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Troposphere, along with oceans, the geosphere, and the cryosphere, forms an essential component of the earth’s life support system.  Changes due to natural phenomena or human activity in any of these components can strongly influence the chemical composition of the troposphere.  The array of organic, sulfur, nitrogen, metallic, crustal, and halogen containing species emitted on urban, regional and global scales and the network of reactions involving gases and aerosols are the primary instruments of this change.  The chemical changes within the troposphere control a vast array of processes that impact human health, welfare, and climate.  These include health effects from smog and aerosols, crop damage, nutrient cycles, acid precipitation, and regional/global scale climatic changes.  A main goal of the tropospheric chemistry research is to measure and understand how atmospheric composition is changing in response to changes induced by natural and anthropogenic activities, and to develop the capability to predict these changes which may be deleterious to the quality of human life.  The outstanding questions thus are:

(i)
How do changing emissions resulting from natural and man-made activities alter the composition of the atmosphere?

(ii)
How does the chemistry of the atmosphere respond to and affect climate change?

(iii)
What are the effects of regional pollution on the global atmosphere, and the effects of global chemical and climatic changes on regional air quality?

Much progress in tropospheric chemistry research has been made in the last two decades derived from significant developments in surface based and airborne in-situ and remote sensing instrumentation.  Table 1 summarizes the list of key chemical parameters that can be measured to date from airborne platforms and notes areas where future progress is necessary.  The most significant upcoming capability is the suite of satellite sensors that will be able to investigate the troposphere (Table 2) within the next few years.  Aircraft and satellite studies naturally complement each other.  While airborne platforms can provide highly sensitive and specific measurements from any region of choice, they only provide a snap shot of the atmosphere.  Satellite data on the other hand provide near global coverage but are less precise and require validation often by airborne instrumentation.  Exciting new changes on the horizon require a well thought out strategy for future research driven by the following new developments:

-
The advent of EOS- satellite era, with its inherent advantage of global or near global coverage, will greatly transform and expand the frontiers of troposphere chemistry.

-
The complexity of the atmospheric system requires a greater integration among disciplines and platforms to achieve a broader synthesis in our scientific understanding of atmospheric processes.

-
Continued improvements in platforms, global models, instrumentation, and internet technology allows a level of coordination not hitherto possible.

In this section we will discuss the direction that tropospheric chemistry research may take in the next decade.  We shall layout some of the key scientific hypothesis/concerns that will guide this process.  An integrated strategy of instrument development, field missions, model development, and source characterization is necessary to prove (or disprove) these hypotheses.  We will also provide brief synopsis of a series of potential missions that are designed with the above perspective in mind.  Although these missions are primarily designed to be airborne missions with a space component, we acknowledge that data from other sources such as surface networks will be an integral part of these assessments.  The following hypotheses are proposed to guide tropospheric research beyond the year 2000.

HYPOTHESIS #1: Concentrations Of Long-Lived Greenhouse Gases Will Continue To Rise.

S. Wofsy (committee: Paulo Artaxo, Bob Chatfield, Daniel Jacob, Michael Keller, David Schimel)

The global atmospheric abundances of long-lived, radiatively active gases ("greenhouse gases") increased rapidly in the 20th century, reaching concentrations unprecedented in the past million years (or more) of geologic time.  These changes have stirred intense scientific interest and public concern. Global changes in greenhouse gas concentrations provide the driving force for anthropogenic climate change.  Hence tasks of the highest priority for atmospheric chemists are:

· to define the rates of change for critical species, 

· to develop quantitative understanding of the factors that regulate these changes, and 

· to provide information to help guide wise societal decisions on management of the global environment to reduce anthropogenic perturbations to greenhouse gas concentrations.

The most important greenhouse gases are CO2, CH4, O3 (especially in the upper troposphere/lower stratosphere [UT/LS]), N2O, and CFCs.  For each of these, general information is available as to the sources and sinks, and the likely factors that underlie recent trends have been identified.  However quantitative understanding of factors controlling long-term trends is lacking.  A major difficulty retarding progress in understanding global sources and sink is the lack of measurements and monitoring of regional and continental-scale sources and sinks, reflecting current lack of observational paradigms for making such measurements. Thus critical tests of concepts and models describing the quantitative contributions to greenhouse gas inventories are not currently possible. 

The first critical step to test the hypothesis that CONCENTRATIONS OF LONG-LIVED GREENHOUSE GASES WILL CONTINUE TO RISE and to QUANTIFY THE CONTRIBUTIONS OF SOURCES AND SINKS ON LARGE SCALES is to develop the capability to measure net sources and sinks of greenhouse gases on scales ranging from a region (~100 km x 100 km) to a continent or ocean basin (10,000 km x 10,000 km).  Tests of the hypothesis require that such measurements be linked downscale to observations at ecosystem level that determine the processes that contribute net fluxes of greenhouse gases and responses to external forcing such as climate change and management.  Regional and continental measurements must likewise be linked upscale to observations of global and hemispheric distributions of key gases.  

New satellite observations of greenhouse gases, currently planned for the CHEM platform and in the concept stage (e.g. CO2 total column measurements from space,) offer extraordinary opportunities to advance the current state of knowledge, provided that the necessary in situ observations are undertaken soon and that critical enhancements of long-term monitoring activities are initiated.  Especially important are routine observations of vertical distributions, since satellite design requirements and data algorithms cannot be developed without good knowledge of vertical distributions of trace gases.  Also needed now are development and testing of new paradigms for in situ observations to derive flux information from atmospheric concentration data.  A suite of time scales must be represented, including emphasis on observations that define factors operating on climatic time scales (years - decades).

Sources and sinks of greenhouse gases and primary pollutants at the Earth’s surface  

The principal greenhouse gases include CH4, N2O, CFCs, and perfluorocarbons.  Ozone in the upper troposphere/lower stratosphere also has a major influence on radiative forcing, perhaps the most significant after CO2 and CH4. Hence the species that regulate O3 in the UT/LS must be included as factors affecting “greenhouse gases”; we are focusing here on longer-lived species, e.g. CO, although sources and sinks of NOx at the surface will fall naturally into the scope of the current hypothesis.  The earth’s radiative balance is also strongly affected by aerosols, and thus species forming or modifying the nucleation of aerosol and cloud particles should also be included:  COS, SO2, soot, heavier organics such as terpenes that form secondary aerosols.

The diverse science questions associated with longer-lived species have in common a critical need to understand quantitatively the sources and sinks at the Earth’s surface to/from the atmosphere. [Atmospheric removal processes, of course of equal importance, are discussed under hypotheses focusing on oxidizing power of the atmosphere.]  Critical concerns about these species have been motivated by observations of global increases, extending for many species over many decades.  There can be little doubt that increasing sources associated with human activity have driven most of these increases:  combustion of fossil fuel and biomass, expansion of agriculture, changes in vegetation, disturbance of soils affecting atmospheric dust burdens, etc. 

The focus of tests of this hypothesis will therefore be on quantifying and understanding at spatial scales from regional to continental the sources and sinks at the earth’s surface  of greenhouse gases, aerosol-forming gases, and primary pollutants. 

