratc (Galbally ct
al,, 1985). A similar situation probably cxists for NH;
when vegetation is present in the enclosure. Denmead
et al. (1976) found a closed cycle in plant canopics, in
which NHj released at the soil surface was absorbed
by the foliage above (Figure 2.8).

1 T

s Relative
08 - NH) Hux

Height (m)

0 10 20

NH, conc (kg md)
Figurc 2.8. A schematic depiction of a closed ammonia cycle
in a pasture canopy (after Denmead ct al., 1976). Ammonia
relcased from decomposition of litter at the ground is
subscquently reabsorbed by foliage above.

Finally, we note that whereas k docs not usually
influence the production rates of gascs in soils, it may
have a strong influcnce on gas transfer between the air
and plants, and the air and water. This is discussed in
laler scctions.

The question of whether atmospheric pressure
fluctuations might cnhance the diflusion of gascs across
the soil swface has been debated for a long time
(Fukuda, 1955; Farrclt ct al, 1906 Kimball and
Lemon, 1971; Delwiche ct al., 1978). The topic has
been cxamined in the context of enclosure systems
by Kimbali (1978) and Lemon (1978) among others,
but there doces not yet seem to be a clear conscnsus
on its importance. It is gencrally reccommended that
the enclosed atmosphere should be connected with the
outside atmosphere so that pressure fluctuations can
propagate into the enclosure hcad-space, although the
amount of filtering of the pressure fluctuations that
occurs in the connccting apertures is usually not known.

Pcrhaps of as much importance is the question
of the best acrodynamic design for cnclosures. It
scems possibic that the blufl-body cffects of many
enclosures on the pressure ficld could induce viscous
flows of air through the soil into the enclosure head-
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space, with important consequences for the apparent
cmission rate. Again, there docs not scem to be any
recent rescarch on this topic, but it would scem to lend
itself niccly to experimental investigation.

A rclate¢ question is the cflect of gusts in
sweeping out the contents of open  enclosures.
Denmead (1979) rccommends the usc of interior
baflles to overcome the problem, but, again, proper
acrodynamic design scems to be required.

Probably morc important than all of these is the
problem crcated by pressure doficits Or CXCCSSCS in
the hcad-space, which leads to flows of air from or
to thc underlying soil.  Small pressure changes arc
casily induced in the hcad-spacc through withdrawing
air from it or pumping air into it, and they can have
spectacular cflects.  Denmcad (1979), for instance,
found that a pressure deficit of only 100 Pa in the
enclosure was sufficicnt to induce a tenfold incrcase in
N,O cmission (Figurc 2.9).
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Figurc 2.9. Effect of pressure deficit in an open enclosure
system on flux of N;O from soil (Denmead, 1979).

Many of the trace specics of interest result
from biological activity: c¢.g., CO, CHy, NH;s, N;O,
and NO. Most biological proccsses arc tempceraturce
dependent, with a Qo (change of activity for a 10°C
change in temperature) of 2 to 3, and undergo
large diurnal changes (c.g., Denmead ct al, 1979,
Figurc 2.7). Therefore, maintainiug a soil temperature
inside the enclosure that is closc to that outside is
important. However, soil temperature results from
encrgy partitioning at the soil surfacc; maintaining the
natural cnergy balance of the outdoors is a virtual
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impossibility in cnclosures. Il gas flux mcasurements
are to extend ower several days, it may be wiser to
us¢ several short enclosure periods than 10 measure
continuously at the samc sitc.

Given the temperature  dependence  of  many
tracc gas cmissions, and uncertain phase relationships
resulting from dilfering production zonces and diflering
diffusion propertics in the soil profile (Blackmer et
al, 1982; Jury ct al, 1982 . minimum pcriod
for flux mecasurcment would scem to be 24 hours.
Spot measurcments, although often published, are
usuall’ ruitc misleading; the practice of reporting spot
mea are.ments in “annual” units like “kg ha~! year~!”
can only be deplored. Furthermore, some specics, such
as N>O, cmit cpisodically, depending on rainfall and
soil water supply. The minimum mceasuring period
might then be an entire drying cycle.

Jury ct al. (1982) raisc questions with more
geaeral implications.  These center around the sites
of gas production in soils and the slowness of gas
transfer by molecular diffusion in the soil air. When
production occurs deep within the soil, the appropriate
sampling period for a production cvent may be many
days. (Today's N2O cmissions, for instance, may be
last week’s denitrification.) If continuous sampling over
several days is required, then open systems, which have
minimal cllects on soil concentration profiles, scem 1o
be the only uscful option.

Fluxes from soils arc distinguished by their
extreme point-to-point variability.  Variations in soil
cmission rates of a factor of two within distances
of a few meters are commonplace, and ten-to-
onc variations occur quite frequently (e.g., Matthias
ct al, 1980; Galbally ct al, 1985). Thercefore,
enclosure measurements tend to be highly variable. By
contrast, tower measurements typically integrate fluxes
over hundreds of square meters upwind of the site.
Conscquently, although enclosures cen deteet minute
fluxes of trace specics, the mceasurements must be
replicated extensively (probably morc than is usually
practiced).  The fast-deveioping ficld of geostatistics
may offer means for choosing the mimmum number
of replicates, and for statistically sound interpolation
and cxtrapolation procedurcs.

Gas Exchange between Plants and the Air

Many of the considerations applying to gas
exchange at the soil surface apply here as well, but gas
cxchange between plants and the air is gencraily a more
complicated process. For once thing, there are many
cxchange surfaces: the soil surface and all the leaves
in the plant canopy. Furthermore, gas exchange to
and from lcaves usually involves two stages: transport
in the air across the often-turbulent leal boundary
laycr, and diffusion through stomata, small pores in
the lcaf connccting its internal air space with the
outside. The stematal opening s allected by any
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cnvironmental factors, including humidity, watcr stress,
light, and CO; concentration. Thus there is a pressing
nced to keep the enclosure microclimate close to that
outside, so that the plant physiology and gas exchange
are ncar normal. Providing suflicicnt ventilation to
keep CO; concentrations close to ambicnt is onc such
requirement that is often ncglected.

A further complication for many specics is the
existence of a compensation point, i.&., 4 NON-ZCToO
gas concentration in the leafl air spaces that is
in cquilibriam with mctabolites in plant cclls. If
the ambicnt concentration exceeds the compensation
point, the gas is taken up by the plant from the
atmosphere, but if the ambicnt concentration is less
than the compensation point, the gas is cmitted to
the atmosphere.  Ammonia is onc such cxample,
and it scems probable that compensation points cxist
for other nitrogen compounds, like NO, and amines
(Farquhar ct al,, 1983), and perhaps for some sulfur-
containing gascs as well.

For such chemical specics, a correct cstimate of
the gas flux depends on maintaining gas coneentrations
in the air within the cnclosure very close 1o ambicent.
Closed enclosure systems will thus be unsuitable, and
open systems will require large ventilation rates so that
lcaf boundary-layer resistances arc much smaller than
stomatal resistances.

The studics of Ashenden and Mansficld (1977) on
SO, damage to plants are noteworthy here. Much of
the carly work with SO, was donc in (hambers with
low rates of air movement, in which relatively high
concentrations of SO» were reported to be harmless
to plants. However, through wind-tunnel experiments,
Ashenden and Manslicld showed that the Jack of
clleet at low wind speeds was duc to the relatively
high boundary-layer resistance, which was almost twice
the leaf diffusive resistance. At higher wind speeds,
the boundary layer resistance was only 209 of the
diflusive resistance, and much more SO» was taken
up by the plants. Ashenden and Mansficld went on to
suggest that the sensitivity of a plant to a particvla
pollutint should not be measured in terms of only the
concentraton and length of exposure.

Gas Exchange at a Water Surface

There are two obvious problems involving  gas
exchange at a water surface. Onc is the very stronyg
dependence of gas exchange on wind speed. Rates of
gas transfer from the bulk of the water to the water
surface and from the surface to the atmosphere are
strong functions of wind speed, or friction velocity
(Broccker and Peng, 1974, Dcacon, 1977, Woescly
et al, 1982a; Liss, 1983). Henee, flux raws in
enclosures, with preset ventilation rates, will usually
not be representative of fluxes from undisturbed water
bodics. The best use of enclosures would seem o
be to cstablish the wind-speed dependence of the
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relevant transfer cocflicients for application to “real-
world” situations, as Scbacher ct al. (1983) have done
for methane emission.  However, as these authors
point out, a limitation in this proccdure is that it is
usually not possible to reproduce in enclosures the
wind-wave nteractions and bul Sle escapes of larger
water bodies, both of which are ..clicved to enhance
gascous cmissions in high winds (c.g., Wesely et al,
1982a).

A sccond problem in the use of cnclosures,
particularly over shallow bodics of watcr, is possible
changes in the energy balance: changes in the receipt
and loss of radiant energy because of the enclosure
walls, changes in cnergy partitioning because of the
ditferent net radiation and different wind speeds, and
changes in the resulting surface temperature. In
turn, these can be cexpected to influcnce thermal
stratification and convection patterns in the watcer

CHEMICAL FLUXES

as well as surface gas concentrations.  The great
importance of all these factors to gas transfer between
the bulk of the water and the surface in shallow bodics
of water has been demonstrated by Leuning et al.
(1984) and Trevitt ct al. (1988).

Conclusions

The discussion hicre points out that there is no
single systcm or technique for flux measurcment that
is universal. Ratiicr, a combination of techniques must
be used, depending on the eavironmental conditions
and the teehnology of specics measurement. There are
also situations where flux measurements may not be
feasible by any mcans known at present, for example,
in cases of cxtreme horizontal inhomogencity or of
specics with extremely short lifetimes or small fluxcs.
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Typical mixing ratios for the pricrity atmospheric
tracc specics discussed in Chapter 1 range from
the parts per million to the parts  per trillion
level. Accuratc mcasurcment of such smal! chemical
concentrations under ficld conditions, particularly of
rcactive species such as NH;, NO», SO,, H,0;, CH;0,
and Os is a major continuing challenge for atmospheric
scicnusts.

The stringent requirements for chemical sensors
utilized in the micrometeorological flux measurement
technigues  presented in Chapter 2 pose an cven
tougher chalienge.  The  fast-response sensors (1
to 10 Hz) nceded for tower- or aircraft-based
cddy-correlation measurements or the high-precision
concentration  measurements  needed  for - gradient
profilc studics (standard deviations of less than 1%)
reauire 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 sagnificant
in measuring means 2nd fluctuations of trace specics.
Kristensen and Lenschow (1988) have examined the
cffects of nonlincar dynamic senunor response on
measurcd means in a turbulent environment, but it
appears that no one has considerced its ctleets on flux
MCASUrCents.

This chapter is a review of avalable chemical
ficld measurcment technigues for the trace species
currently recognized as important in the evoiving giobal
atmosphere. — This review  also includes discussion
of capabilitics now uadergoing  development and
testing that could be available for ticld work in the
next year.  Particulsr cmphasis 1s placed on those
technologics that scem most hkely (either now or with
further development) o satisfy the requirements of
micromcteorological flux measurement procedurces.

The following scctions review contemporary tech-
aiques for trace specics measurement. The first seetion
summanzes methods for the oxidants, ozone and
hydrogen peroxide, and members of the odd mitrogen
family. The following scetion discusses measurement
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techniques  for  carbon moroxide, mcthane, and
nonmethane hydrocarbons. The third scction presents
a summary of methods for decection of sulfur specics,
whilc the final section discusses particulate and acrosol
detection.

Chemical Sensors for Oxidant and
(Odd Nitrogen

Because of the close links between the chemistry
of the nonradical oxidants O3 and H;Oz, and odd
nitrogen compounds. including NO, NO:, NO;j, N;Os,
HNO,;, HNO;, PAN, and NI, it is frequently
necessary 1o measure  concentrations and/or flucs
of many specics simultancously in order 10 acquise
sulficicnt insight into atmospheric processes. This
seetion will review the status of detection technologics
for these species and identify  those specics  that
can adequateiy -olve high-frequency fluctuations as
required by the cddy-correlation flux mcasurement
technique.

Ozone Detectors and Flux Divergence Mcasurements

In situ analyzers for ozone have been developed
10 the point where major ficld measurement programs
are feasible without new technology.  Two kinds of
detecting mechanisms are widely used: chemilumines-
cence and altraviolet photometry. Chemilumineseence,
using nitric oxide as a reagent, has been used 1o
make instruments with very fast response (bandwidths
greater than 20 Hz), high scnsitivity (below 0.1 ppbv),
high specilicity, and very low drift during operation.
This mcthod is preferred for many cddy-correlation
measurcments from both aircraft and towers.

It is of particular importance that the complete
mechanism of nitric oxide-ozone chemilumineseence
is well known, including all important kinctic rate
constants. Thus, it is possible, in  principic,
10 csiablish a calibration and mcasurcd operating
paramcters from these data. However, for practical
reasons, chemiluminescence instruments are normally
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caiibrated against a photometric analyzer, which is an
absolute standard.

Nitric oxidc-ozone chemiluminescence has three
limitations dhat, fortunatcely, do not signiticantly reduce
its applicability.  The first is a slight interference
frem water vapor, which is casily removed from eddy-
fiux mcasurcments of ozone if simultancous fast-
response humidity measurements are made (Lenschow
ct al, 1981). The sccond limitation is the shot
nois¢ arising from discrete photons detected by the
instrument.  Since this noisc is uncorrclated with
measurcments of vertical velocity, it does not bias
cstimates of the vertical flux by cddy correlation.
Morcover, the current generation of instruments has
suflicicatly high scnsitivity that shot noisc docs not
contribute significantly to flux uncertainty.  Shot
noisc does, however, contribute to both the power
spectrum and variance of the ozone signal.  Since
at high frequency (in the incrtial subrange rcgion
of atmospheric turbulence) the ozone spectrum s
pioportional to the —5/3 powcr of frequency, shot
noise, which is white, tends to obscure the powcr
spectrum for many typical atmospheric conditions.
This limits the use of dissipation techniques for
estimating ozonc flux. Currently available scasitivitics
are probably adcquatc for using dissipation tcchniques
within a few mcters of the surface over land but
are likely to bc inadequate for mcasurcments over
walcr. If there is a strong nced to employ dissipation
tcchiiques, the scnsitivity of the nitric oxidc-ozone
analyzers can probably be increased to the point
where power spectra over land could be measured to
frequencics as high as 10 Hz. The third limitation is
that the reagent nitric oxide is both toxic and difficult
to remove from tie vacuum pump exhaust. Thus, there
is a potential for contaminating NO, measurcments in
collocated surface experiments.

Chemiluminescence with cthylenc 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 ! Hz,
making thcm suitable for tower-based cddy correlation
at sampling hcights of >5 m.  An advantage is
that the reagent olefin does not interfere with NO,
detection; however, it may be a factor if hydrocarbon
mcasurements are collocated with tne ozone sensor.

Ultraviclet photometry is the basis of practical,
absolute ozonc mcasurcments gencrally made at the
mercury 253.7 am linc. Commercial units have
bandwidths of 0.03-0.05 Hz, while statc-of-thc-art
rescarch instruments have 1 Hz sampling (Profitt and
McLaughlin, 1983; Profitt, 1985). Any ol these devices
can be used for gradient mcasurements, although
the former typically have such a low precision (a
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few ppbv) that gradicnt applications are precluded in
many common mcleorological situations. The faster-
responding versions arc a'so suitable for tower cddy-
corrclation measurcments. It should be noted that
practical UV photometry is intrinsically a diffcrential
measurement. This preperty can and ought to
be applicd to gradient mcasurements.  The major
interference of this category of instrument is light
scattering from ambicnt acrosols.  While filters arc
cmployed by some investigators to remove particles,
L.y can introduce additional uncertaintics into the
mcasurcments.

In addition, tunable diode lascr (TDL) IR absorp-
tion spcctrometers and luminol chemiluminescence
detcctors are under development for in situ mea-
surcments.  The availability of satisfactory techniques
for in situ mcasurcment Iessens the requirement for
development of TDL and luminol techniques for fast-
response ozonc racasurcracnts.  Furthermore, TDL
ozone instruments resemble those discussed for other
specics in later subscctions. Thercfore, they will not
be discussed further here.

Remote scnsors for troposphcric ozonc con-
centration profiles arc largely limited to IR and
UV diflerential absorption lidar (DIAL) systcms.
Both types of systems have undergonc cxtensive
development in recent years, with the IR scnsors
offcring somewhat greater spatial resolution at the
cxpense of greatly reduced range. UV DIAL
systems have been used to obtain ozone profile
mcasurcments at high resolution (50 m) through the
entire troposphere. The exact performance of an
ozonc DIAL systcm is, however, more dependent
on atmospheric  conditions than are lidar wind
profilers. Ozone concentration, temperature, acrosol
distributions, and the spatial and temporal resolution
requircments all affect the operational paramecters
sclected for a particular mcasurement. This diversity
of operational paramcters, although providing an
important mcans for optimizing the performance of the
instrument for a particular measurcment, neverthelcess
makces evaluating “typical” performance characteristics
diflicult.

Hydrogen Peroxide Detectors

A number of tcchniques arc emecrging to
mecasure  H,0,. However, these techniques  do
not yct have the scnsitivity and/or responsc times
needed to measure HyOa flux by cddy-corrclation
techniques, Thus, experimental flux measurcments are
currcntly restricted to gradient and enclosure studics.
Instrument comparisons have been carricd out using
many of the currently available detection methods, but
the results from these studics are not yet available. The
newly emerging techniques include: (1) the enzymic
catalyzed dimerization of p-hydroxyphenyl acctic acid
with continuous flow concurrent extraction (Lazrus ct
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al,, 1986), (2) thc same cnzyme vnalytical technique
with diffusion collection of the H,O, (Hwang and
Dasgupta, 1986; Dasgupta and Hw:ng, 1985; Dasgupta
ct al, 1986), (3) the ecnzyme analytical technigue with
nitric oxide pretitration of the ezonc and subscquent
collection of the H,O3 in an irapinger (Tanner ct al,,
1986), (4) tunablc diode lascr absorption spectroscopy
(Slemr ct al., 1986) and (5) cryogenic trapping with
peroxylate chemiluminescerice detection (Jacob et al,,
1986). Hartkamp and Backhauscn (1987) review and
evaluate several techniques for measurement of H20,.

A highly sclective, general-purpose  detection
mcthod for many co:apounds is infrarcd TDL absorp-
tion spectrometry. A lcau salt diode laser produccs
tunablc radiation having a lincwidth that is narrow
compared to thc Doppler-broadened  vibrational-
rotational lincs for H>O; and thus permits high sclec-
tivity. The laser rcpeatedly scans a single vibrational-
rotational linc: this scrves o cancel background noisc
and_allows mczsarements of absorbances lower than
10-3. Absorption by HyO; takes placc within a White
cell having a base path of 1.5 m and is opcratcd at a
pressure Gf 25 torr to minimize pressure broadening
of individual lincs. Present instrument configurations
permit response times of 0.6 min. with detection limits
of approximatcly 0.3 ppbv H;O, with extended (>5
min.) signal averaging (c.f., Slemr et al., 198C).

The enzyme-supported detection of H2O; is an
innovative approach to detection of trace specics in
thc atmosphere. Lazrus ot al.  (1986) —cport the
detection of H,O, and organic peroxides (ROOH)
by first scrubbing them from the air into an aqucous
solution using a continuous flow concurrent extraction.
Next, 04 ml m-! 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 cfficiency for H;O; is estimated 1 be 100%;
for methyl hydroperoxide and peroxyacetic acid, it is
about 60%. The collection efliciency is lower for the
organic hydroperoxides with higher molecular weights.
The analytical chemistry for HyO; is bascd on the
reaction of peroxides with p-hydroxyphenylacctic acid
(POPHA) in the presence of the enzyme peroxidase.
This reaction forms the duner of POPHA, which
fluorcsces with an emission waveleagth of 420 nm when
excited at 326 nm. Both H,0; and short-chain organic
hydroperoxides drive the analytical reaction.

Current instruments  have detection  limits  of
approximately 0.15 ppbv.  The principal artifact

identiicd is O3, which may form somc H>O in
the solutions used in these instruments (> 0.1 ppbv
H,0, cquivalents). At present, the response time
(10% to 90% for squarc wave analyte injcction) is
approximatcly 100 s.
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Detectors for Odd Nitrogen Species

Whereas specific fast-response instruments have
been developed and applicd to micrometeorological
flux determinations of Oy (Pearson and Stedman, 1980;
Lenschow et al, 1981 Gregory, 1987), instrument
development for odd nitrogen has been dirccted
fowards maximizing scnsitivity and spccificity for
ambicnt concentrations. With a few cxceptions (Delany
¢t al, 1986; Stedman, personal communication),
little attention has been given to the provision
of fast responsc for cddy-corrclation applications.
Conscquently, most measurcments of the surface
exchange of odd nitrogen constitucnts have uscd
enclosure, gradicnt, or budget techniques (Galbaily and
Roy, 1978; Johansson, 1984; Williams ct al., 1987,
Hucbert and Robert, 1985). The specics listed in
Table 3.1 can be divided into three categorics. The
first includes those that hold promise for ncar-futurc
cddy-corrclation measurcments using cither towers or
aircraft. The sccond includes those specics for which
monitoring techniques currently remain restricted o
slower sampling mcthods. The third includes those
specics for which rcliable techniques for cven low
sampling rates arc not yct available, where details
recmain to be resolved before application to flux
measurements, or where further instrument tests arc
nceded.

The first catcgory includes the TDL, LIF, and
chemiluminescence instruments designed to measure
NO. Many of these detectors have undergonc measure-
ment comparison tests successfully and have impressive
sensitivities at low frequency (<1 Hz). Conscquently,
for locations where the mean NO concentrations arc
ncar or in cxcess of 0.1 ppbv, these instruments
may be adequate for moderately fast-response (<5
Hz) flux mecasurcment approaches.  For cxample,
the fast-responsc O; mstrument of Pearson and
Stedman (1980) utilizes the NO/O3 chemiluminescence
technique with NO as the rcactant.  Although it is
much casicr to gencrate high-reactant concentra.ions
of NO than the reverse, where Oz is used as the
reactant, it shculd be possible to extend the frequency
responsc of the chemiluminescence technique to 5-10
Hz. However, it must be emphasized that all but onc
of the NO or NO, instruments rcquire an inlct systcm
for aircra®t or tower applications. The exception is
the open ccll, ambicnt pressure infrared diode lascr
technique, which is currcntly under deveclopment (Kolb
ct al, 1986; Anderson and Zahniscr, 1988). Most
of these instruments arc large and arc not “turn-key”
operable. Clearly, adequate investigation (on-sitc and
laboratory) of inlct lag timces, surface cflects, and truc
frequency responsc are necessary.  Such tests would
also be required for the dircct NO; mcasurcment
instruments of Table 3.1 (i.c., TDL, luminol, and lascr-
induccd fluorcseence).
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STATUS OF CHEMICAL SENSORS

The first catcgory also includes instruments for
NO; and total reactive odd nitrogen (NO, ) based on
the detection of NO resulting from the chemical or
physical reduction of these species.  This conversion
can result from photolysis (in the casc of NO,) or
chemical conversion on hot surfaces (for both NO; and
NO,). These techniques, with their high sensitivitics,
hold promise for fast-response flux determinations,
but laboratory asscssments of the overall instrument
frequency response arc also required. For cxample,
for frequencies larger than about 1-2 Hz, inlet,
converter, and rcaction memory cffects need to be
investigated to  determine  possible filtering of the
response.  Clearly, the higher mcan concentrations
of NO, present a distinct advantage for possible
high-frequency measurements.  However, as outlined
clsewhere in this report, NO, flux detcrminations
without concurrent flux measurements of ¢ther family
members arc often not particularly usclul.

The sccond category includes instrumentation for
NO;, PAN, HNO;, NH}, NO7, and HONO. Here,
the precision of current measurement techniques is
sufficicnt for gradicnt methods and certainly for budget
or enclosurc mcthods. Instrument comparisons have
been conducted for most of these specics.  There
are also long-path absorption methods available for
NO; and for nighttim¢ NO; and HONO (Platt ct
al., 1984; Platt and Perner, 1980). However, their
application to surface exchange mcasurements needs
to be investigated.

It is morc diflTicult to catcgorize current in-
strumentation for NH; and HNO;. Techniques
for both species are available, but the results of
instrument comparison studics for HNO3 (and planned
for NH3) arc not = generally awailable.  The
reluctance of the community to accept these methods
is mainly associated with sampling difficultics rather
than detection. These specics are notoriously diflicult
to transport unperturbed through inlets, and losses
through sample handling can bc scvere.  These
factors can also make caiibration ditlicult. A novel
alternative for NHj3, inwlving a vanc-mounted sampler
that mecasures fluxes dircctly (with some surface-layer
structure assumptions), may prove uscful (Leuning ct
al., 1985).

The third category is obvious from a cursory
cxamination of Table 3.1. For cxample, no
mcasurcment techniques arc currently available for
N,0s, HO;NO;, or many organic nitrates (other than
PAN or PPN).

In summary, there are a varicty of measurement
schemes for odd nitrogen specics, many of which
arc bascd on the sensitive detection of NO (O3/NO
chemilumineseence or two-photon laser induced flu-
orescence) or NOz (luminol).  Other specics of
NO, ore detected cither by heterogencous chemical
conversion or by photolytic conversion. The exceptions
to this general detection scheme are the TDL and
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the filterpack methods. All of these provide detection
limits in the low pptv range, although the intcgration
times required to attain this level range from onc
sccond to tens of minutes for the chemiluminescence,
TLL, LIF, and filier pack methods, in roughly that
order. Most of these instruments have been developed
for high scnsitivity with little consideration of frequency
response. Morcover, the difficulty in sampling “sticky”
gascs like HNO3, HONO, and NHj through an inlct
systcm limits the time responsc of many iastruments.
Opcen path absorption methods may allcviate many of
these problems and provide higher frequency response
for such spccics.

Carbon Monoxide, Methane, and
Nonmethane Hydrocarbon Sensors

Most of our knowlcdge about the atmosphcric
distributions of the carbon specics CO, CHy, and non-
mcthane hydrocarbons (NMHC) has been obtained by
gas chromatographic analyscs using flame ionization
detection. This detection technique can be uscd with
continuous sampling systcms, but it is most often
uscd for grab samples, often processcd a considerable
time after sampling. Onite recently, however, tunable
lascr techniques have been developed that allow real-
time and fast-response measurements of CO and CHy.
These techniques are discussed in further detail below
and summarized in Table 3.2.

Fast-Response Sensors for CO and CH,

Gas scnsors using scmiconductor TDLs have the
potential for making mcasurcments of many important
atmospheric gas specics.  The wide applicability of
TDL-bascd scnsors is duc to the availability of Icad-
salt TDLs, which may be composition tuncd to operate
ncar a particular wavelength in the spectral region
between 3 and 30 pm, where most atmospheric
specics have absorption bands. Other semiconductor
laser sources fabricated from III-V compounds, arc
also awailablc in the ncar-infrarcd spectral region.
The case of wavclength modulation of TDLs (simply
by modulating the lascr injection current) cnables
highly sensitive differential absorption (1:10* to 1:10°)
detection of many gas specics.

A fast-response TDL scnsor has been developed
to mecasure CO from an aircraft (Sachsc ct al,, 1987a;
1987b; 1988). A TDL lasing in thc 4.7 um specctral
region is uscd to detect ambicnt CO in a White cell
containing a 125 m absorption path. Instrument
response time depends on the air sampling ratc;
couscquently, a low-volume White cclt and a vacuum
pump with a high pumping spced arc important factors
in achicving the rapid responsc required for airborne
cddy-flux measurements. A high performance  air
sampling systcm has been developed using a venturi
air jet cjector vacuum pump that is driven by bleed
air from an aircraft engine compressor (Sachse ct al,
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1987b). This TDL scnsor has achicved a 1/c response
time of 70 ms using a 1.5 litcr White ccll volume and a
2,500 £ min—! pumping spced (at 100 torr). Substantial
reductions (by a factor of three or more) in Whitc ccll
volume are rcadily achicvable and will resalt in further
improvements in the time response of TDL gas scnsors.

Recent modifications of this iastrument  have
cnabled it to make simultancous, fast-responsc
measurements of CO and CHy during the ABLE-
3A cxpedition to Alaska.  Mcthane detection s
accomplished using an additional TDL lasing in the
7.6 pm spectral region. By bcam combining the
radiation from the 4.7 um and 7.6 pm TDLs using
a dichromic beam splitter, the two lascr beams follow
a common path through thc White ccll, permitting
simultancous diffcrential absorption mcasurcment of
CO and CH;. A “two-color” detector consisting of
a sandwich structure of InSb on HgCdTe cnables
independent detection of the differential absorption
signals occurring at the two wavelengths,

While TDLs arc cxtremely versatile, they require
careful handling and significant talent t; operate. Fur-
thermore, they consume considerable powcer, espccially
if the laser must operate at below 77 K (liquid nitrogen
temperaturc). Many of these problems can be avoided
if a gas lascr can be substituted for the TDL.