To test this hypothesis and the related sub-hypotheses, we need to know the “big picture” about surface sources and sinks. What are the fluxes--their variations in time and space, over large areas?  Is the ocean or the land dominant, what are the magnitudes of the biological sources and the combustion sources? Is climate change affecting these sources or sinks significantly and thus changing the global concentrations?  The elements that factor into the big picture include fossil fuel and biomass burning, land use change, agriculture, and land management, ecosystem processes, and marine biological and physical processes.

The NULL hypothesis provides one of the critical foci for our testing process. Efforts to prove the NULL hypothesis will be included as an essential component.  A useful example is provided by CH4.  Concentrations appear to have ceased increasing in the mid-1990’s, after about two centuries of steady rise.  Why did this happen?  Will the hiatus continue, or will CH4 in fact start to decline?  Thus, can we make an argument that concentrations of CH4 will not continue to increase in the future?

The effort to quantify and understand sources and sinks of greenhouse gases, aerosol-forming gases, and primary pollutants at the earth’s surface requires new observational paradigms.  It is not easy to get that “big picture”, and in fact, the attempt to do so brings us to the frontier of research.  Observations have rarely (never?) been undertaken that combine measurements on the relevant range of spatial and temporal scales to obtain, quantitatively and convincingly, regional scale net fluxes.  One obvious reason to link chemistry with CO2—greenhouse gas studies is the strong purchase provided by studying multiple tracers at once.  Each tracer or class of tracers provides independent information to constrain processes and rates of emission or deposition.

A requirement for cross-disciplinary studies is self-evident in the question being addressed.  One cannot directly study at regional scale source or deposition processes, such as net ecosystem exchange from wetlands, legacies of land use or current management, or emissions due to burning of particular types of crops.  To understand the sources, to be able to assess what will happen in other places or at other times, and to follow long-term changes in sources and sinks, studies must proceed on the ecosystem scale and address ecosystem processes. A balanced suite of site-specific measurements must be carried out, and a subset sustained for periods commensurate with the long-term trends that drive global change.  A major challenge therefore is to link observations at particular sites unambiguously to airborne and satellite measurements at the larger scales. This linkage is the focus of much thought and effort in the scientific community and success will be the deliverable, the new paradigms that we must develop in the NASA research program.

CO2
Relevance for chemistry of selected CO2 science objectives and synergy with CO2 observations
Major in situ experiments to define the continental or regional sources of greenhouse gases (e.g. CH4, N2O, CFCs) and reactive species (CO, CH4, NOx, particles) quite often attempt observations to define atmospheric enhancements of CO2 concentrations, and to relate concentration enhancements in a region to sources.  Many gases and aerosols derive in large measure from fossil fuel combustion, or are released in close proximity to areas with high consumption of fossil fuel (e.g. CFCs, SF6).  Since the major product of combustion is CO2, and the rates for combustion of fossil fuel are relatively well known, measurements of CO2 provide the most direct means for determining sources of other species for which concentrations are measured from satellites or aircraft, or at ground stations. 

The markedly different production ratios for species such as CO:CO2 or NOx:CO2 in biomass burning and fossil fuel burning imply that observations of CO2 often provide pivotal information for efforts to quantify pollutant sources from biomass fires.  Biogenic gases (e.g. isoprene, CH4, NOx [in the tropics], N2O) also arise from processes intimately tied to CO2, in this case uptake or release by plants and microorganisms. A particularly strong connection exists between emission rates for key reactive hydrocarbons (e.g. isoprene or terpenes) and rates of photosynthesis.  Thus combustion-derived species and biogenic gases are all linked quantitatively to CO2.  

Even in the stratosphere observations of CO2 have contributed significantly to chemistry observations, in this case defining the transport rates and mean age of stratospheric air.  The observations relied upon the CO2 ground network to define the tropospheric time history, and observed the propagation of the seasonal signal in the stratosphere and the time lag of the long-term increase.  In the future, should CO2 observations from space be undertaken, these stratospheric data will provide the basis for designing satellite algorithms. 

In virtually every area of atmospheric chemistry research, strong interactions have been demonstrated between CO2, greenhouse gases, and primary reactive pollutants.  Indeed, some agencies have historically funded work on CO2 through offices dealing primarily with atmospheric chemistry (e.g. NSF). However, priority science goals for CO2 have not in general been explicitly incorporated in the motivating questions and experiment design for observations, and optimal linkages of CO2 and chemistry programs have not been made.  Thus opportunities for synergy between atmospheric chemistry and CO2 research are not fully developed.  

Measurement priorities for linked chemistry –CO2 – greenhouse gas experiments

Measurements of regional, global, and continental sources and sinks of CO2 are central to efforts to gain real understanding of the budget and the underlying causes of atmospheric CO2 increases, as discussed in the recent US Carbon Cycle Science Plan (CCSP).  The CCSP attached particular interest to testing the following hypotheses:

· 1. Tropical source.  Hypothesis:  there is a source of CO2 of ~1 Gton C/yr due to tropical land clearing.  Considerable uncertainty attaches to the very large net emissions of CO2 attributed to tropical regions, especially due to deforestation and agricultural development.  Recent studies [] have suggested significant net uptake by both "undisturbed" and secondary tropical forests, and cast doubt on the large CO2 efflux attributed to decay of organic matter in soils after conversion to agricultural use.  Currently it is not possible to specify the aggregate net effect of deforestation, secondary growth, stimulation or stress on mature forests due to climatic variations or pollution, etc.  

· 2. Net fossil fuel source.  Hypothesis:  there is a source of CO2 of ~7 Gton C/yr due to fossil fuel burning, known to ~10% accuracy. The largest proximate cause for CO2 rise in the atmosphere is burning of fossil fuel.  At least 10% uncertainty attaches to the values assigned to this source and, since the magnitudes of other sources are computed by difference, this error is amplified in estimates for other sources and sinks.

· 3.Mid-latitude biospheric sink.  Hypothesis:  there is a sink of CO2 of 1-2 Gton C/yr due to re growing forests at Northern middle latitudes, stimulated by higher levels of CO2, nutrient deposition, and climate warming. There is strong evidence for significant uptake of CO2 by the Northern temperate terrestrial biosphere, based measurements of changes in the O2/N2 and 13CO2/12CO2 ratios in the atmosphere, and on the latitudinal distribution of CO2 concentrations in the atmosphere.  However, the magnitude and geographic distribution of the sink remain controversial, and the mechanisms and sustainability of the sink are uncertain.  Large inter-annual variations of the biospheric sink are observed, but not explained.  The influence of legacies from prior land use, and the potential to enhance biological sequestration through careful management, are not well characterized.

· 4. Southern Ocean uptake.  Hypothesis: uptake of CO2 by the Southern Ocean (55-75 S) exceeds 1 Gton C/yr. This sink has been inferred from models, but recent data on the O2/N2 ratio in the atmosphere and on the 13CO2/12CO2 ratio in the water have not unambiguously confirmed its magnitude.  If the sink is smaller than currently believed, then other marine processes elsewhere are more important, with implications for the long term.

The CCSP developed a model US program with carefully coordinated, synergistic atmospheric observations to test these hypotheses.  The elements dovetail with the atmospheric chemistry concepts discussed below.