Rarc gas laser infrarcd absorption dctectors
rcly on accidental close coincidences between  an
atomic linc of the lasing medium and an appropriate
molccular transition.  Such coincidences occur for
HeNe and CHy (2,947.9 em™!), and HeXe and N,O
(2,467.4 cm~1), among others. Zecman splitting of the
fascr gain linc over a portion of the plasma column
provides three possible cmission wawclengths, which
arc scanned by modulating the cavity length to sense
differential absorption (Kolb ct al., 1986; McManus ct
al,, 1989). Depending on the nature of the laser power
control loop, the instruments can bc configured to
detect cither absolute concentration or, with increased
s¢ asitivity, small concentration fluctuations as nceded
for eddy corrclation. The lasers arc small and rugged,
and can be coupled to cither open- or closed-path
multipass absorption cclls. Detection levels arc similar
to those obtainable with TDL systcms, since similar
dillerential absorption signal processing is involved.

A unique fast-response method that has been
uscd for CHy4 chamber flux mcasurements utilizes a
gas-filter-corrclation IR absorption analyzcr coupled
to cither a closcd or an open sampling chamber
(Scbacher, 1978; Scbacher and Harriss, 1982; Harriss
ct al, 1982; Harriss ci al, 1985). This technique
provides continuous sampling and analysis of the air
in the chamber, with high precision (£10 ppb for
CH,) and a response time of 1 s, cnabling CH,
fluxcs as small as 10-12 kg CHy m=2 s=! to be
measurced in a 15-minute sampling and analysis period.
The continuous measurement of CHy in the chamber
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allows variations in the flux rate during the sampling
period to be rcadily identificd. The rapid responsc
of the technique, combined with the chamber design,
allow any disturbances to natural sysicms during flux
measurcments to be kept to a minimum.

Slow-Response Methods for Hydrocarbons

Currently, fast response scnsors for NMHCs arc
not availablc.  Mcasurcment of specics such as
cthylene, propene, isoprene, and the monoterpencs
requires collection of discrete samples of suflicicnt
volume to permit quantification by gas chromatog-
raphy. Conscquently, enclosure and tower (gradicnt)
procedures arc applicable to thc measurcment of
NMHC fluxes but eddy-correlation methods currently
are not. Table 1.11 lists the ranges for ambicnt
hydrocarbon concentrations observed in various envi-
ronments. Concentrations of many NMHC:s in cican
occanic air masscs may be as low as 0.1 ppbv (Bonsang
¢t al, 1988), which is closc to the detection limit
of current mcthods. In contrast, ambicnt isoprenc
concentrations, which fall in the ppbv range in the
vicinity of hardwood forests on hot summer aftcrnoons,
can be measurcd with ceriainty.

Grab-sample mcthods for NMHC and CHj
mecasurcments have cxisted for several ycars (Stecle
ct al, 1987; Scxton and Westberg, 1979; Roberts ct
al,, 1983; Rudolph ct al, 1981; Singh ct al., 1985).
Wholc-air samples arc collected in cither glass or
clectropolished stainless stecl containcrs. Analysis is
by gas chromatography (GC) with flame-ionization
detection.  Preconcentration by cryogenic trapping of
the NMHC is normally nccessary prior to injection into
the chromatograph. The sample collection mcthod
rcadily allows for sampling at differcnt heights on
a tower or aircralt.  Tethered balloon sampling
can be accomplished by collection into teflon bags
(Zimmerman ct al., 1988).

Techniques for carbonyl specics sampling include
high-pressure liquid chromatography (HPLC) of sam-
ples collected on impregnated cartridges (Kuntz ct al,
1980) and cryogenic collection into glass loops followed
by analysis with a flamc ionization dctector (FID)-
cquipped gas chromatograph (Snider and Dawson,
1985). The cartridge mcthod  collcets  carbonyl
compounds by passing air through silica cartridges
impregnated with 2,4-dinitrophenylhydrazone. Samples
arc then cluted from the cartridges and analyzed
by high-pressure liquid chromatography (HPLC). The
GC technique provides mcasurement of many Cy-
Cs carbonyls with detection limiits in the lower ppt
range. Both of thesc methods arc appropriatc for
mcasurcments on towers as well as aircraft.

Scveral methods exist or are under development
to measure organic acids. These include condensation
sampling (Farmcr and Dawson, 1982), a mist
chamber (Talbot ct al., 1988), denuder tubes (Norton,
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1980), and impregnated filters.  Results from an
intercomparison of these methods during June 1980
showed agreement between all systems exeept for the
impregnated filters (Keenc ¢t al., 1989). Most of the
eaisting data have been collected by the use of the
condensation method—cooling a highly polished, clcan
surfacc below the dew point temperature so that a
film of water collects on the surface. Highly soluble
gascs are collceted with gssentially unit clliciency.
Ton chromatography or ion cxclusion chromatography
provides measurement of organic acid concentrations
in the condensate. These concentrations are then used
to calculate gas-phase levels of the acids. Tower and
aircraft measurements arc possible with all current
syslems with the exception of those that usc the
condensation technique.

Sulfur Species Chemical Sensors

As discussed in Chapter 1, the mixing ratios of
sulfur specizs in the atmosphere, in almost all regions
frec of incustrial pollution, arc < 1 ppbv. The
measurement of such low concentrations of reaciive
and labile sulfur compounds of intcrest, such as
H.S, CH;SH, SO;, and CH;SCH; (DMS), and even
the more stable specics COS and CS;, has been a
scrious chaflenge and the most significant motivation
for the development of sulfur-specific detectors. Thosc
detectors currently available or known to be under
development are fisted in Table 3.3, together with the
sulfur species for which they are applicable, cstimated
scnsitivitics, and sampling-related information.

Detectors Sensitive to a Variety of Sulfur Compounds

The oldest (~20 years) of the listed detection
techniques is the flame photometric detector, or FPD.
Its sensitivity to sulfur compounds relics on thermal
decomposition of the compounds in an oxy-hydrogen
flame with the subsequent occasional formation of an
clectronically excited Sy molecule that can radiate in
the ncar UV. The detection of photons from those
molecules that escape collisional de-excitation is the
signal-producing mechanism. Sincc the FPD rclics
upon the formaiion of an S, molecule, its sulfur
response is inherently nonlincar. Recently, a number
of workers (D’Ottavio ct al, 1981; Goldan ct al,
1987) have lowered the detection limit of the FPD and
circumvented this nonlincarity by intentionally adding
some convenient volatile sullur specics to the flame
combustion gascs. If the deteeted sulfur s.ccics
concentrations arc small compared to the added
specics (commonly SFp), the differential response is
quasi-lincar.

A number of chemilumineseent sulfur detectors
that have recently been developed are also included in
Tablc 3.3. These depend upon the reaction of a specific
class of sulfur compounds witi. a gas-phasc chemical
rcagent to  produce clectronically or  vibrationally
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excited specics whose subscquent radiation can serve
as a deicction mechanism. Spurlin and Ycung (1982)
claimi a detection limit of 3 ppbv for H,S by using
its reaction with ClOz. Kelly ct al. (1983) obscrved
the chemiluminescent reaction of a number of sulfur-
bearing compounds with Oy and showced a detection of
DMS in the low ppbv range, with higher sensitivity for
CH;SH and much lower sensitivity for H,S. Pcrhaps
the most promising of the chemiluminescent detection
techniques is that described by Nclson ct al. (1983),
in which sulfur compounc. rcact with F2. Recent work
with this type of detector shows promisc of achicving
detection limits of ~1 pg S per sample, somewhat
jower than that achicved with un SF, doped FPD. Since
this response to different sulfur compounds varics a
great deal (negligible response to SO,, COS, 1S, and
CS; was reported), its usc in the measurement of sulfur
fluxes in the atmosphere appears limited.

A recent development in sulfur gas detection is the
use of 2a clectron capture detector (ECD); (duimson
and Lovclock, 1988).  Sullur-becaring compounds
may be conv 'rted o SF, at moderate tempceratures
(~ 200°C) by reacting them with AgF;. Since the
rcsulting SFe has a large electron caplurce cross seetion,
it may be readily detected with an ECD, thereby taking
advantage of that detector’s extremely high scnsitivity.
The AgF; is replenished by supplying a small amount
of fluorine gas to the sample strcam. Since the ECD
is also sensitive to Fa, the excess Fa must be removed
by rcacting it with H, on a hot paliadium catalyst.
Although this technique is in its infancy, the procedare
is fraught with technical difficultics, and its application
is likely to be limited to skilled practitioncrs, it offers
great promise. The method should yicld a dctection
limit some hundred times lower than even the dopced
FPD.

Application to Total Sulfur Measurements

Since both the FPD- and ECD-based detection
schemes described above are sensitive to - all sulte.
bearing compounds, cither may be used as a total
sulflur detector, as well as in systems where  the
sulfur compounds are speciated. The undoped FPD
is capable of detecting changes in sulfur flow of
approximately 3 x 10'" molccules s=! and the doped
FPD of approximately 4 x 101 molccules s=1 under
optimum  circumstances. Since typical sample flows
may be made as high as 0.2 £ min~! STP, these
correspond to mixing ratios of approximately 3 ppbv
and 0.5 ppbv, respectively. Thus, the FPD has suflicicnt
sensitivity for total sulfur measurements, at lcast in
somewhat polluted cnvironments, and much of the
deposition flux work to date has utilized an FPD-
bascd system. By minimizing samplce throughput times,
response times of the order of a sceond (or slightly less)
can be achieved, but the FPD remains inherently noisy,
cven for levels of sulfur gases (predominantly SO;)
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found in moderatcly polluted air. Pressure fluctuations
affecting the flame and collisional quenching by other
minor atmospheric species (such as CO; and H,O)
present operational problems that were difficult to
overeome in carly applications of FPD techniques in
cddy-flux studics, and which remain the sources of
continuing concern.  FPD detectors opt .ized for
fast response have been utilized for cddy-correlation
mcasurcments of total sulfur deposition in - many
studics in modcratcly polluted environments (¢.g.,
Hicks ct al., 1986a).

The inherently greater sensitivity of an ECD-
bascd system holds greater promise in that rcgard.
Its detection limit, estimated to fall in the range
of 5 x 10° to 10° molecules s~!, coupled with
a sample flow ratc of ~ 20 ¢cm® min~!, results
in a detection limit of 50 to 100 pptv. Detector
time constants < 1 s can be achicved by increasing
the sample flow ratc and dccreasing the detector
volume with some loss of scnsitivity. Since such a
system would be compatible with the requircments
of micrometcorological techniques, its development
would appcar highly desirable. Using cither an FPD
or ECD detector-based system for the measurement
of volatile sulfur gas fluxcs requircs, of course, the
removal of SO; acrosols prior to analysis and dcaling
with the problems associated with different sensitivitics
for diiferent sulfur compounds.

Species-Specific Detectors — Fast Response

Table 3.3 also lists several laser and nenlascr
spectral techniques that can be used to monitor specific
sulfur compounds with detection limits expected to
fall in the 02 to 1 ppbv range. Of these, two
nev; techniques show promise for the sensitive, rapid,
real-time detection necessary for eddy-correlation flux
mcasurcments.  The first of these uses dilferential
optical absorption of TDL radiation in cithcr an open,
atmospheric pressure multipass region (Kolb ct al,
1986; Anderson and Zahniser, 1988), or a closed, lower
pressure, multipass absorption cell (Edwards ct al,
1984; Edwards and Crgram, 1986). This technique,
which is cxpected to have a detection limit near |
ppbv for SO;, is currently under development for cddy-
corrclation flux measurements.

The sccond approach is the vacuuin UV flash
photolysis/lascr-induccd  fluorescence (VUV-FP/LIF)
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techuique.  In this method, a parent sulfur specics
(SO, H3S, or CS;y) is photodissociated by 193 nm
photons from a pulsed ArF cxcimer Jascr. The
resulting molecular fragments (SO, HS, or CS) are
then detected by induced fluorescence from a tunable
dyc laser. This innovative techniquc is estimated 0 be
capable of a detection limit of ~ 150 pptv but is mor¢
cquipment intensive than the TDL approach.

Botii of these technigues exploit the specilicity of
spectral detection, along with the high scnsitivity and
temporal resolution often possible with sophisticated
lascr techniques. It should be rccognized, however,
that lascrs arc cxpensive and frequently difficult
to incorporatc in ficld instrumentation, and usually
require advanced skills to operate successfully.

Species-Specific Detectors — Slow Response

No species-specific detectors with sufficient sen-
sitivity to mcasurc ambicnt levels of biogenicaily
produced sulfur compounds on time scales suitable
for cddy-corrclation flux measurements arc currcntly
available.  The mcasurcment of such compounds
(most notably DMS) requires some type of sample
concentration followed by analysis, with the possible
exceptior of the ECD-bascd scheme described above.
If the concentration siep is specics specific, it may
be followed dircctly by detection.  More gencrally,
however, the concentration step is followed by specics
scparation by somc type of chromatography with
subscquent individual species  quantification. Such
batch or grab sample processing techniques typically
have time scales ranging from scveral minutes to
several tens of minutes. Thus, flux measurcments for
these specics will be restricted to gradient techniqucs.

Currently available analysis techniques of this type
arc also summarized in Table 3.3.  The sample
concentration techniques utilized in the measurements
referred to are summarized in Table 3.4. Some of
these sample concentration techniques are amenable
to subscquent species-specific detection and - some
only to classes of sulfur compounds as noted in the
table. Thosc techniques that utilize liquid extraction
arc gencrally amenable only to ion chromatograpi.c
analysis and Icad to much higher (~10%) detection
limits. The flash vaporization tcchnique results in a
nonspecific “total sulfur” sample.
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‘ Reduced sulfur Gold or wool Nondestructive Barnard et al., 1982
% cor. pounds thermal desorption Ammons, 1920
F COS, CS; Tenax GC Nondestructive Steudler & Kijowski, 1984
E thermal desorption
All Glass, bead bed/ Nondestructive Farweli et al., 1979
7 cryogenic entichment  thermal desorption  Farwell & Gluck, 1980 ¥
3 Al Open tubular/ Nondestructive Goldan et al., 1987 [
3 cryogenic enrichment  thermal desorption
4
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Tablc 3.4

CHEMICAL FLUXES

Concentration Techniques for Sulfur Specics

Species Technique Recovery References

H.S Impregnated filter Liquid extraction Natusch et al., 1972
Jaeschke & Herman, 1981

SO, Impregnated filter Liquid extraction Meixner & Jaeschke, 1984

Reduced sulfur
compounds

Palladium foil

Flash evaporation

Ockelmann & Gecrgii, 1984
Kagel & Farwell, 1986

Acrosol Detectors

Acrosnls arc involved in the atmospheric cycles
of scveral trace gases with important conscquences on
ratcs of depositic, as well as potential climatic effects.,
Many trace specics have solid phascs in the atmosphere
(c.g, SO, ), with straightforward conscquences. In
other cases (c.g, chemical composition changes
associatcd with aging sca salt acrosol), the involvement
is more complex. Tor some, such as mincral and
organic particlcs suspended and transported by the
wind, the intcractions may be morc subtle.  There
is a nced to define the surface cmission fluxes of
primary acrosols, surface deposition of both primary
and sccondary acrosols, and the flux divergence due to
gas-to-particle conversion.

The definition of acrosol fluxcs is intrinsically
morc complex than that for gascs, as the definition
must gencerally include information on both the size
distribution and composition of the acrosols. In recent
years, fast, high-resoluticn particle detectors have been
developed. The most commonly used is a laser-optical
particle counter. Elcctric charge devices have also
been used for covariance measurcments (Wescly ct
al, 1977). Flamec photometric devices arc capable of
accuratc measurement of some clements contained in
acrosols (c.g., S and Na). Thesc devices are gencrally
fast and accurate cnough for flux measurcments (Hicks

ct al,, 1988).

Additional intricacy ariscs when the acrosol size
distribution is itsclf modificd by the mcan humidity
profile, or when the acrosol fall velocity approaches the
friction velocity. Fairall (1984) has addressed the effects
of the humidity orolfile, as wcll as other acrosol flux
mcasurcment techniques.  Lenschow and Kristenscn
(1985) have addresscd the cfTects of a [inite number of
particles in estimating a particle flux.

The critical questions requiring  acrosol  flux
mcasurcments to address the role of acrosols in the
atmosphcric cycles of trace specics and their potential
for climate chenge arc:

e What is thc deposition cflicicncy of different
vegetated surfaces as a function of atmospheric
and plant conditions?

e What is thc potential for wind-gencrated cmission
flux for different arcas of the carth’s surface as a
function of seasonal and climate conditions? What
is the potential for long-range transport of these
particles?

¢ What arc the emission and deposition fluxes of sca
salt undcr various wcather conditions, and what
sort of chemical fractionation can occur within the
sca salt acrosol duc to gas-particlc intcractions?

We strongly rccommend that any occan-atmosphere
flux experiment include a particle flux component.
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4 FLUX MEASUREMENT PROGRAM PLAN

C. E. Kolb, F. C. Fehsenfeld, L. P. Stecle, and P. D. Goldan

The previous chapters review current understand-
ing of the sources, sinks, and distributions of many
of the trace atmospheric species of global interest,
and of the techniques that can be used for measuring
vertical fluxes of these trace specics. The next step is to
outline and order important experiments for advancing
our understanding of the chemical behavior of the
atmosphere, taking into account the limited sensing
capabilitics and ficld resources currently available to
carry out such experiments. As discussed in Chapter 3,
one¢ of the major limitations to rescarch in this arca
is the lack of rcliavle, scnsitive detectors that can
be coupled with micrometeorological techniques 1o
mcasure fluxcs.  Thercfore, for many specics, the
first reccommendation is that further development of
instrumentation take place before questions relating
to sources and sinks arc addressed. In other cascs,
experiments have already been conducted, and further
proposed rescarch largely uses the available technology
in new locations and situations.

One general requirement for flux measurement
programs is a capability for periodic comparisons
to verify the performance of new  sensors  and
measurement techniques. To optimize the  utility
of the data obtained, whenever appropriate such
comparison studics should be conducted with complete
micromcteorological capabilitics. Facilitics such as the
NCAR Atmosphere-Surface Turbulent Exchange Re-
scarch (ASTER) facility offer considerable attractions
in this regard.  ASTER, now under development,
is a tower-based portable micrometeorological facility
designed to be operated under a varicty of conditions.
It is planned to be awailable to the scientific community
alter mid-1989. The facility is designed to be used
with a wide range of chemical and meteorological
sensors, depending on experimental requirements. It
will mecasurc fluxes of momentum, moisture, and
lemperature, along with fluxcs (rom  user-supplicd
instrumentation. The utility of this approach has been
well demonstrated clsewhere; periodic comparisons of
sensing techniques and of alternative flux-measuring
mcthods have been conducted routinely as part of
carlicr programs of this kind, as components of
rescarch on the delivery of air pollutants to land
surfaces (c.g., Hicks ct al., 1980b, 1989).

09

Nitrogen and Ozone Group
Ozone

Ozonc is onc of the few specics for which practical
and rcliable fast-response sensors arc available for
dircct cddy-corrclation flux measurcments at atmo-
spheric concentrations,

The existing sct of ozone deposition data consists
largely of spot mcasurcments of a few categorics of
surfaces, predominantly in the mid-latitudes. These
include scveral agricultural surfaces, forests, rangcland,
and coastal waters of the US. Both cxtensive
geographic surveys and intensive site mcasurements
have been made; there are no major disagreements
between the results of these two types of measurement.
Only a very few of these measurements extend over
different scasons. A somewhat larger number inciude
diurpal vanability.

Futurc experiments should be plannced for surfaces
of importance 10 the global ozone budget.  These
include tropical and boreal forests, tundra, taiga, and
agricultural croplands such as rice paddics that cover
large arcas. In addition, it is not clcar that diurnal and
scasonal changes are sufficiently well understood even
over more commonly studied surfaces. To facilitate use
of the data, the results of deposition studics should
be reported as surface resistances, which removes at
least part of the dependency of deposition on local
microrneteorological conditions.

Two situations deserve priority trcatment bcausc
of their potential importance to the global ozone
budget and because of the fact that few mcasurements
have been made.  The first of these is wintertime
measurements over the continents, with particular
cmphasis on arcas with snow cover, partial snow cover,
and partial vegetative cover, over as wide a range
of mctcorological conditions as possible. Both site-
intemsive tower measurements and wider-arca aircraft
measurcments should be planned.  Mcasurements
should be taken throughout the boundary layer so that
fluxes at the surface and at the top of the boundary
laycr can be obtained by lincar extrapolation, and so
that a mean concentration budget can be evaluated.

The sceond category is measurcments over open
oceans. Itis particularly important to obtain data from
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arcas with differing biological productivity as a function
of meteorological conditions and scason. It is expected
that (he primary platform for mcasurcments over
occan will be aircraft. Existing aircraft mcasurcments
demonstrate that it is feasible to measure the surface
resistances, but only a few data points have thus
far been obtained.  Mcasurements over the tropical
oceans and in high wind conditions arc of particular
importance.

Because of its relatively slow reaction time (except
in highly polluted arcas), ozonc can also be a very
uscful tracer for micrometeorological processes.  In
this respect, it is comparable 1o water vapor, with the
advantages that no phase changes occur and that it
has no effcct on the buoyancy of the air. In addition,
it is not appreciably soluble in clouds and hence can
be used as a conscrvative tracer for cntrainment and
mixing processcs involving clouds.

Since the flux and gradient arc readily measured,
the ozonc diffusivity (ic, the ratio of the flux
to the local gradient) can be obtaincd, which can
then be used to estimate fluxes of other trace
gascs from gradicnt mcasurements with slow-responsce
instrumentation.  Similarly, the ratio of the flux at
the top of the mixed layer, which can be obtained
by extrapolation from the flux mcasured at scveral
lcvels within the boundary layer, to the change in
concentration across the top of the boundary layer is
a direct measure of the velocity of entrainment of air
from the upper troposphere into the mixed layer. Once
this entrainment velocity 1s known, it can be used to
estimate fluxes of other specics through the top of
the boundary layer. This information is of enormous
practical significance since most trace specics can be
mcasurcd only with slow-response instrumentation.

Remote sensors for tropospheric ozone  con-
centration profiles arc largely limited to IR and
UV DIAL systems.  Both kinds of system  have
undergone extensive development in recent years (sce,
for cxample, Browell ct al, 1983), with the IR
sensors offering somewhat greater spatial resolution
at the cxpensc of greatly reduced range. UV
DIAL systems have been used to obtain ozone
profilc measnrements (50 m resolution) through the
complete troposphere. It is tempting to consider the
possibility of combining remote specics measurements
with remote wind profiling mcasurements (Hogg ct
al, 1983) to mcasure fluxes remotely.  The exact
performance of an ozonc DIAL system is, however,
more dependent upon atmospheric conditions thaa is
the case for the wind profilers. Ozone concentration,
temperature,  acrosol distributions, and the spatial
and temporal resolution requirements all aflect the
mcasurcments.  Although the diversity of operational
parameters makes cvaluating “typical” performance
characteristics  difficult, their temporal and  spatial
resolution appear to cqual or exceed that of currently
available wind profilers for ranges greater than about
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300 m. This resolution may be sufficicnt to be uscful
for measurcment of eddy flux of ozone in the upper
part of the convective PBL.

Ilydrogen Peroxide

The gas-phase oxidation processes of the odd
hydrogen frec radicals arc terminated by radical-
radical rcactions that form hydrogen peroxide and
organic peroxide. The peroxides thus formed can
be taken up by aqucous acrosols, cloud walcr,
and surface dcposition. The peroxides in  the
atmosphere, particularly in acrosols and cloud watcr,
arc an important oxidant, notably responsible for the
conversion of SOz o SO, .

Because of the importance of the peroxides,
there has been considerable cffort directed toward the
development of instruments Lo measurc H,0; in the
troposphere, including the gas phase, on acrosols, and
in cloud water (Heikes et al., 1982, 1987, Kelly ct al,,
1985). To date, however, there arc no measurcments
publishcd on the surface exchange or flux divergencee
of HzOz.

Instruments that are currently available do not
have sufficicnt scnsitivity to mecasurc cither H;O,
deposition or flux divergence by cddy corrclation.
Morcover, the capability of available tcchniques, ic.
enzymatic fluorimetry (EF) and tunable diode lascer
absorption spectrometry (TDLAS), fo quantitativcly
sample H,O; or to distinguish between HO; m
the gas phasc and in acrosols has not yct been
established. For this reason, present technology should
be aimed at improving and verilying these techniques
and at their subscquent utilization to measure H;0,
deposition using gradicnt techniques near the surfacc.
1n addition, the use of these methods in aircraft studics
to determine the tropospheric distribution of H;Oz as a
function of altitude, scason, and latitude would provide
important information on the processes regulating the
production, loss, and redistribution of H,O; in the
troposphere.

Reactive Nitrogen Oxides and Ammonia

According to our present understanding, NO,
compounds arc introduced into the atmosphere as
NO,, which can then be converted to PAN and
HNO, by chemical processes. Cembustion and soil
cmissions of NO, arc the priacipal sources in the
PBL. Lightning, aircraft, and transpor: of NO, {rom
the stratosphere arc the Urown significant sourccs in
the free troposphere.  The NO, is removed from
the PBL by both dry and wet deposition. A critical
factor regulating the lifetime of NO, compounds in
the atmosphere and, hence, the influence of NO, on
tropospheric photochemistry is the exchange of f\JO,
between the boundary layer and the free tropospherc.

Nitrogen oxides (NO + NOz = NO,) arc both
emitted from and deposited to the carth’s surface.
For thc¢ most part, however, cmission dominatcs,
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and cmissions from soils are recognized as being a
significant source of atmospheric NO, (Logan, 1983).
However, the magnitude of this source is subject
to considerable uncertainty.  For cxample, Hahn
and Crutzen (1982) cestimate that soil may represent
between 0% and 20% of the total global source.
Stedman and Shetter (1983) indicate a soil source of
NO, that is between 13% and 50% of the global total,
while Logan (1983) cstimates that between 7% and
30% of the global total NO, originatcs [rom microbial
activity in soils.

Much of this work was bascd on only onc sct
of s0il NO_ cmission data (Galbally and Roy, 1978).
Since then, several other studics have been conducted
in different arcas and under a wide varicty of climatic
and soil conditions (Johansson, 1984; Johansson and
Granat, 1984, Slemr and Sciler, 1984; Dclany ct
al, 1986; Anderson and Levine, 1987, Williams ct
al, 1987). The results demonstrate that there is
considerable variability and vneertainty in NO, soil
cmission cstimates.

In order to refine the estimates, emission rates
must be related to soil propertics such as temperature,
type, moisture, pH, pereent organic matter, and
nitratc and ammonium concentrations.  Knowing the
dependence of NO, emission on these factors gives
insights into the biogenic mechanisms responsible for
the NO, gencration.  Because of the variability of
these factors in nature and the complexity of the
biogenic response to them, additional detailed ficld
studics covering all scasons, as well as investigations
under controlled laboratory conditions, arce required.
Ancillary atmospheric mcasurements should include
ambicent air, dew point, and soil temperatures, wind
speed and direction, pressare, solar radiation, and
precipitiation.

Since NO is both cmitted and dcposited  at
the surface, and fast-response, sensitive detectors arc
currently available to measure its flux, NO is useful
for undertaking a systematic cvaluation of several of
the mcthods currently used for flux measurement.
Therefore, NO would be an excellent candidate for
ficld comparison of enclosure, gradient, and cddy-
corrclation techniques. The site for such a study needs
to be carcflully considered, since obtaining a uniform
known surface flux of NO is difficult. The arca must
be accessible and horizontally uniform with respect to
both NO c¢mission and micrometeorological quantities.
This is critical when using different techniques because
of the intrinsic diffcrences in the sample arca to
which the ditferent techniques respond. It is especially
challenging for NU, since its surface flux is known to
be extremely variable, both spatially and temporally.
The choice of the specific biome (natural grassland,
scrubland, cropland, short or tall vegetation, cic.)
nceds to be carcfully considered, and the soil, microbe,
and vegetation parameters need o be o carclully
documented. The intercomparison should extend over
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a range of scasons and environmental conditions,
throughout the diurnal cycle and, if possible, belore,
during, and after precipitation.