Subsets of the Hypothesis for atmospheric chemistry

The sub-hypotheses for atmospheric chemistry studies of greenhouse gases and primary pollutants are notably parallel to the hypotheses developed in the CCSP for CO2.

(1) Land use and climate effects in the tropics. Hypothesis: Changes in land use and in climate will modify the structure and function of tropical ecosystems with major impact on the global carbon cycle and consequences for atmospheric CO2, CH4, N2O, NOx, CO, and O3. Tropical ecosystems dominate the natural emissions of many greenhouse gases, due to high rates of metabolic activities, including CO2 fixation and oxidation of organic matter.  The tropical atmosphere plays a dominant role in oxidation of reduced atmospheric gases due to high temperature, insolation and water vapor content, and low column of stratospheric ozone. Tropical ecosystems are being modified rapidly, with conversion of primary forest to agriculture and secondary growth.  These changes are expected to result in release of CO2 and to undefined changes in emission rates of CH4 and N2O resulting from increases in both flooding (due to deforestation) and drought stress (due to lower latent heat fluxes and mining of deep soil water during the dry season).   These effects will be exacerbated by climatic change, and the changes in gaseous emission rates arise both from changes to biogeochemical cycles and from increased prevalence of biomass fires in a warmer, more variable climate.  

(2) Land use and climate effects in midlatitudes.  Hypothesis: In the temperate zone, legacies of prior land use and climatic warming will increase the capacity of the biosphere to store carbon in biomass and in soils, moderating the rise in atmospheric CO2 but increasing emissions of biogenic gases that contribute to tropospheric ozone. Forests in the temperate zone are re-growing over vast areas formerly used for agriculture, leading to increased rates of uptake of CO2, enhanced emission of isoprene and other reactive gases, and increased efficiency of deposition for O3, NOx—NOy. These changes have complex effects that depend on interactions between re-growing forests and strong sources of pollutants at the same latitudes.  We hypothesize that, on balance, CO2 will be removed from the atmosphere and incorporated into biomass, while the greenhouse gas O3 will increase due to the interaction of forest-derived higher isoprene emissions with urban-derived NOx.

(3) Climatic warming, loss of permafrost, and peat ablation in boreal latitudes.  Hypothesis: Climatic warming of the boreal zone of the northern hemisphere will decease the capacity of the biosphere to store carbon in biomass and in soils, increase the rates of large-scale boreal fires with associated increases in NOx and hydrocarbon concentrations globally, and increase the release of CH4 from degrading peatlands and from biomass fires.  The greatest climatic warming over the past 30 years has occurred in the boreal zones of Canada and Russia.  A number of recent studies, including NASA's BOREAS program, have shown that large areas of permafrost are unstable under current climatic conditions. If warming persists, vast areas of frozen peat will thaw, releasing CO2 and, possibly, CH4.  Drying of the boreal zone may lead to greatly enhanced emissions due to more extensive biomass fires, since the occurrence and extent of boreal fires is known to respond dramatically to climatic conditions. 
(4) Greenhouse gas emissions due to agriculture will increase due to expansion and intensification of agricultural activity and will respond also to climatic warming.  Hypothesis: Emissions of CH4 and N2O will continue to increase as a result of agricultural activity, use of natural gas, and climate change.  The steady increase in world population requires a commensurate increase in agricultural production.  Increased demand is especially strong in tropical countries, due to high rates of population growth and, in many areas, increased living standards.  The processes responsible for agricultural emissions of greenhouse gases, CO and NOx are both biogenic and combustion-related.  The emission rates respond non-linearly to intensification of agriculture and to temperature, so source from agriculture are expected to rise sharply in coming decades.
Measurement and modeling strategies to address the hypothesis:
The hypotheses and sub-hypotheses relating to emissions of greenhouse gases (including CO2) and primary pollutants share requirements to develop and apply new observations paradigms, which can:

· accurately measure net fluxes at scales of a site, a region, a continent, a hemisphere, and the globe;
· sustain critical selected observations for climatically-relevant time scales (years, decades); 
· quantitatively determine the influence on net fluxes of factors operating on short time scales (weather, seasons) and long time scales (climate, land use change, succession of a vegetation assemblage).
The first step is to develop a field mission designed to establish a new paradigm for atmospheric field studies by bringing together the disciplines and scientific questions discussed above, but pursued separately hitherto. We believe that tropical regions should have first priority.  We note that unique synergy and leverage cold be obtained by linking such a mission with the ongoing Large-Scale Biosphere-Atmosphere (LBA), a 5-year joint US-Brazil study in the Amazon Basin.

Novel combinations and new thrusts for an in situ measurement program include: 

· Quantification of regional and global sources of aerosols, reactive gases, and greenhouse gases (including CO2). New approaches are needed for this difficult challenge. The core difficulty is to combine data on concentrations of gases and aerosols with information on transport rates to obtain large-scale fluxes. A key objective of the next major mission is to demonstrate how to use measurements of species with diverse lifetimes to provide mutually complementary information. Another key step is to leverage the major model development efforts currently underway at several institutions to provide greatly enhanced meteorological observations assimilated into transport models, in order to analyze the observations and derive accurate net fluxes.
· Inclusion of in situ from the full range of altitudes in the troposphere, and from and satellites. Particular attention should be given the near-tropopause region, a critical challenge for satellite retrievals and the source for trace species entering the stratosphere. Emphasis should be placed on developing optimal platforms, payloads, and flight designs to close regional budgets and to gain test data for satellite algorithms over the full range of tropospheric altitudes.

The measurements

Airborne observations should be carried out in concert with long-term measurements on the ground and from space, and with development of data-assimilation models. The airborne observations must be structured to provide a comprehensive spatial ensemble for the region, as well as to test rigorously the inferred surface sources or sinks and the analysis of transport rates.  The observations should include:

· CO2 and related gases: measure concentration distributions and determine net sources/sinks for: CO2, 13CO2, 12CO2, 14CO2, O2 and CH4 on regional scales.
· Atmospheric chemistry: measure sources, transformations and export of reactive gases and aerosols including: O3, NOx, NOy, CO, NH3, volatile organic carbon (VOC), sulfur gases, soot, biogenic aerosols, in situ-produced organic aerosols, nitrates, and sulfate, and define factors controlling aerosol composition and optical properties.

· Biogeochemistry: define regional sources/sinks for N2O; 222Rn and H2; composition of precipitation and aerosols, and their role in regional budgets of nutrients (N and P) and basic elements in short supply in tropical soils (Ca, K, Mg). 

· Application of 4DDA and related models: obtain aircraft data on winds, temperature and humidity to optimize integration of trace species measurements with regional transport models.

Mission concept

The mission should deploy research aircraft with operational capabilities spanning the whole tropical troposphere, from the Planetary Boundary Layer (PBL) to the Upper Troposphere/Lower Stratosphere (UT/LS).  The aircraft will be deployed to allow temporal and spatial integration of atmospheric profiles of gases and aerosols over the period of the mission (~ 1 month), repeated in different seasons to distinguish biogenic and pyrogenic species. Remote-sensing measurements of biomass density, its change with time, and the carbon-burning rate, should be closely coordinated with the atmospheric observations.