Under certain conditions, rapid rcactions may
convert odd nitrogen from one specics into another.
An example of this is the NO-NO,-Oj triad, which has
a reaction rate of the order of a minute. Mcasurements
of the surface llux of a single specics may thercfore
be much less meaningful than simultancous flux
mcasurements of the entire family of odd nitrogen
compounds. By mcasuring fluxcs of the entire suite,
we can cnsure that we have not missed an important
part of the total odd nitrogen emission or deposition
flux. On the other hand, Lenschow and Delany (1987)
have shown that for two specics for which the chemical
reaction time is much shorter than the diflusion time
from their source, the ratio of the fluxes 1s cqual to
the ratio of the concentrations. Thercfore, it is only
necessary to measure the flux of onc of the specics
concurrently with the mean concentrations of both to
obtain the fluxces of both specics.

There are virtually no cxisting data on the
deposition of PAN; there are limited measurements of
NO; and HNOj; dry surface fluxcs. Nitric acid {luxcs
have been estimated over a few surfaces using gradient
techniques (Hucebert and Robért, 1985; Huebert et al,
1988), but the coverage is by no means represcatative,
Artifact-frce NO; flux mcasurements arc also rare, but
some do exist. We know of no mecasurcments of the
flux of NO,, althougb this valuable mcasurement would
help us place bounds on all the other odd nitrogen
Tuxcs.

For cach of these specics, measurements over
a much broader range of biomes than has currently
been reported s essential in order to estimate fluxes
to significant portions of the globe.  Whenever
possible, these measurements should be obtained
concurrently with measarements of the other significant
odd nitrogen specics. We recognize two ramifications
of this rccommendation: (1) few Inhorutorizs ere
expert at all these techniques, so that muligroup
cooperation will often be required, and (2) the himited
availability of statc-of-the-art measuring systems will
make it necessary to plan practicel experiments that
may not be as complete as ideal ones.

A desirable experimental format would include
gradient measurements of ammonia/nitrate and PAN,
coupled with cddy-correlation measurcments of NO,
NO,, and NO, fluxcs. Figurc 4.1 shows a schematic
of a proposed experiment.  Although the precision
available for measuring PAN may be marginal for flux
measurement (assuming a deposition velocity in the
range of a few tenths of a cm s~1), it may be adequate
to cstablish an upper limit to the PAN flux. The NO,
measurements would also be uscful for estimating the
totat surface flux of odd nitrogen specics.

It is obvious, from the discussion in Chapter [,
that there is still much scope for rescarch into the
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sources and sinks of NHjy at the surface. Even the
best documented sources have uncertaintics of 100%.
Because of the many processes that can generate NHj,
aircraft measurements of NHy inputs over large arcas,
as described by Lenhard and Gravenhorst (1980), for
cxample, seem (o offer much promise. Emissions
from biomass burning and natural ficlds obviously nced
better quantilication.

Most NH; cycling in the atmosphere is thought
to occur close to the carth’s surface (involving
acrosol formation, incorporation in cloud watcr, and
dcposition), and a preponderance of gas-phasc NHj is
thought to be located in the planctary boundary layer.
However, this supposition has yet to be confirmed by
measurcments. Thus, measurements of ambicnt NH;
levels are needed in order to understand the proccsses
that control NHj exchange and the tropospheric NH;
distribution.

Such .acasurements are relatively scarce, however,
duc 1o a varicty of experimental diflicultics. Ammonia
forms strong hydrog.n bonds and adhercs tenaciously
10 any unheated surfacc.  This often leads to
memory effects and sample losses, a particularly
scrious problem for optical techniques that require
absorption or cxcitation cells, and Icads to high
background lcveis in  filter packs, bubblers, and
acid-coated dunmder tubes, which necessitates long
collecting times.  Hydration of NHj3 by atmosphcric
watcr vapor at high relative humiditics further limits the
uscfulness of highly specific spectroscopic techniqucs.
Nevertheless, several techniques have been proposced
to mcasure gas-phasc NH;. In order to cstablish the
ability of these techniques to quantify tropospheric NHj
levels, a thorough test of NHy measuring techniques is
rcquired.

Although present sensors do not have response
times fast cnough for cddy-correlation flux measure-
ments, they are sufficiently sensitive to determine NHy
fevels throughout much of the carth’s troposphere.
Mcasurcments of NHj levels as a function of altitude,
scason, and latitude would constitute an important first
step in placing limits on the cxchange mechanisms
and chemical processes that regulate this distribution.
These measurements should be accompanied, where
possible, by measurcments of HNO; and acrosol NH{,
NOy, and SOf.

Mcasuring fluxcs of the HNOy/NH; couple
presents some unique problems. When the product of
the HNO; and NHj3 concentrations exceeds a particular
value, a fraction of these gases will condense to form
ammonium nitrate acrosol (Hucbert ¢t al., 1988; Brost
ct al,, 1988). Under these conditions, the flux of nitrate
is carricd both by HNO; vapor and by nitrate acrosol;
similarly, the total NHy fNux is transportcd by NH;
vapor and ammonium acrosol. The total nitratc and
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NH; flux is conserved, but the individual specics fluxcs
may not be. The vapor specics diffuscs and adheres to
the surface as a phase change near the surface supplics
fresh vapor to the depleted laminar sublayer.

To obtain the most rcalistic picture ol nitratc
and NH; fluxcs, therefore, all four specics should be
mecasurcd concurrently. The rapid adjustment time
of this equilibrium between phases makes it difficult
to make rigorous statements about the distribution
of material between phases, but it is relatively casy
to mecasurc the total nitratc and total ammonium
gradicnts with filter packs, from which the total flux
can be cstimated.

Most of these experiments appear to be fcasibie
in the very ncar future, although not all the nccessary
instrument development has been completed.  For
example, the response times of NO, detectors need
to be demonstrated before we can confidently usc
them for eddy correlation. The precision of PAN
instruments necds to be improved in order to measurc
vertical gradients. Development work should continue
on fast interference-frece NO; and NO, instraments.
Filter mcasurements of nitratc and ammonia should
be supplemented with denuders whenever appropriate.

Since all of these developments scem achicvable
in the ncar future, experiments could be planned
immecdiatcly. An cxample of such an cxperiment
was carricd out in the Amazon Basin as part of the
NASA/GTE/ABLE-2A (during the dry scason) and
ABLE-2B (during thr - ct scason). Prcliminary rcsults
from ABLE-2A arc discusscd in a spccial issuc of J.
Geophys. Res., 93, 1349-1624. Advective transport of
chemical species from surrounding pollution sourccs
and agricultural land posed a problem for the experi-
ment. Detailed mesoscale meteorological infor:nation
was uscful for identifying pollution sources. Large-scale
mecan concentrations measured by the aircraft were
critical to establishing that the distribution patterns of
chemical specics observed at the micromcteorological
tower sitc were characteristic of the regional forest
environment.

A similar experimental design was tested during
the summer of 198% in the Yukon Dclta region of
Alaska during the NASA/GTE/ABLE-3A. This region
was well suited for the experiment duc to relatively
persistent meteorological pattcrns over ar exiensive
flat tundra. Particular attention was paid to spatial
scale factors involving biogenic source distribution.
Enclosurcs, towers, and aircraft were uscd to measurc
concentrations and fluxcs of NO over a broad spectrum
of spatial scales. Tower and aircralt mcasurements
of NO, NO;, NO,, 03, CO;, CH;, H;0, winds,
temperature, and humidity addressed spatial and
temporal scales of variability, and scrial launches of
frce balloons provided measurcments of boundary-
layer height through the experimental period.
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Sulfur Group

The recommendations discusscd here outling in
greater detail the specific types of research needed
to characterize surface cxchange of sulfur specics.
The plan for trace sulfur specics studics suggests a
focus on six important rescarch arcas, which share
a number of considerations.  First, thc cmphasis
must be on exchunge, so that both deposition and
emission fluxes are addressed. While studics at any onc
arca might well focus on a particular flux-generating
process, the interpretation of acquircd daia must be
incorporated into a more complcte characterization
of the global surface exchange. Sccond, studics are
suggested for a varicty of contincntal and oceanic
biomes, the particular regional focus of any given
rescarch topic being bascd upon cither cxisting data
or knowledgeable cstimates of the potential global
significance of that rcgion. Third, whereas scveral
tracc sulfur gascs arc cstimated to bc of highest
priority bascd apon the currently available data, other
tracc sulfur specics should not be dismissed without
justification based on defensible data.

Fourth, there is a nced for interdisciplinary
rescarch that incorporates a mix of cxpertise and
mcthodologies in any attempt to characterize a given
flux. This is nccessary not only to detcrmine the
flux per sc of a given specics from a particular
biome, but also to provide the basis for predictive
capabilitics that can often comc only from in-depth
understanding and appropriately  designed  process-
level studics.  Conscquently, the plan calls for a
combination of ficld and laboratory studics, with the
mix depending on the question being examined.

Onc further major rccommendation is the need
to interface, both physically and conceptually, the study
of sulfur gas cxchange with studics being planned for
other classcs of frace geses (ic, NO,, ozone, and
hydrocarbons). This is cspecially important since many
surface exchange issucs are common to all classes of
compounds, and any onc experiment could greatly
benefit from cfforts cxpended to characterize iluxes
of other trace specics and from shared cxperimental
platforms and technologics.

The specific suggested experiments are summa-
rized in Table 4.1. For cach of the six critical arcas
identificd, specific studics arc suggested to address
cither process level studics or {lux measurements.
The critical arcas {>cus on the gencral issucs that
require resolution in order to accurately cstimate
global exchange rates. As such, the descriptions ar:
phrascd in a general, rather than a highly specific, way.
The experimental approaches deemed necessary to
address the critical arcas arc briclly described as cither
process-level or flux measurements in the appropriate
column. Process-level studics may be conducted under
controlied laboratory conditions and aie intended to
clucidate basic production, uptake, or transformation
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mechanisms, whercas flux  determination s biome-
specific and requires in situ measurements as well as
apnr.priate sulfur compound speciation.

Air-Sea Gas Exchange Rates: Process-Level Study

While large fluxes of volatile sullur gasces have
been observed coming from some plant specics in
terrestrial and ncar-shore aquatic cnvironments, it is
thought that the majority of biogenic sulfur input into
the troposphere occurs from the apen occan.  An
increasing bady of data indicates that supersaturation
of DMS cxists in the occan and that transport into the
atmospherc may be responsible for fluxes significant on
a global scalc. While mcasurcments of atmospheric
mixing ratcs of DMS support this view and arc i
general agreement with estimated transport rates, the
transport of DMS acro:s the air-sca interface and its
dependence upon physical variables such as wind speed
are poorly understood. For these rcasons, studying
this transport as a globally significant proccess is highly
rccommended.

Sincc detection of DMS at the obscrved 100
pptv level currently requires sample preconeentration
and analysis on a time scale of ~ 30 minutcs,
such flux mcasurcments appear to be approachable
only by means of the vertical gradient technique.
Such mecasurements would require the usc of towers
in an open wawer cnvironment under 2 varicty
of atmospheric and sca-surface conditions.  The
coincident measurement of a suitc of atmospheric trace
gascs, some of which arc amenabt’e 1o mecasurcment
by cddy-correlation techniques, would aid considerably
in the interpretation of results and would be highly
desirable.  While deep ocean measurcments would
ultimatcly be desirable, more modest platforms in
shatiower waters would yield important results.

Oceanic Production of Volatile Sulfur Species

In order to extend the site-specific sullur toece
gas exchange rates from occanic systems, derived from
studics such as discusscd above, to global cstimates of
net production, it is necessary to identify the principal
biota involved and the major controlling cnvironmental
factors and then to integrate the results into a
predictive model. Process-level studics are necessary
to characterize the taxonomy of the important sulfur
emitting specics, followed by studics that address the
role of environmental factors in modulating both their
cmission :+tcs and geographic distribution. The sccond
phasc of this process-bascd approach would be the
development of a mode! to predict exchange rates
for specific sulfur gascs under a varicty of naturally
oceurring conditions.

This modeling effort would require  Id validation.
Flux mcasurcments in sclected biomes with appropri-
ate geographic and temporal scales, as suggested by the
model, should be undertaken. The underlying focus
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should be the development of predictive capabilitics
rather than an exhaustive inventory of all biomes.

Aerosol Formation from Volatile Sulfur Compourds

The emission of volatile sullur compounds into
the tioposphere Jcads ultimately to the formation
of sulfatc acrosols. These acrosols may be the
deminant form of su!fur deposition in remote regions
of the globc and may also be the predyminant
source of condensation nuclei respensible for cloud
formation in marine cnvironments.  The processcs
lcading to the formation of sulfatc acrosol from DMS
cmitted by marine biota are very poorly understood,
as is the global and temporal distribution of the
acrosol. Conscqucnrtly, both process-level and survey
mcasurcments arc recommended to understand this
problem.

Process-lcvel experiments would involve modceling
and laboratory studics of the mcchanisms, rcaction
pathways and rates of formation of sulfate acrosols
through the oxidation of reduced volatile sulfur gascs
of biogenic origin.  While not limited to DMS,
such studies should initizly focus on DMS, as it is
thought to be of prime importance. In addition, ficld
dctermination of the spatial and temporal distribution
of both ihe subsurfacc sources and the aimospheric
distribution of volatile sulfur specics arc necessary.
While some such ficld measurements have been made,
considcrably more coupled data of precursor and
acrosol atmospheric concentrations would be of great
valuc in understanding this intcraction between the
troposphere and the underlying biologic community.

SO0, Fluxes to Continental and Ocean Surfaces

Although many mcasurenents of SO;  fluxes
have been made, many important questions involving
the rates and processes governing these exchanges
nced to be resolved. One pressing question relates
to the role of scaling point measurements of SO,
fluxes to larger arcas, associated with model grids or
ccosystems used in budget computations. Diflicultics
arisc duc to spatial variation in surfacc vegetation and
terrain complexity; thus, arcally averaged fluxes over
a complex topographic mosaic of underlying surfaces
raay or may not cqual the weighted average based
on the individual componeats of the surface mosaic.
Fayeriments  coupling  aircraft  flux - mcasurments
with a spatial avcrage of towcr-bascd SO, flux
measurcments are required to address this probicm.

A theoretical framework cxists for describing the
process governing the transfer of SO, to vegetated
surfaccs.  Unfortunately, somc of the  pathways
postulated in this framework are not well quantificd.
Particular attention needs to be paid to factors
governing SO, deposition 0 soils, detritus, and moist
canopics. Many questions remain about the cffects of
surface wetness resulting from dew, rain, or snow on
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SO, deposition rates; since the pH of such a liquid
film may be expected to decrcase as SO absorption
procceds, uptake may change dramatically with time,
and laboratory experiments are sequired to address
this question.