Measurements of vertical profiles should be made both day and night, from the PBL to the tropopause, and in surrounding inflow and outflow regions as well as directly over the region.  Observations by aircraft will be anchored by continuous measurements of concentrations and fluxes at LBA towers and at the long-term monitoring site being installed at a key inflow region near Natal. Data at the largest scales will come from satellites (CO, H2O; possibly O3 and/or CO2).  These multi-scale observations will provide the basis to define large-scale distributions from aircraft data, and to embed these distributions in meteorological fields to allow inference of net exchange rates. 

Deliverables

The quantities to be reported from these observations are:

1. Biosphere-atmosphere fluxes of greenhouse gases, oxidants, and related species over the range of ecosystems in the target region; 

2. Fluxes of trace species across the boundaries of the region or continent, and into the upper troposphere and stratosphere;

3. Concentration distributions of greenhouse gases, oxidants, aerosols, and related species; 

4. The structure of trace species in the continental boundary layer;

5. Vertical redistribution of trace species in the tropospheric column associated with deep convection.

6. Trace gas measurements in the climatically sensitive near-tropopause region in the equatorial zone, and information to define the factors regulating these concentrations. 

HYPOTHESIS #2: Changes in anthropogenic emissions and changes in climate will affect atmospheric oxidant concentrations on a global scale.

by Daniel J. Jacob and Jennifer A. Logan (Harvard University), W.L. Brune (Pennsylvania State University), and R.B. Chatfield (NASA/ARC)

Sub-hypotheses:

Changes in anthropogenic emissions of NOx, hydrocarbons, and CO will affect the abundance of the hydroxyl radical OH, the main atmospheric oxidant.

Climatic perturbations will affect OH levels through changes in water vapor, cloudiness, and natural emissions of NOx and hydrocarbons.

Changes in anthropogenic emissions of NOx, hydrocarbons, and CO will affect ozone concentrations at all levels of the troposphere, with implications for climate.

Climatic perturbations will affect ozone abundances through changes in natural emissions of NOx and hydrocarbons (lightning, biosphere), changes in water vapor and clouds, and changes in dynamical processes (stratosphere-troposphere exchange, deep convection, boundary layer ventilation); complex chemistry-climate interactions will result.

Background

The past decade has seen considerable progress in our understanding of the factors controlling the rate at which pollutants and other environmentally important gases are removed by oxidation in the troposphere.  It was first proposed thirty years ago that the hydroxyl radical oxidant OH, produced in the troposphere by photolysis of ozone in the presence of water vapor, would play a major role in the atmospheric destruction of pollutants.  This role has been of great relevance for new developments in environmental policy, notably the replacement of CFCs by chemicals amenable to oxidation by OH in the troposphere.  In the past decade, sophisticated instrumentation has been developed that can directly measure tropospheric OH concentrations.  These measurements have confirmed the range of OH levels predicted by theory and demonstrated the critical role played by OH as an atmospheric oxidant.

Building on this advance in our basic knowledge of the oxidizing power of the atmosphere, it has become critical to understand the stability of OH concentrations in the troposphere and the sensitivity of OH to natural and anthropogenic perturbations.  Concurrent measurements of OH and a number of related species have been made over the past few years, in different regions of the troposphere, to test our understanding of the dependence of OH concentrations on meteorological and chemical variables.  These measurements have led to improvements in chemical models, notably in the upper troposphere, to the point where we now have a fair degree of confidence in our understanding of the fast photochemical processes that determine OH concentrations.  There remain significant uncertainties and discrepancies between models and observations, for example regarding nighttime chemistry.  

Developing a predictive capability for future changes in OH concentrations requires knowledge of the factors controlling the chemical species that affect OH.  A number of species are important including ozone, water vapor, nitrogen oxide radicals (NOx), CO, and hydrocarbons.   Tropospheric ozone is of particular interest because it provides the primary source of OH.  Thirty years ago it was thought that transport from the stratosphere, where 90% of atmospheric ozone is located, would provide the main source of ozone in the troposphere.  We know now that this is not the case, except in the upper troposphere.  Over the past decade, and following on earlier theoretical suggestions, it has become established that most of tropospheric ozone is in fact produced within the troposphere by photochemical reactions involving NOx radicals emitted by combustion, lightning, and microbial processes in soils.  

This revolution of our understanding of tropospheric ozone has been of fundamental importance for our general understanding of the photochemistry of the troposphere.  It was enabled by the development of highly sensitive instrumentation for airborne measurements of NOx radicals, by the execution of global field campaigns in different regions of the world to determine the different components of the ozone budget, and by improvements in global 3-dimensional models of atmospheric chemistry.  The models have been essential to unravel the coupling of chemistry and dynamics, over scales ranging from urban to global, that is critical to describe quantitatively the budgets of tropospheric ozone and related species.  In this manner, we have come to realize that NOx emissions from fossil fuel combustion in urban areas can affect ozone on global scales in a manner that involves highly nonlinear processes and is strongly coupled to transport.  We now understand, from a combination of models and limited observations, that global tropospheric ozone has increased by at least 50% over the past 100 years as a result of anthropogenic sources of NOx and hydrocarbons.  Remarkably, the models suggest that OH concentrations have remained fairly constant over that period, reflecting compensatory effects that still need to be understood and verified with observations.

Aside from its effect on the oxidizing power of the atmosphere and its contribution to regional pollution (hypothesis 4), tropospheric ozone is also of interest as a major greenhouse gas.  The global radiative forcing from ozone since preindustrial times is estimated to be in the range 0.3-0.6 W m-2; making ozone the third important anthropogenic greenhouse gas after CO2 and methane.  Unlike CO2 and methane, however, the forcing from ozone is highly inhomogeneous, exceeding 1 W m-2 over the northern hemisphere in summer.  This inhomogeneity may have unique implications for climate change.   

Challenges

Although we are advancing fast towards a basic understanding of the processes controlling tropospheric ozone and OH concentrations, there is still little confidence in our ability to predict the response to future perturbations from human activity or other factors of change.  Acquiring this confidence requires advancing to a higher stage in our understanding of  the system.  The IPCC 2001 report presents four possible scenarios for the evolution of anthropogenic NOx, CO, and hydrocarbon emissions over the next century.  The scenarios project increases in NOx emissions of 50-200%, with lesser relative increases in CO and hydrocarbons.  Large changes are forecast in the geographical distribution of anthropogenic emissions as Asia and the tropics industrialize while North America and Europe reduce their emissions in pursuit of regional pollution abatement objectives.  

First attempts at predicting changes in tropospheric ozone and OH over the next century using global 3-D models are presented in the IPCC 2001.  The models predict increases in ozone of 30-100% and decreases in OH of 5-20%.  The relatively small changes in OH concentrations reflects compensatory effects between increases in NOx and ozone, which tend to boost OH, and increases in CO and hydrocarbons, which tend to depress OH.  These compensatory effects are not well constrained in the models.  It should also be stressed that the models all contain the same basic descriptions of tropospheric chemistry processes, which are subject to substantial uncertainty; as a result they probably underestimate the true range of uncertainty in predictions for the future.

One major uncertainty in the models relates to the magnitude of natural sources of NOx, CO, hydrocarbons, and ozone from the stratosphere, and how these will respond to climate change.  The biosphere is a major source of all these gases.  Current biogenic emission estimates are uncertain by at least a factor of two on the global scale and more on regional scales.  There may be large sources missing from the inventories, notably for oxygenated hydrocarbons which play an important role in HOx radical chemistry.  Our understanding of the sensitivity of biogenic emissions to environmental variables is still very limited and does not account for the effects of fertilization or of stresses such as drought and air pollution.  Changes in climate and in land cover over the next decades will almost certainly have major effects on these emissions but projections cannot be done with any confidence.

Lightning is thought to supply most of the NOx in the tropical troposphere and hence to have a major effect on OH concentrations.  Current mechanistic understanding of the lightning source of NOx is very poor.  Atmospheric chemistry models typically parameterize this source by a strong power law dependence on the altitude of deep convective cloud tops, but this parameterization is widely recognized as unsatisfactory and global emission estimates are uncertain by about one order of magnitude.  The lightning source of NOx should be highly sensitive to climate change as a result of perturbations in thunderstorm frequency and intensity.

Transport from the stratosphere is a major natural source of ozone in the upper troposphere and it may be strongly sensitive to climate change, for example as a result of perturbation to the stratospheric meridional circulation.  We presently have no knowledge of this effect. 

A second fundamental uncertainty in our ability to predict future changes in tropospheric ozone and OH relates to the coupling between chemistry and dynamics on regional to global scales.   Tropospheric ozone and OH respond in highly nonlinear ways to changes in the emissions of NOx, CO, and hydrocarbons.  The effect of a perturbation to the emissions will depend considerably on atmospheric mixing, photochemical activity, the concentrations of other species present, and additional factors.  For example, the ozone production efficiency per unit NOx consumed in current models is 10-100 times larger in the remote troposphere than in polluted boundary layers.  Such strong nonlinearities need to be better understood through a combination of regional process studies and global observations supported by models.

An example of how interactions between chemistry and dynamics affect the sensitivities of ozone and OH to changes in emissions is the role of organic nitrates, in particular peroxyacetylnitrate (PAN), as reservoirs for the long-range transport of NOx from source regions to the global atmosphere.  Emissions of NOx to the atmosphere are highly localized and are principally in the continental boundary layer.  The lifetime of NOx against oxidation to HNO3 is about a day, and HNO3 is then removed by deposition, limiting the range of influence of a NOx source.  However, the oxidation of hydrocarbons in the boundary layer in the presence of NOx produces organic nitrates that can then be transported over long distances and eventually release NOx in the remote troposphere, where ozone is produced with high efficiency.  In the case of PAN, which is the most important of these organic nitrates, decomposition back to NOx is strongly dependent on temperature.  Long-range transport of NOx thus hinges on the transport of PAN to the cold free troposphere and its eventual subsidence far from the source.  We now have substantial evidence that thermal decomposition of PAN is a major source of NOx in the remote troposphere as a result of this mechanism, but our understanding of the mechanisms for PAN formation in the boundary layer and subsequent ventilation is still limited.

Measurement and modeling strategies

Improving our understanding of the factors controlling tropospheric ozone and OH concentrations in the future will require a combination of laboratory studies, improved field measurement capabilities, targeted and integrative field campaigns to improve our understanding of processes on local to regional scales, global mapping of atmospheric composition from satellites, and advances in global 3-D models of atmospheric chemistry that resolve the interactions of chemistry and dynamics over all scales of relevance and provide coupling to the Earth’s surface and to the stratosphere.  We elaborate on each of these aspects below.  True progress will require a coordinated approach combining all of these aspects and operating at the interface of tropospheric chemistry and other fields.  This point is discussed in the conclusion.

Laboratory measurements.  

Although there has been considerable progress over the past decade in our understanding of the gas-phase kinetic processes for tropospheric ozone and OH chemistry, several issues are still in need of major investigation.  Foremost is better understanding of the mechanisms for nonmethane hydrocarbon oxidation, going beyond the initial step of hydrocarbon attack by OH.  Critical issues relate to the ozone yield from hydrocarbon oxidation, the potential for formation of organic nitrate reservoirs for NOx, and the production of HOx from photolysis of intermediate oxygenated compounds. 

Heterogeneous chemical processes involving aerosols could play significant roles in the budgets of ozone and OH and be highly sensitive to climate change.  Laboratory investigations using realistic ambient aerosol compositions are required.  Specific uncertainties relate to the possible role of dust as a sink for ozone, NOx, and HOx; the role of organic aerosols as sinks of ozone or sources of HOx; and the role of concentrated aqueous aerosols in the budgets of HOx and related species such as formaldehyde.

Regional field studies.

Field studies are needed to improve our understanding of the regional budgets of atmospheric gases and the coupling between chemistry and dynamics.  Two specific needs relate to biosphere-atmosphere exchange and the chemistry associated with lightning.  Our understanding of biosphere-atmosphere exchange of NOx, hydrocarbons, and CO is very weak, particularly in the tropics.  We need to define better not only the magnitudes of the fluxes but also the ecological and environmental variables determining these exchanges.  Addressing such a need will require local field or chamber studies to investigate the fundamental processes, but these must be coupled to regional field studies extrapolating the local studies to the landscape scale and beyond, and examining the implications for atmospheric chemistry.

The lightning source of NOx needs to be better understood at the process level.  At present, estimates of NOx production from laboratory discharges are typically one order of magnitude higher than values inferred from field studies.  Lightning flashes produce other species of relevance to ozone and OH photochemistry, including in particular H2O2, but no attempt has yet been made to quantify these sources.  Focused field studies are required in which the dynamical, chemical, and electrical environments associated with thundestorm systems are characterized.

Better understanding is also needed of the large-scale coupling between chemistry and dynamics.  This understanding is critical for assessing how localized sources may impact the chemistry of the troposphere on a global scale, and conversely how global changes in atmospheric chemistry may affect regional air pollution.  Of particular importance is the linkage between sources in the continental boundary layer and global tropospheric chemistry.  This issue is of top priority in the tropics where we need to understand better how changes in biogenic and biomass burning sources in the continental boundary layer could affect the global budgets of ozone and OH in the tropical troposphere, with implications for the oxidizing power of the atmosphere and for greenhouse forcing.

Global mapping of  atmospheric composition

Global mapping of tropospheric ozone and related species from satellites, together with concurrent mapping of other variables such as water vapor, land cover, and fires holds the potential for considerable increases in our understanding of atmospheric oxidant chemistry over the next decade.  Observations of solar backscatter from GOME are providing already preliminary retrievals of tropospheric columns of ozone, NO2, formaldehyde, and BrO (a sink of ozone in polar regions).  Observations from MOPITT will soon provide vertical profile information for CO.  SCIAMACHY, to be launched on the Envisat satellite in 2001, will provide vertical profile information in the limb for O3, NO2, formaldehyde, and CO.  The TES instrument aboard the EOS-Aura satellite will provide vertical profile information for ozone and CO in the troposphere as well as NO and HNO3 in the upper troposphere; the HIRDLS instrument aboard the same satellite will provide vertical ozone and tracer profiles with high resolution in the tropopause region.