Analogous questions apply to occanic systcms.
Studics arc needed 1o deicrmine the factors controlling
SO, uptake to ocean waters with diffcrent wave, and,
therefore, surface churacteristics.

Sulfate Deposition to Continental and Oceanic
Su-faces

Sulfate exists in the atmosphere in both particulate
and aqucous forms, as wc!l as in gascous form.
Conscquently, processe. governing the sulfate SOy
deposition must be distinguisi:ed from those associated
with SO, dcposition. Data pertaining to the
magnitudes of both dry and wet SOF deposition
to different biomes and occan surfaces is necded.
Unfortunately, depositicn rate measurcments of sulfate
particles arc diflicult. ~ Since  deposition velocitics
are a function of particle size, deposition rates arc
a complicated function of particle size distrioutions.
Significant improvements in methods uscd to measure
sullate particle fluxcs appear to be nceded.

Sulfate deposition to sites adjacent to significant
orographic fcatures poscs a special problem. SOF is
deposited not only by dry processes and precipitation
but also by cloud impaction on mountainous terrain
and vegetation.  Studics arc further burdened by
complicated airflow patterns in such terrain. It would
appear that aircraft and mountaintop studics would
have to be closcly coupled to address the problem.
Studics of cloud scavenging and transformation would
have :0 be performed, since both aifect the SOF
deposited by clouds, Concentrations of oxidants such
as 11,0, arc expeeted to play a major role in this
regard.

From a bingeochemical standpoint, fluxes of both
SO; and SO; arc nceded to construct a global e
budget. Variations in temporal and spaticl sciles o
both of these important species need to be better
characterized. Data from existing monitoring nctworks
may be utilized, but tac - ncetworks arc inadequate
for extension to 2 giobal scale. Additional monitoring
stations in .cpyeseatative continental and - oceanic
sites, providing Sama on  chemical concentrations,
meteorology, and surface characteristics, arc sorcly
nceded.

Volatile Sulfur Gas Emissions from Contincnial
Biomes

Scveral previously completed ficld measurement
programs indicatc that soils and vegetation in both
intertidal and upland regimes contribute significantly
to the produciion of reduced trace sulfur gascs.
These obscrvations arce, however, very sparsc. Thus,
it is diflicult to cxtend these measurements o a
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global scalc with any degree of certainty. It is
important to cxtend such mecasurcments to other
contincntal regions of suspected inierest in order to
develop reliable predictions for a varicty of sitcs and
cnvironmental conditions. This task requires attention
both to flux measurcment per sc and to the chemical
characterization of the sulfur specics being relcased.

For several biomes that arc potentially significant
on a global scale, fcw or no sulfur gas flux
measurements have been performzd. These include
tundra, wet and dry tropics, and boreal rain forests.
Surveys in these arcas are recommended in order to
asscss their contribution to the global sulfur budgct.

Process-level studics arce also recommended 1o
cxamine both vegetation and soils as Ccmission sources
under controlled laboratory and ficld conditions. These
cfforts should identify taxonomical, and physiological
and environmental variables affecting sulfur gas
cmissions. Some studics of this type have alrcady bcen
undertaken but were restricted to agricultural crops,
a considerable broadening of scope is required. The
principal methodology used in such studics to date has
been enclosure systems. These should be augmented
with other micrometeorological approaches as soon as
the requisite scnsitivity and temporal resolution have
been developed.

This rescarch musi result in a capability to predict
fluxcs and 1o account for the considerable spatial and
temporal (i.c. diurnal, scasonal, and annual) variability
in cmissions from contincntal biomes. Ir order 1o fully
validate this predictive capability, additional studics in
some well-characterized source region should be uscfu,.

Carbon Group
Methane

Of all the hydrocarbon specics found in thc atmo-
sphere, currently methane is the best understood. The
growth of methanc concentrations in the atmosphcre
has been demonstraicd by dircct measurcments on
atmospheric samples over the past decade (Blake and
Rowland, 1988; Rasmusscn and Khalil, 1986; Frascr
¢t al., 1986a), spcctroscopic measurcments of the total
~olumn amount of mcthane (Rinsland ct al.,, 19895),
and by the mcasurcment of air bubbles cxtracted
from polar icc cores (Etheridge ct al, 1988; Pcarman
ct al, 1986, Stauffer ct al., 1985; Rasmusscn and
Khalil, 1984). The incrcasc in nicthanc has been
occurring for the past two centurics, over which time
the concentrations have more than doubled from a
preindustrial level of about 700 ppbv to the present
value of about 1650 ppbv. Recently the ice-rore record
for methane has been extended back to 160,000 ycars
8P by Raynaud ct al. (1988) and to 100,000 years RP
(Staulfer ct al,, 1988). Both investigations showed that
¢ iring glacial times the methane concentrations werc
about half of thosc found in interglacial periods. The
present atmospheric burden of methanc is known (o
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be about 4,300 Tg; the distribution of mcthang in the
troposphere has been measured by Stecle ct al. (1987).
By using cstimalcs of the average concentration of
hydroxyl radical in the atmosphere, Prinn ct al. (1987)
deduced the arerage atmospheric lifetime of mcthanc
to be 9.6 (+2.2, -1.5) years, wherc the uncertaintics
refer to onc standard deviation. While most of the
long-term increase in methane is probably duc to an
increase in the magnitude of the sourccs, the close
chemical coupling between CH,, CO, and OH in the
atmosphere means that incrcasing levels of CO in the
atmosphere can also lead to an increasc in the level of
methane (Thompson and Ciccronc, 1980).

While we may have compiled considcrablc in-
formation about atmospheric mcthanc, there  still
cxist significant uncertaintics in our knowledge of the
sources of methanc. Therc is a growing conscnsus that
the magnitude of the annual iclease to the atmospherc
is in the rangc 400 to 600 Tg (c.g., Bingemer and
Crutzen, 1987; Ciccrone and Orcmland, 1988), but
the relative contributions from known sourccs is far
from sctticd. In a recent paper, Lowe ¢t al. (1988)
interpreted #C/12C ratios in atmosphcric methanc 10
deduce that about 7% of this trace gas dcrives from
fossil carbon sour cs. This percentage is much higher
than had bcen sugges.. 1 previously. A conscqucnce
of the uncertainty is that it is still not possible
to quantitatively account for the obscrved long-tcrm
incrcasc.

A determination of the uncertaintics in the various
methanc sources will not be casy.  Success will
almost certainly have to depend on a combination
of scveral activitics: atmospheric mcasurcments of
mean concentrations; dircct flux imcasurements over
known or suspccted sOurce regions; process studics
to better quantify total and isotopic rclcascs from
known sources; mcasurcments of the diffcrent isotopic
specics of methane, both as carbon and hydrogen; and
atmospheric modcling studics to aid in the integration
and interpretation of our knowlcdge about methanc.
Many of thesc activitics are alrcady under way but
rnay have to be expandca or augmented. Most of the
atmospheric mcasurcments of methane are currently
taken in the boundary layer. Regular dcterminations
of vertical proiilcs in the troposphcre at a numbcer of
jocations would aid considcrably in constraining modcl
calculations. Dircet flux mcasurcments have usually
been carricd out for rclatively bricf periods of time. It
would be desirable to measure {luxes at some locations
for at lcast a ycar. This would provide information
about possible scasonal variations in fluxcs and help to
reduce uncertaintics when cstimating annual rcleascs.
Such an exercise would probably require that the fluxcs
be measured by a noninvasive technique such as eddy
correlation.

The mecasurcment of the isotopic contposition
of atmospheric methane is potentially very valuable
in understanding the sources of mcthane, bccause
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different snurces may release isotopically  distinet
mcthane (Stevens and  Engelkemcir, 1988).  The
contribution of fossil methane to the total budget can,
in theory, be deduced by measurements of HC/**C
ratios in atmospheric methane, but as Lowe ct al
(1988) point out, the continuing production of HCH
from nuclear power plants will complicate the issue in
coming ycars. Onc arca that has received relatively
little attention is the hydrogen isotopic composition of
mcthane. Such mcasurcments could impose valuable
constraints on the rclative magnitudes of various
sources in the global methane budget. Process studics
can clucidate the mechanisms of methane production
and release and the factors that can influence those
mechanisms (Martens ct al., 1986; Blair ct al,, 1987).
The compilation of high-resolution global data
bascs for mcthane emissions from natural wetlands
(Matthcws and Fung, 1987) and from animals (Lcrner
ct al, 1988) is a very positive development, since
they can be us:d as inputs (o three-dimensional
traccr transport models of the atmosphere to test
hypotheses about the source terms in the global
methanc budget. Unpublished simulations of various
mcthane sources with such a model by Fung and
coworkers at NASA/GISS show that some mcthanc
sources arc large cnough to raise the annual mean
concentration over large regions by tens of parts per
billion. These model results could be readily tested
by routine measurements of mcthane concentrations
at appropriatc locations within or ncar to the source
regions.
Carbon Monoxide

As mentioned carlicr in the report, perhaps
50% of the sources of carbon monoxide arc in
tropical regions.  This cstimatc is not bascd upon
direct measurements of fluxes. Using airborne cddy-
corrclation techniques and the fast-response CO sensor
described by Sachse ct al. (1987b), it should now
be feasible to test directly the cstimaies of carbon
monoxide production in the tropics.  This would
requirc mcasurcements of the cddy flux and the
mcan CO concentrations at dilferent heights in the
boundary layer over a tropical forest, as well as
CO concentrations in the free treposphere above
the boundary laycr. It would be desirable, but not
absolutcly necessary, to measure the CO levels and the
CO flux at the ground while the aircraft measurcments
were being made.  Since much of the CO in the
tropics is thought to ucrive from oxidatior of NMHCs,
it would also be desirable to measure the vertical
gradicnt of the NMHGs in the boundary layer as part
of the experiment.  Obscrvations of this type have
alrcady been carricd out over the Amazon Basin as
part of NASA/GTE/ABLE-2A and 2B, as rcported
for ABVE-2A in the J. Geophys Res,, 93, 13491024,
and have demonstrated that the technology is at hand
to address this question.
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Nonmethane Hydrocarbors and Organics

At present there are no fast-responsc  scnsors
for NMHCs and organics.  Their presence in the
atmosphere at concentrations of about 1 ppbv or less
makes the development of [ast-responsc sensors @
daunting task. Therefore, for the foresceable future,
fluxcs of NMHCs will be cstimated by gradient or
budget techniques, which require only measurcments
of mcan concentration or concentration dilferences.
Because of the large number of specics in this class,
any cffort to develop fast-response sensors should
perhaps focus on isoprene, since from the point of
view of atmospheric chemistry, it is arguably the most
important member of this class. Since the production
of isoprcne by plants is known to be rclated to
photosynthesis, further studics of plant mctabolism
may yicld critical information that can be used to
predict isoprene emissions to the atmosphcere.

Species Concentration Budget
Experiment

Undcer certain circumstances, the cmissive flux
from an important sourcc rcgion can be derived
by making measurcments of the clevated mixing
ratic of a given specics in the downwind plume
from the region. Concentrations mcasurced in the
air downwind of the source reflect (1) the original
composition of the air, (2) the addition of spccics
from local sources to the near-surface layer, (3) the
amount of cntrainment/mixing with the background
air, and (4) photochemical cvelution in the air
parcel. A well-designed experiment would include
spatially/temporally corrclated measurcments 7 2
number of chemical specics botk upwind and downwind
of a major sourcc region; it would allow for the
empirical caiculation of rclative fluxcs, includig those
such as ozonc that arc cvolved as the plrmce of
NO, and hydrocarbons ages and mixes w.cr th
cnvironment.

The time scales involved would fall in the range
of (-5 days, and thus conserved tracers would include
CFCs, CO,, CHy, CO, N2O, SF,, black carbon, "nd
alkancs; whereas the chemically evolving specics would
include O3, NO, NO,, PAN, NO,, H;0,, SO,, and
shorter-lived hydrocarbons. The calibration of absolute
flux can be based on (1) a conserved tracer with a
known rate of emission, or (2) metcorological analysis
of the growth and mixing of thc plume. Simiiarly, the
photochemical time scale for aging of the parcel (e.g,,
NO,/NU, ratio) could be based on (1) a species with
a known decay rate or (2) the meteorology. In cither
casc, the background cnvironment (or air upwind of
the region) must have a well-characterized composition
and fow variances for specics mixing ratios. It may be
possible (and necessary) o consider two different mixes
of background air, such as boundary layer air and free
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tropospheric air, cach with a characteristic composition.

An important rcquircment is that the spa-
tial/tcmporal corrclations be resolved in order to
climinate high-frequency variations that may be caused
by scparation of source or instrumental noisc. Relative
cnhancements would not be derived by the cross-
covariancc of two spccics at zcero lag but rather
by their values at some lagged time that would be
representative of some fraction of the integral scale.
There is a need to sample far enough downwind so
that diffcrent point sources in the region have had a
chance to mix partially. Empirical definition of the
intcgral scales is necded for specific cascs.

The multivariate statistics resulting from such an
cxperiment could be used in conjunction with simple
quasi-Lagrangian modcls of the chemicai evolution of
cmissions as thcy mix and cvolve with the background
air.  They could be used to define what happens
chemically to such emissions as they pass from the
boundary laycr into the frec atmosphere by convective
processes and how much ozone is produced in the
open troposphere as these layers disperse. The more
specics that arc measured simultancously, the greater
the numbcr of constraints with regard to absolute fluxcs
and photochemical age could be applicd to reduce the
unccrtainty of the results.

Exchange between the PBL and the
Frece Troposphere

A key issuc is the rate of exchange of chemical
specics between the PBL and the free troposphere.
Mctcorologists  unsually  divide  this  cxchange into
two scparate processes:  “cntrainment,” where free
tropospheric air is brought into thc PBL by small-
scalc turbulence processes (.., spatial extent lcss
than a few hundred meters) across a clearly defined
density discontinuity, and “cloud venting,” where large
organized convective clements, powered by latent-heat
induccd buoyancy, transport substantial amounts of
PBL air throughout the troposphere (as high as the
tropopause for deep convection). Both processes have
received considerable attention froin metcorologists
because of the obvious importance of the vertical
transport of momentum, scnsible heat, and moisture.
The entrainment process has been  studicd most
extensively for the clear and stratocumulus-topped
convec.ive PBL. Thc cntrzinment rate for marine
stratocumulus is typically in the range of 0.05 to
1.0 cm s~!, whiic in the clear, continental PBL it may
be as large as scveral tens of centimeters per sccond
ncar midday.

Cloud transport has been studied in a varicty of
large ficld programs (c.g., the Global Atmospheric Re-
scarch Program Auantic Tropical Experiment {GATE]
and thc Cumulus Cloud and Precipitation Experiment
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|CCOPE]). A major goal of thcse programs was
to develop parameterizations for the formation,
extent, and impact of cumulus convection.  Although
these paramcterizations arc an cssential ingredicent ip
mesoscale and global scale atmospheric modcls, they
are still very crude, case specific, and only looscly
bascd on the underlying physics. More recently, cloud
transport of chcmical specics was cstimaied over the
Amazon region during the rainy scason in ABLE-2B.

Many of the previous atmospheric studics of
convcction have cmphasized the intcrnal dynamics
of the process rather than the cflective transport
propertics of a ficld of cloud clements.  From
a chemical perspective, Ritter (1984), Ching ct al.
(1985), and Greenhut (1986) have investigated the
transport by cumulus clouds bctween the mixed
layer (subcloud basc) and a capping inversion at
cloudtop using aircraft, surface-bascd mcasurements,
and traccrs.

It is now clear that a study of thesc processcs
should be undertaken using a combination of aircraft
and ground-bascd remote sensors, in addition to the
dircct scnsing capabilitics mentioned above.  The
remote scnsors should include the complementary
pairing of a chemical mcasuring (DIAL or Raman)
lidar with a wvertica! velocity Doppler lidar or
radar profiling systcm. Such an cxpcriment would
be intcgrated with a high-resolution satcllite cloud
map (c.g, from LANDSAT), which would allow
cxtrapolation to model grid scales.

We proposc that fuiure experiments of this type
be done in two phases. The first phasc would be in
dry convective conditions (few or no clouds), in which
the flux divergence of specific species within the PBL
would be related to the characteristics of the transition
(inversion) layer as a function of synoptic conditions.
Data from such a study will cnable top-down and
bottom-up diffusion thcorics (Wyngaard and Brost,
1984) for the vertical profiles of scalar fluxcs to be
cvaluated and related to larger-scale conditions.

The sccond phasc would occur in an active
convective  cloud  ficld. Airbornc fast-response
instruments would be uscd Lelow and within the cloud
layer 10 determine updraft/downdraft statistics and
the transport of chemical species within the clouds
and in the region between clouds.  Vertical mean
concentration profiles within and above the PBL to
dctermine the concentration jump at the inversion
arc important for undcistending the obscrved cloud
transport. These can be determined from aircraft
ascents and descents and by ground-bascd proliling
techniques.

Satellite data obtained simultancously would be
uscd to determine the representativencss of the cloud
ficld sampled by the aircraft over a larger region, thus
making a conncction between the flux divergencee of
specics within the PBL to the larger synoptic scale.
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Modeling and Parameterization

The objective of ficld experiments is the quan-
tilication of chemical budgets over particular arcas
and times.  Modceling is essential to provide an
interpretive  framework for lux mcasurements  that
arc often fragmentary and unrepresentative in space
and time, cven in experiments that include a broad
spectrum of measurcments from cnclosures, towers,
and aircraft in carcfully chosen test arcas. Modcls that
are specific to the experimental region cannot only
fill in thc sampling gaps, but also hclp to develop
cmpirical paramcterizations that can then be used
for global scale chemical transport models which, as
emphasized in GTC-Plans for the U.S. Research I-ffort
(UCAR, 1980), are cssential tools for understanding
and predicting changes in the carth’s chemical system.

Role of Models in Experimental Design and Analysis

Models that refate concentrations and fluxcs
arc cssential complements to experiments.  Their
role is twofold: to help plan futurc mcasurement
stratcgics and to interpret obscrvations.  On  the
scalc of a given experiment, models are uscd to test
assumptions about processcs and mechanisms aflecting
trace specics distributions.  Both obscrvational and
modeling studics arc conducted to cvaluate budgets
0. specics concentration, as given by (2.6) or by
an intcgrated form of this cquation.  Basically,
these relations cquate the time rate of change of
concentration to thc sum of horizontal advection,
vertical flux divergence, and chemical sources and
sinks. For a chemically inert gas (c.g., CO;), chemical
sourccs and sinks ate negligible.  Therefore, fluxes
can be measured by cither enclosure methods or, if
a sufficiently fast-response high-resolution sensor is
available, from towers or aircraft.

For specics that arc chemically reactive on a time
scale comparable to the transport and mixing time
scales of the atmosphere, enclosure methods may not
be feasible, and flux divergence may be appreciable in
the surfece layer, which greatly complicates the use of
micrometcorological techniques for flux measurement.
In this situation, modcling may play an important
role in cstimating terms in the budget cquation
and cvaluating obscrvational strategics.  Somctimcs,
although individual trace specics may not be conserved,
the sum of several species may be (c.g., NO,).

An important problem in determining chemical
budgets from ficld studics concerns the inherent
variability of the atmosphere. A predictable or
systematic variability duc to scasonal and diurnal
changes can be dealt with by a combination or ficld
studics and modcling. Random variahility prescits
greater difficulty (c.g., convective turbulence that can
cause large intermittent fluxes of matenal over small
arcas, or precipitation that can quickly deplete the
atmosphere’s soluble gases and acrosols in o small
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region).  The nced to consider the conscquences
of random variability in thc atmosphere requires a
morc statistical description of processes in modcl
calculations. One way to do this is to develop stochastic
descriptions of sclected processes for incorporation
into a coupled transport-chemical modcl (Stewart ct
al,, 1988). Obscrvations arc uscd as a basis for the
statistical description of the phenomenon to be studied
(c.g-, wind statistics for turbulence or advection fluxes),
and repetitive model simulations are carricd out, cach
one with a dillcrent but statistically cquivalent scenario
of individual cvents 1o calculate means ar.d variances.

Parameterization Experiments

A major goal for ficld rescarch is the development
of parameterizations that can then be used in modcling
studics on a varicty of temporal and spatial scalcs from
local to global, and from a fcw hours to thousands of
years. Some of the most difficult problems in this
arca dcal with parameterizing fluxcs over real-world
surfaces, such as forests, hills, and occans.

Development of methodologics for cxamining air-
surfacc cxchange within and above dcep vegctative
canopics should be continued.  This includes cvalu-
ation of micrometcorological approaches, testing the
adcquacy of mecasurcments from single towers, devel-
opment of site-specific, simplificd sampling strategics,
and fundamental studics of exchange among diffcrent
portions of the canopy and underlying surface. For
cxample, standard turbulence flux-gradicnt approaches
inside canopics arc usually not successful, which implics
that resistance models of exchanrges within the cancpy
arc not rcalistic.

Development and extensive testing of flux mea-
surement techniques over hilly terrain are also needed.
Likewise, the influence of isolated surface irregularitics
{e.g., windbreaks) needs to be cvaluated.  These
and rclated problems of scale are best investigated
with a combination of measurements from towers and
aircraflt, with additional contributions from cnclosure
studics.

Estimatcs of air-sca exchange rates of many trace
chemical specics are recessary.  Water surface skin
conductance needs to be studicd, particularly for wind
speeds greater than about 15 m s7'.  Although
initial studics may be profitably carricd out in shallow-
water ar-as, extension to the open sca, where the
parameterizations kave to be applicd, will cventually
be required.

Development of Techniquces

Research on fundamental aspects of the propertics
of turbulenee involving chemical specics is necessary
to advance the state of the art of micrometeorological
techniques. For example, further studics to accurately
determine the Kolmogorov inertial subrange constant

. —igt

i

o



LT RN REI W T NrnmE T e e T e e e T TR e e e

82

for trace species will lead to better accuracy of the
dissipation technique (Fairall and Larsen, 1986), which
can be used on moving platforms such as ships. Studics
of the influcnce of rapid chemical reactions on both
mcan and tusvulence variables obtained from chemical
specics, including flux-profile rclationships, statistical
quantitics such as variances, covariances, skewness,
and other higher-order moments, and spectia and
cospeetra of chemical species and related variables
(c.g., velocity components, temperature, and humidity)
should improve our understanding of the limitations
of flux mecasurcment tcchniques and yicld uscful new
approaches to {lux measurcment.

Statistical mecasures such as the integral scale or
spectral shapes of trace species fluctuations should be
investigated as tracers for PBL entrainment and for
advection associated with ronuniformitics in surface
exchange. As well-defined situations arc cxamined and
documented, derived statistical measurcs of bchavior
could be applicd to chemical specics whose vertical
exchange characteristics are still poorly understood.
Applicaiion of saturation-point thcory developed by
Betts (sec Boers and Betts [1988] and rclerences
the. ) may give uscful information for cstimating
PBL cntrainment ratcs.

Work should continuc on  developing  cddy-
accumulation techniques  into  opcerational  flux-
mcasuring tools.  Further rcefinements arc neces-
sary to obtain precision comparable to cstablished
micrometeorological techniques; in particular, flow
control must be improved or parameterizations
bascd on micromctcorological concepts developed to
allow altcrnative rcalizations of the cddy-accumulation
technique utilizing simpler fluid flow principles.

The criteria for usc of path-averaged concen-
trations, such as obtaincd by optical absorption
mcasurements over tens of meters, nced w0 be
cstablished for gradicnt techniques. It appears that the
requirc  arca of horizontaliy uniform conditions would
incrcase as the path length increases. Certainly, critcria
concerning siting and accuracy of mcasurements
cannot he relaxed, as comparcd o traditional gradicent
mcthods.  For cxample, rciincd understanding is
nceded of the way in which uncertainty in the height
difference between any two horizontal averaging paths
affcets the accuracy of the cddy flux computed fiom
them, and of the conscquences of operating too near
the zcro-planc displacement height.

In addition to thc nced for chemical scnsors

CHEMICAL FLUXES

with improved performance, other improvements to
instrument.aon are needed. Scnsors that are smaller,
rcliable, casy to operate, and more durable would
be uscful for working in vegetative canopics.  The
application of remote-sensing techniques 1o measure
profiles of vertical fluscs should be pursuced. Tethered
balloons and blimps offcr some advantages as well.
Incrtial platforms might be deployed on ships so that
cddy correlation could be applicd at sca without rigid
platforms.

Some major facilitics nced to be devcloped
or exploitcd.  Existing tall towcrs (hcights of 100
to 300 m) should bc utilized when approprialc;
worldwide inventory of their locations, surroundings,
and availability should be taken so that they may be
considcred when needed. Construction of a major sca
platform should be considered. Possibilitics include a
deep-sca spar buoy and jack up platforms, with space
and facilitics adequate for opcration of sophisticated
chcmical instrumentation.

Although remote mcasurcment of trace specics
fluxes scems feasibile, to date we know of no such
attempts. We mertion the possibility because of
the potential importance of being able o mcasure
flux profiles from cither the ground 1 an aircraft.
This would obviate the need for tall towers, climinate
flow distortion crrors, and permit low-level flux
mcasurcments from aircraft. Range-resolved remote
mecasurcements of both wind ficlds and trace gas
concentrations have been carricd out, although not
concurrcntly. Remote measurements of - ozone
concentration have been discussed previously. In the
casc of wind profiling systems, scveral types of sensors
arc in various stages of devclopment and application.
These systems include conventional acoustic sounders
(SODARs), higher-frequency “mini” acoustic sounders,
phased-array clear-air UHF (400 MHz) radar systcms,
and Doppler lidars.  Conventional acoustic soundcrs
wave vertical range resolution on the order of 50 m for
a three-minute integration over a range of aboud 100
to 500 m. The resolution of the UHF radar system is
range-dependent with 100 m resolution over the range
from 300 to 2600 m typical for a two-minule intcgration
period. Over an extended range of 600 to 7,000 m, a
similar two-minute integration would typically providc a
range resolution of about 300 m. Doppler lidars offer
the promisc of cven better performance at extended
ranges than the UHF radar, although they arc at a
much carlicr stage of development.

:
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5 NEW OPPORTUNITIES FOk FLUX

MEASUREMENT

B. B. Hicks, C. E. Kolb, and D. H. Lenschow

The preceding discussion indicates that the status
of instrumentation for measuring specics concentration
varics greatly for different species. On the onc hand,
for some specics such as ozonc and NO, current
instruments can be used to mcasurc flux by cddy
corrclation and other techniques. At the other cx-
trcme, for many specics no foresceable development:
appear likely to provide means for flux measurement.
Between these extremes, for many specics techniques
on the horizon offer considerable potential. Gencrally,
no single method promiscs to be a breakthrough for
large numbers of species. Therefore, rescarch aimed
at improved chemical specics sensors nceds o be
carcfully considercd on a specics-by-species basis; in
some cases, small improvements in existing techniques
may be sufficicnt to provide flux measurement; in other
cascs, completely new technology will be necessaty.

Advanccs in tunable laser sources can  be
expected to lead o significant improvements  in
detection techniques using differential absorption or
lascr-induced fluorescence  spectroscopy.  Similarly,
incremental improvement in both sample handling
and detection technologies for chemiluminescent and
chromatographic instruments arc also cicarly possible.

Beyond incremental improvements in o existing
technology, it is important to identily and pursuc
opportunitics  for improvements of an order  of
maanitude or more in sensitivity or responsivity. It
is also critical to identify new detection technologics
that may have been demoeastiated in laboratory usc
but have not yet been cvaluated for ficld usc.

Whiic it is difficult to predict where the next
breakthroughs in sensor technology will orcur, it is
possible to cite a few examples from current laboratory
work that hold great promise. Other novel detection
techniques for the priority specics discussed in carlier
chapters arc certainly possible, and rescarch into a
wide wvaricty of new detection schemes should be
cncouraged.

Improvements in Chemical Sensing

IR Absorption Sensor Treakthroughs

Multipass optical paths, whether inside closed
sampling cclls or open to the atmosphere, are an
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important component of many spectral detection
techniques, especially those utilizing tunable lascrs
for dillerential absorption measurements. Most such
devices currently use traditional White-cell gcometrics
that typically allow 20 to 40 passcs.  Reccntly,
rescarchers at Acrodyne Rescarch, Inc. have begun
to utilize off-axis resonator cclls, which were originally
developed as optical delay lines for carly computer
applications (Herriott and Schulte, 1965). to increase
the number of passcs.