All the above satellite instruments are on polar orbiting platforms, which have the advantage of global coverage but the disadvantage of data sparseness (return time over a scene is typically a few days).  Geostationary observation, which allows instruments to stare at a scene for an extended period, would be of considerable value for studying long-range transport of pollution and the related coupling between regional and global scales.  Continuous observation from a geostationary platform may prove critical for the design and monitoring of international agreements regarding the export of environmentally important species from geopolitical entities and the intercontinental transport of pollution.

Although the satellite observations will be of considerable importance for expanding our observational knowledge of tropospheric composition, and will likely revolutionize tropospheric chemistry research over the next decade, their limitations must be kept in mind.  They offer data for only a few species, and with limited precision and vertical resolution.  These limitations can be contrasted to the capabilities of in situ measurements from aircraft.  Satellite and aircraft missions thus naturally complement each other, and a challenging task in the years ahead will be to design campaigns that take full advantage of this synergy.

  Model development

Only over the past decade have global 3D models been developed that can capture to some degree the complexity of processes affecting tropospheric ozone and OH.  A major limitation in these models at present is the availability of data for model testing, particularly with regard to predicting the responses from a given perturbation.  This situation needs to be corrected in the future through better integration of models in the design and execution of field studies, so that the measurements are optimized to test the models that will eventually be used to interpret them.

The advent of the era for tropospheric chemistry observation from satellites will represent a quantum leap in the amount of data available for model evaluation.  It will stimulate the use of objective model analysis techniques, including inversion modeling and chemical data assimilation, to evaluate the success of the models and to use the models to improve our understanding of the atmosphere.  

An important direction for future models of tropospheric chemistry is to develop dynamic interfaces with climate, stratospheric chemistry, and biosphere models.  Such interfaces will be essential to properly simulate the chemistry-climate-biosphere interactions associated with future changes in the Earth system.  

Need for an integrated approach

Three key research priorities in tropospheric oxidant chemistry lie in better understanding (1) the coupling of chemistry and dynamics between local, regional, and global scales; (2) the interface with the biosphere, (3) the interface with the stratosphere.  Addressing these priorities over the next decade will require an integrated approach taking advantage of the synergy between in situ and satellite observations and constructing bridges with other disciplines.  

The NASA/GTE/TRACE-P mission to be conducted along the West Pacific Rim in the spring of 2001 will provide a testbed for an integrated approach involving aircraft, satellite, and modeling platforms.  The objective of the mission is to measure the Asian outflow of environmentally important gases (including ozone and its precursors) in a manner that can be used to quantify the export of pollution from Asia.  It will use two aircraft based in Hong Kong and Japan.  The aircraft will include large chemical payloads and can be directed to sample Asian outflow.  However, they offer only a small snapshot (300 flight hours between the two planes).  Concurrent satellite observations during the TRACE-P campaigns (from TOMS, AVHRR, SeaWIFS, GOME, MODIS, MOPITT) will take on considerable importance for placing the limited aircraft observations in a broader context.  A close coordination with global 3-D tropospheric chemistry models in the mission planning and execution phase will be essential to provide the data necessary for meeting the mission objectives.

The LBA research program in Brazil offers an example of how improved links between tropospheric chemistry and other disciplines could benefit our scientific knowledge.  The goal of LBA is to understand the functioning of Amazonia as an Earth system in its coupled meteorological, hydrological, and biogeochemical aspects, and to understand the perturbations to be brought about by colonization and agriculture. Critical questions related to tropospheric oxidant chemistry are the biogenic emissions of NOx and hydrocarbons, the lightning source of NOx, and the role of biomass burning.  These questions must be addressed in partnership with other programs focusing on the ecology and the meteorology of the region.  In turn, observations of tropospheric chemistry would be of considerable value for the biogeochemical component of LBA.  At present, the tropospheric chemistry component of LBA is essentially absent.  An aircraft mission coordinating biogeochemical and atmospheric chemistry objectives, and taking advantage of the existing LBA meteorological and biogeochemical resources combined with satellite observations, would greatly increase our understanding of the role of the tropics in controlling global tropospheric ozone and the oxidizing power of the atmosphere.

HYPOTHESIS #3:

Changes in anthropogenic emissions and climate will affect aerosol concentrations on a global scale.

J. M. Prospero 

Sub-hypotheses:

Geographical shifts in industrial emissions will modify the distributions and climate forcing patterns of anthropogenic aerosols.

Soot will affect climate in complicated ways through atmospheric absorption of solar radiation.

Changes in aerosol abundance and composition will affect the formation and the optical properties of clouds.

Climatic perturbations will affect aerosol abundances through changes in biogenic emissions, desertification, and changes in precipitation patterns; complicated aerosol chemistry- climate interactions will result.

The long-range atmospheric transport and deposition of nutrients will affect ecosystems worldwide with consequent effects on climate processes.

Introduction:

The role of aerosols in climate forcing has only recently received attention. Aerosols were largely ignored in the first IPCC assessment. It was only in the 1995 IPCC report that the importance of aerosols was acknowledged and an effort was made to estimate the forcing due to anthropogenic particles. The report concluded that because of the many unknowns about the chemical, physical, and radiative properties of aerosols and the temporal and spatial variability, only very crude estimates could be made. The IPCC report and other studies served to stimulate a broad research focus on aerosols and climate-related processes, both in the laboratory and in the field. We have learned much from these programs and it is now generally accepted that aerosols play an important role in climate. We are now better able to constrain the estimates of forcing or, at least, to better identify those parameters that must be better defined. Nonetheless, despite these advances, we still do not know enough about many aspects of aerosol properties and their role in climate to make a good assessment. Clearly, our knowledge of aerosol processes is much worse than that for most greenhouse gases.

Another major change in the field is that we now have a better appreciation of the types of aerosols that are important. For many years the aerosol community has focused a very large part of its effort and resources on sulfur (and related) chemistry because of the important role of SO4= and related species. It was not until the mid-90’s that other aerosol species received more than passing mention in the discussion of aerosol forcing. Today many “natural” species are included in climate assessments – sea salt, mineral dust, biogenic organic particles or particles derived from them. The inclusion of these species is necessary for two reasons: so that we can assess the relative impacts of anthropogenic and natural species and thereby to be able to partition changes that might occur in both through time; to assess any changes in natural emissions that might occur as a result of human-induced climate change. Knowledge of these natural climate-related species also helps us to understand the factors that played a role in pre-human climate change. Motivated by these concerns as well as a very substantial part of the community effort is now devoted to a wide range of aerosol species.

The ever-evolving complexity of the aerosol/climate problem will require increasingly sophisticated and linked research programs. Modeling will play a critical role, both in guiding field programs and in taking the results of field programs and extending the results in time and space so as to assess global impacts. Given the large temporal/spatial variability of aerosol properties, there is a critical need to integrate experiments with modeling. This integration will be more difficult than that required for gases. Therefore it is essential that in considering the hypotheses, we give a high priority to thinking of strategies that involve measurements that can provide data that enable us to evaluate the performance of models in a general sense; even more critical is to include measurements that will enable the modelers to test the ability of the models to deal with critical processes. This could include the measurement of species that are not chemically or climatologically important (e.g., perhaps, 222Rn and/or its decay products). Among the most critical processes are those involved in clouds: they play a major role in the conversion of gaseous species to particles; they remove many species from the atmosphere in the form of precipitation; and for those particles that are not removed, they are often transported to the free troposphere where they have a relatively long lifetime and where they can be transported great distances. If there is one single issue that is critical to our understanding of aerosols and climate, it is cloud process – not only for the role that they play in gas-aerosol cycling, but also for the subsequent impact on radiation as discussed below.