Such ofl-axis resonatlors can  theorctically be
conigured in an “astigmatic” manner, which snould
allow an increasc of 10 to 30 in the numbcer of passes
and thercfore in the absorption path length and the
sensitivity for a given sizc sample cell. Such an advance
would make cither airborne or ground-bascd eddy
correlation or gradicnt mecasurcments with tunable
laser absorption techniques possible for a much larger
number of gascs.

The sensitivity of most tunable lascr absorption
ficld mcasurcments is limited to diflcrential absorp-
tions (AI/I, where I is the laser intensity on the
dgetector) of 107 o 1074, Differentiai absorptions
in the 10~° range have been reliably measured in the
laboratory but arc often difficuit to achieve because
of the presence of Fabry-Perot interference fringes
(ctalons) generated by multiple-beam nterferences iv
the optical path.

Scveral signal processing techniques arc currently
being developed, particularly for tunable diode lascr
systems, which promisce to allow routine measurements
of AI/I in the 10~ to 10-7 range, greatly incrcasing
the sensitivity of TDL-based instruments. These new
techniques include the two-tone optical heterodyne
or two-ton¢ frc. uency modulation Zucthod under
development at IBM, SRI International, and NASA
(Gehrtz, ct al., 1986; Cooper and Warren, 1987; Chou
and Sachse, 1987}; the sweep integration techniques for
fringe subtraction developed at McMaster University
(Cassidy and Rcid, 1982; Beckwith ct al, 1987);
and the Brewsier-plate spoiler technique for fringe
reduction developed at the Jet Propulsion Laboratory
(Webster, 1985).  Coupling onc or mere of these
fringe reduction techniques with the lower-magnitude
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fringes typically found in the off-axis resonator
mirror geometries noted above should greatly extend
thc capability of TDL and rclated tunable laser
instruments.

Sensor Breakthroughs for Sulfur Species

Chromulographic scparation is an  important
technique for many high-priority but jow concentration
trace  specics—particularly  volatile  sullur  specics.
Because of the current low detection capability for
standard flame photoinetric  detection (FPD), as
outlined in Chapter 3, many species can be quantificd
only by lengthy batch concentration techniques. Even
gradient flux measurement methods require a much
more cfficicnt detection system for sulfur compounds.

At least two laboratorics are currently investigating
techniques that promisc at lcast a factor of 100 increase
in scnsitivity for gascous sulfur species. Investigators
at Denver University are developing a hydrogen flame
technique for converting sulfur specics to SO, followed
by chemilumincscent detection of SU3, formed by
rcaction of SO with O;.

Investigators at the Georgia Institute of Tech-
nology arc attempting to adapt a microwave-induced
plasma/cmission spectroscopy (MIP/ES) teciimique to
higi-cflicicncy sulfur detection. A plasma consisting
of atoms and ions of the sample gas is produccd
by a microwave gencrawor, and the plasma cmission
is monitorcd by a photomultiplicr at a wavclength
that is specific for the sample gas. The advantage
of MIP/ES over conventional FPD iz the rciatively
high excitation encrgy, which creztes a well-defined
plasma; by comparison. flame cxcitation preduces a
varicty of atoms, molccules, and radicals at diflerent
cnergy levels, which are strong functions of the flame
characteristics.  Another advantage of MIP is that
plasma emission is much stronger than flame emission
and thercfore promises a substantially lower detection
limit, possibly down to levels that make the real-time
monitoring of sulfur and other gascs in the atmosphere
pussible.

Laser Ionization Sensors

Spectral detection techmgues have an cnormous
value, since they can often be designed to display very
high specificity for the target specics. On the other
hand, the collection and detection of photons can be
rclatively ineflicient.  Individual jons at low pressure
can, however, be reliably detected. The combination
of speetral specificity (exploiting currently available
laser technology) and unit detectivity can currently be
combined in laburatory studics in the technique of
resonance cnhanced multiphoton ionization (REMPI).
In REMPI, onc or more relatively  high-powered,
tunable lasers arc used to photoionize the target
specics via absorption of two or raore photons through
an intermediate excited clectronic state.

CHEMICAL FLUXESs

Applications of this technique for molecular
specics have been reviewed by Johnson and Otis
(1981), while cxicnsions to free radical  specics
have rceently been reviewed by Hudgens (1987).
At sufliciently low pressure, the technique can be
coupled to mass spectrometric detection, providing a
sccond level of specificity (Schlag and Neusser, 1983;
Bernstein, 1982). This technigue, with or withoat mass
spectrometric ion selection, may cventually be usclul
for {lux mcasurcment.

Dctection technologics that can mcasurc a numbcer
of species simultancously are clcarly desirable. Fouricer
transform infrarcd (FTIR) instruments have often
been usced in quantifying infrarcd-active gas mixturcs
in laboratory studics, hcavilv pelluted atmospherces,
and industrial process streams  (Grifliths,  1983;
Theophanides, 1984); they have also been used in
ficld infrarcd cmission anclyscs of hot gas sourccs
(Wormhoudt ct al,, 1985), and in the upper atmosphcere
(Kundc ct al,, 1987). Significant advances arc now
being made in engincering small, rugged, and highly
scnsitive FTIR instruments. Furthcrmore, the advent
of microproccssors allows real-time  calculation of
Fouricr transforms and data display, even under ficld
conditions. It may be possible to couple FTIR scnsors
with other multispecies seasing capabilitics and to usc
novel multipass or long path cclls to allow simultancous
gradicnt measurements of scveral specics.

Fiux Measurement Technology

For the most part, the micrometcorological
technology neeessary for flux mcasuremenrt is available
and relatively mature compared with chemical sensor
technology. Therefore, we feel that the atmospheric
chemistry community nced not dircet a great deal
of attentivn to improvements in this arca. Clearly,
the greatest impact on the capabilities for flux
measurement will come from development of high-
speed,  high-resolution  chemical  sensors  that  are
adequate for cddy-correlation flux measurements, and
froia very accurate high-resolution sensors for mean
measurcments that arc necded for flux measurement
by the gradient technique and oy budget techniques.
Since the most fundamental and dircet technique is
cddy corrclation, we feel that if there scems somce
hope of developing sensors capable of eddy-correlation
flux mecasurcment, this is the preferred course to
pursuc.  This development is especially important
for flux measurement from aircraft, because of the
impracticality of flying suflicicntly closc to the surface
to usc surface layer similarity methods (c.g., the surface
layer flux--gradient relationship) for estimating the flux.

There are, however, a few arcas where improve-
ments in airplane technology for flux measurcment are
desirable—and anticipated.  The Global Positioning
System (GPS), a satcllite-based radio navigation
system, can provide morc accucate aircraft position

i

ol



NEwW OPPORTUNITIES

and vclocity than the currently used incrtial navigation
system (INS). On the other hand, INS has better
time response and can make accurate measureme.ts of
airplanc attitude angles that are required for accurate
mcasurements of vertical air velocity. The combination
of GPS and INS will improve the accuracy of mean
wind mcasurcments and, to a lesser extent, of velocity
fluctuations. The most pressing need in o specics
concentration measurement from aircraft is a rcliuble
and robust low-drift, fast-responsc humidity scnsor.
This is an active arca of techn logical exploration. The
solution has been just around the corner for the past
20 ycars. We still belicve that within a few ycars,
the promisc will be realized with new optical humidity
dztectors (infrared or ultraviolet).  Rccently, scveral
commercial IR hygromcters have become available
and a UV hygromcter has been under development,
but these have not yct been thoroughly tested by
the meteorological community, nor have they been
designed for aircraft use. A UV hygrometer for aircraft
usc is now under development at NCAR.

An important consideration for chemical specics
flux mcasurcments from aircraft is the crror that
can be introduced into the measured eddy-correlation
flux by ilow distortion and air density fluctuations if
sprcies densic- is measurcd (as is the casc for radiation
absorption or cmission scnsors).  As Wyngaard
(1988a) points out, this crror is potentially significant,
particularly if the specics measurement is in a strongly
distortcd flow region such as ncar the aircraft fusclage.
There is no crror, however, if instcad specics mixing
ratio is mecasured. As pointed out carlicr, mecasuring
mixing ratio with respect to dry air also obviatcs the
nced for correcting for mass fluxes resulting from
scnsible and latent heat fluxes. Therefore, it is highly
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desirable to develop sensors that mecasurc mixing
ratio—particularly for aircraft but also for ground-
bascd flux mcasurements.

In th¢ morc distant future, development of
airbornc remote sensors has the potential of revolu-
tionizing the usc of aircraft as a mesoscale measuring
platform. Airbornc DIAL has alrcady been developed
and uscd for profiling mcan ozonc and humidity
structure in the atmosphere. Raman techniques also
ofler some potential for remote specics measurement
in the atmosphcre. Ground-bascd and airborne
Doppler lidars have been deveioped. Tt is conceivable
that cventually they can be combined with remote
specics measurcments and provide a remote cddy-
corrclation flux mcasurcment capability, both {from the
ground and from aircraft. In this way, flux profilcs
might bc mecasurcd rcmotely, without the nced of
multiple mecasurcment levels.

Obviously, other new developments to improve
flux mcasurcment not cven anticipated at this time
are ccrtain to emerge.  Because of this, it is
important to monitor dcvelopments ir instrumentation
not immediatcly applicable to flux mcasurcment that
may somctime provide a key for further advance-
ment. Incrtial nagivation systems, for cxample, were
developed for sclf-contained military guidance and
navigation applications. Wi:hout this application, the
technology would likcly never have become avail~ble
to the scientific communiy. Yet they provided the key
for accurate cddy-corrclation flux mcasurcment from
aircraft. Similarly, there arc likely other technological
brcakthroughs that may somcday give us capabilitics
that arc now just imagincd. We hopc that this report
is of some help in summarizing the current statc-ol-the-
art and cncouraging developments in flux technology.
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ABLE

ASTER

BP
CBL
CCOPE

CITE

DACOM

DIAL
ECD
EF
FID
FIFE
FPD

GARP

GATE
GC
GISS

GTCP

GIE
HPLC
INS
IR

Acronyms and Abbreviations

Atmospheric (or Amazon or
Arctic) Boundary Layer Expcriment
Atmospheric Surface Turbulent
Exchange Rescarch (Facility)
Bclore Present

Convective Boundary Layer
Coopcrative Convective Precip-
itation Expcriment

Chemistry Zastrumentation Test
Experiment

Differential Absorption CO
Mcasurcment

Differential Absorption Lidar
Electron Capture Detector
Enzymatic Fluoromctry

Flame Ionization Dctector

First ISLSCP Ficld Expcriment
Flamc Photometric Detection
Fouricr Transfonn Infrarcd
Global Atmospheric Rescarch
Program

GARP Adlantic Tropical Expcriment
Gas Chromatography

Goddard Institute for Space
Studics

Global Tropospheric Chemistry
Program

Global Tropospheric Zxperiment
High Pressure Liquid Chromatography
Inertial Navigation System
Irnfrarcd

ISLSCP

LANDSAY
LIF
MIP/ES

NASA

NBL
NCAR

NOAA
NSF
PAM
PBL

RASTER
REMPI

SODAR
STF

TDL
TDLAS

UCAR

uv
VUV-FP/LIF

WMO

Intcrnational Satellite Land-
Surface Climatology Projcct
Land Remote Sensing Satcllite ’
Lascr-Induccd Fluorescence 7’
Microwave-Induced Plasma/Emission i
Spectroscopy g
National Acronautics and Space ‘
Administration

Nocturnal Boundary Laycr

National Center for Atmosphcric
Rescarch

National Occanic and Atmospheric
Administration

National Scicnce Foundation
Portable Automatcd Mcsonct
Planctary Boundary Layer

Remote ASTER stations
Resonance-Enhanced MultiPhoton
Tonization

Acoustic (SOnic) RaDAR

Standard (Atmospheric) Temperature
and Prcssurc

Tunable Diode Lascr

Tunable Diode Lascr Absorption
Spectrometry

University Corporation for
Atmospheric Rescarch

Ultraviolct

Vacuum UV Flash Photolysis/
Lascr-Induced Fluorescence

World Mcteorological Organizztion

M
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Chemical Symbols

Silver Fluoride H,S
Argon Fluoride HgCdTe
Chlorofluorocarbon InSb
Methane NH;
Carbon Monox:ide NH/
Carbon Dioxide NMHCs
Formaldehyde N;O
Acctaldchyde N,Os
Acetic Acid NO
Acetone NO;
Methyl Chloride NO37
Methylmercaptan NO,
Dimcthylsulfide (DMS) NO,
Carbony! Sulfide O3
Carbon Disulfide OH
Chlorine Dioxide PAN
Dimethyldisulfide POPHA
Dimethylsullide PPN
Formic Acid Rn
Nitrous Acid RONO;
Nitric Acid R'ONO,
Nitrogen Acids ROOH
Nitrous Acid SF¢
Pernitric Acid SO,
Water SO;

Hydrogen Peroxide

CHEMICAL FLUXES

Hydrogen Sulfide

Mecrcury Cadmium Telluride
Indium Antimonide
Ammonia

Ammonium Ion
Nonmethanc Hydrocarbons
Nitrous Oxide

Dinitrogen Penioxide

Nitric Oxide

Nitrogen Dioxide

Nitrate Ion

Nitrogen Oxides (NO + NO)
Total Odd Nitrogen Compounds
Ozone

Hydroxy!l Radical
Pcroxyacetyl Nitrate
p-Hydroxyphenylacciic Acid
Pcroxypropenyl Nitrate
Radon

Organic Nitrate

Organic Nitrate

Organic Peroxide

Sulfur Hexafluoride

Sulfur Dioxide

Sulfatc Ton
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Matheiatical Symbols

Total instantancous valuc

of scalar

Mcan vaiue of scalar

Fluctuation from mcan of scalar
Cospectral density of variables

z and y

Distance scparating scnsors
Vertical fiux of ¢

Frcquency

Correction to flux density
Numecrical cocflicicnt

Henry'’s law constant

Lascr intensity at the detector
von Karman constant (~ 0.4); also
surfacc-to-air transfer cocllicient
Eddy difTusivity

QAP T3

gees

N onog
: -

<
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Dimensionless frequency (= fz2/U)
Avcraging time

Timc

Time constant

Maximum allowable sampling intcrval
Wind speed

Friction velocity (—uw)
Dcposition velocity
Vertical wind spced component
Vertical flux of ¢

Convcctive velocity (’T”—;D_T PAKS
Hcight

Hcight of PBL

Density

Adjustment for atmosphcric stability
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