Statement of Hypotheses and Discussion

• Geographical shifts in industrial emissions will modify the distributions and climate forcing patterns of anthropogenic aerosols.

There are huge changes taking place in the global economies. These affect the emissions of particles and particle-forming gases to the atmosphere in a number of ways. First of all, the rapid increase in economic growth in many of the developing nations of the world will inevitably lead to increased emissions. Many of these countries use coal or biomass as an energy/fuel source and combustion technologies are rather crude. In many countries, the focus is on heavy industry which uses large amounts of energy. Emission control technology is non-existent or very primitive. As a result, emissions will increase rapidly with the economic activity. In contrast, the advanced economies (Europe, North America, Japan) are shifting to light industry and to service economies and increasingly strict emission controls are being mandated. As a result, emissions will decrease and/or the nature of the emissions will change. In the US and Europe, emissions of SO2/SO4= have increased significantly while the emissions of NOx/NOy have stabilized or increased. Over the longer term, the emissions of NOy are expected to increase more rapidly than SOx. In some parts of the world NH4NO3 concentrations are quite high and can exceed those of sulfate aerosols. 

These changes will have a number of effects. We can expect to see increasing concentrations of aerosols over large areas of the world. We have already noted this over large areas of Asia and the Indian subcontinent; we can expect these concentrations to grow rapidly for at least another decade. We can also expect to see the increased effects of aerosols over the oceans “downwind” of these land masses. The recent findings in the INDOEX program show how dramatic these impacts can be on a wide range of atmospheric processes.

We can also expect to see the composition of aerosols change regionally. This will have a number of effects both on direct radiative forcing and on the indirect effects. It has already been noted that the ratio of SO4=/NO3- in aerosols is changing in some regions. This change has been especially dramatic in Europe where NH4NO3 is now the dominant submicrometer aerosol component in many areas and dominates the radiative properties of the aerosol. This has important consequence for the radiative and cloud nucleating properties of aerosols. In contrast to (NH4)xSO4, NH4NO3 is a rather ephemeral compound; it will complicate the interplay between the various aerosol species across the aerosol size spectrum. Because of the labile nature of the NH4+ and NO3-, it will also complicate the sampling protocols. We must be prepared to anticipate the changes that might occur and design our sampling programs to document those anticipated changes. In the case of the NH4NO3 situation, for example, any sampling protocols that we establish now must be capable of efficiently sampling NH4NO3 concentrations in the future without artifacts.

At present, the impact of anthropogenic aerosols is most evident in the northern hemisphere because that is where the most highly developed economies are located as well as those that are most rapidly developing. While some economic development will take place in some southern hemisphere, we would expect that on balance the disparity between the northern and southern hemisphere aerosol burdens will continue to grow. This will also tend to emphasize the different character of the aerosols over these regions – biomass burning over the southern hemisphere being the dominant, large scale impact.

• Soot will affect climate in complicated ways through atmospheric absorption of

solar radiation.

Soot (black carbon) is a product of incomplete oxidation processes during the burning of carbonaceous fuels (especially fossil fuels) and biomass . Consequently soot is one of the most widely distributed anthropogenic aerosol products. Because soot is black, it is a highly efficient absorber of radiation across a wide spectral range. Although other aerosol species can play a significant role in absorbing processes (e.g., soil dust, tarry combustion residues), on a global scale, soot is by far the dominant absorbing specie. Consequently, it is important to understand the processes that affect the global distribution of soot and to characterize its chemical, physical, and radiative properties. 

The presence of soot in aerosols will lower its single scattering albedo (SSA) which has important consequences for the direct radiative effect of aerosols. A change in SSA from 0.9 to 0.8 can often change the sign of the direct effect depending on the albedo of the underlying surface and the altitude of the aerosols. Unfortunately, at present there is no good technique to measure SSA. There are a variety of techniques that are currently in use, but they often yield contradictory or inconsistent results. Furthermore, the measured values have an error range that spans the range of SSA values that are critical to estimating the direct radiative effect (i.e., 0.80 to 1.00).

The assessment of climate impacts is further complicated by the large spatial variability of the ratio of soot to other aerosol species. In general, aerosols emitted in developing countries tends to have a much higher ratio of soot to other “brighter” aerosol species. One of the most striking findings of the INDOEX experiment was that aerosol concentrations over the southern Arabian Sea were extremely high and the aerosol was extremely black, yielding an estimated SSA of about 0.8. The presence of soot and the way it mixes with other aerosol species complicates the calculation of radiative impacts. Whereas it is now generally believed that the radiative impact of mixing of non-absorbing aerosol species is reasonably well understood and can be dealt with in a satisfactory way, the effect of mixing of these species with absorbing species is not so simple. For example, the absorption of soot mixed internally with (NH4)2SO4 is twice as great as an external mixture. 

The issue is further complicated by the fact that soot is often mixed with other organic species, some of which may be hygroscopic. This would make the resulting aerosol sensitive to interactions with water vapor. This has at least two consequences. One, at high RH the particles will adsorb water vapor and grow, increasing the light scattering efficiency of the particles. Two, it will affect the cloud processing of the soot/organic particles, leading to more rapid conversion to a more complex internally mixed aerosol or to more rapid removal to the surface.

We have good reason to believe that the aerosol products produced in many regions of the developing world will tend to look more like the INDOEX aerosol than the aerosols commonly encountered in North America and Europe. Thus, in order to assess the climatic impact of soot on a global scale, we will need field campaigns in regions affected by the soot-rich aerosols.

• Changes in aerosol abundance and composition will affect the formation and

the optical properties of clouds.

We know that aerosols can have a strong effect on clouds by modifying the cloud droplet number and mean diameter with consequent effects on cloud albedo, lifetime, and precipitation processes. In contrast to the direct radiative effect of aerosols which, while not yet well understood, is becoming more tractable, the indirect effect through cloud processes is still largely a poorly constrained problem. Aerosol-cloud radiative impacts consists of two parts. The first indirect effect involves a change in droplet number associated with increases in aerosol concentrations; the second involves consequent changes in precipitation efficiency. The first effect now has strong observational support. This includes a recent study that established a link between changes in aerosols, cloud drop number and cloud albedo (optical depth). The second effect is still subject of considerable research and debate. Models can only handle this aspect in a rather crude way and different models give results that differ widely, as much as a factor of two. 

• Climatic perturbations will affect aerosol abundances through changes in biogenic emissions, desertification, and changes in precipitation patterns; complicated aerosol chemistry- climate interactions will result.

Changes in future climate, whether due to natural processes or as a result of human activities, will inevitably change the emissions of aerosols or of aerosol-forming gases. Plant emissions (e.g., terpenes) are sensitive to light levels, moisture, and temperature. DMS emissions from the ocean are dependent on temperature and wind speed; sea salt aerosol generation is a strong function of wind speed; mineral dust emissions are extremely sensitive to wind speed, soil moisture, and land disturbance. The emissions of all these aerosol categories are expected to increase as a result of projected climate trends. These increases could lead to important feedbacks which at this time are difficult to estimate. It is interesting that models suggest that one of the most important feedbacks could be that due to sea salt. 

The long-range atmospheric transport and deposition of nutrients will affect ecosystems worldwide with consequent effects on climate processes.

Human activities have had a great impact on the fixing and mobilization of nitrogen. This is done purposefully in the preparation of fertilizers and inadvertently in the production of oxides of nitrogen through combustion processes and the release of ammonia from human and animal wastes. That portion that is released to the atmosphere is eventually deposited to soil or water surfaces were it can serve as a fertilizer to terrestrial and ocean ecosystems. This deposition has already had a huge effect on the nutrient balance in many ecosystems in some regions and many bays and coastal waters have experienced dramatic changes in their ecosystems leading to eutrophication and hypoxia and to outbreaks of marine diseases.

The effects of nitrogen transport on a larger scale is less readily quantified. It is clear that very little of the riverine input of excess nitrogen reaches the open ocean; this material is rapidly recycled on the shelf. Thus only the atmospheric component will impact ocean processes. At this time it does not appear that the amounts of deposited nitrogen to the ocean surface are very large compared to ocean sources (upwelling) but they  may be regionally important.

At present the greatest impact of atmospheric deposition of aerosols on ocean biogeochemical processes is that resulting from the deposition of mineral dust, specifically,  the Fe associated with the mineral dust. It is now generally accepted within the oceanographic community that mineral dust is the primary source of Fe to remote ocean regions (regions beyond the shelf) and that in many of these regions, Fe is a limiting nutrient. Experiments carried out in various ocean regions have shown that the addition of Fe to ocean waters can have a dramatic effect on primary productivity with consequent effects on the ocean carbon cycle.

Fe inputs could also have a substantial affect on the N-nutrient cycle. Trichodesmium is an Fe-starved cyanophyte which produces large amounts of NH4+ and NO3- in response to the availability of Fe. For example, it has been suggested that the NO3- concentrations in the North Atlantic are greatly enhanced as a result of African dust inputs and that outbreaks of red tides in the Gulf of Mexico are linked to African dust episodes.

The oceanographic community is focusing a large effort on the study of the Fe fertilization process and its impact on CO2 and the carbon cycle. There has been remarkably little interaction with the atmospheric chemistry community either from the standpoint of understanding the transport and deposition of mineral dust or the subsequent air-sea exchanges of gaseous species that might be affected by changes in primary productivity. This includes not only CO2 but also various sulfur and nitrogen species whose chemistry might be affected as well. Such studies are important not only because the will shed light on changes that might occur with the mobilization of dust resulting from climate change but also to understand the processes that may well have occurred in the past when the mobilization rates of mineral dust were much greater.

Discussion

The projections of emissions aerosols and their precursors and the consequent climatic impacts are based on models which are sensitive to a number of shortcomings. Recent model comparisons show that models often yield widely differing estimates of present day emissions, transport, global burdens, etc. This means that one or more of the model processes differ either because of a lack of knowledge about the process or because of the parameterizations that are subsequently incorporated within the model. Consequently, we will not be able to adequately address the issue of future climate responses until we have a better understanding of the critical processes starting with the sources and following through to the aerosol radiative forcing processes (direct and indirect) and then addressing feedback issues.

It is unlikely that this complex cycle will be adequately addressed in the near future. But at this time we can begin to establish a series of priorities. High on the list should be the source processes. Models suggest that climate impacts are in most cases linearly related to emission rates. Clearly we must have a good understanding of the sources and the processes that affect them. At the present time, our understanding of the emissions from industrial activities, while not uniformly good, is much better than our knowledge about emissions from other types of human activities and from natural sources. In particular we need to focus on certain source processes where there is a high probability of finding surprises. For example, many aerosol production rates processes are highly non-linear. the production rates of sea salt aerosol and mineral dust are extremely sensitive to wind velocity. Thus small changes in wind regimes – changes in wind velocities, gustiness, and their temporal/spatial variability – can have very large consequences in the production of these species. Mineral dust and sea salt are radiatively important for different reasons. Sea salt aerosols cover the world ocean; while their mean concentration may not be very high except sporadically, the global effect can be important as models now suggest. In fact, the projected changes in forcing in response to climate change appear to be those associated with the increased production of sea salt aerosol. With mineral dust, concentrations over most of the world are relatively low; yet, where concentrations are high – in a broad band extending from the west coast of North Africa to the central PRC – they could play a major role, as suggested by models, albeit with considerable uncertainty.

A strategy for the global scale characterization of aerosols

Because the hypothesis discussed here deal with long-term trends, we will focus our discussion on long term measurements aimed at characterizing the large-scale temporal and spatial variability of aerosol properties. Nonetheless, it is implicit in this program that these measurements will be closely linked with intensive field programs which will characterize in detail the aerosol properties that are needed to assess climate impacts. It is essential that the field studies be closely linked to modeling programs in an active way so that we ensure that the critical set of model development parameters is addressed in the measurement program. 

In selecting species and measurements, we must consider the following.

1) It will take a global network of many stations to characterize global trends. While it is not possible at this time to accurately define the required number, we can anticipate that it will be on the order of 100. In order for this program to be manageable and affordable, the protocol must be kept as simple as possible. So the design of the network will require a careful consideration of which species and measurements are most needed. Also, many of these stations will be located in rather remote continental and ocean environments and they will be operated by people who we can assume for the most part will not be skilled in making such measurements. Therefore we must chose sampling and measurement protocols that can be reasonably expected to be carried out with success. 

2) We need daily (or higher frequency) measurements so that we can test the ability of the models to resolve the synoptically driven transport events. Because of the great temporal and spatial variability of aerosols, we will have to sample on a daily (or more frequent) basis.

3) We need to collect precipitation samples for chemical analysis. It is remarkable how little attention the atmospheric chemistry community, as a group, has given to precipitation chemistry. At the very least, such data is important for the testing of model removal mechanisms. On a larger scale, it provides a lower limit to the global deposition budget. For most species, it is a relatively straightforward matter to measure wet deposition; in contrast the measurement of dry deposition is highly uncertain even under the best of circumstances. Despite these very obvious factors, it is rare to see wet deposition measurements in field programs except those directed to the study of precipitation chemistry!

4) In order to develop long time series, we will be constrained to obtaining almost all our data at surface sites. (A few of sites may be located on mountains. While every effort should be made to locate suitable mountains, most mountains present problems of various kinds including the strong role that they play in modifying the physical and chemical atmosphere around them.) While over the longer term surface-based in situ measurements provide a representative sampling of the composition of the atmosphere above them, on a day-to-day basis, they do not provide essential information about the free troposphere. Thus we need some mechanism for providing some measures of the overlying atmosphere, either column integrals or (ideally) as a function of altitude. Various techniques including spectral radiation measurements and lidars would be useful. Instrumented aircraft would be ideal but the research aircraft normally used in field experiments are out of the question given the scale of the network and the long-time-scale measurements that are needed. Therefore we must consider the use of light aircraft or perhaps in the future light, inexpensive RPV’s.

5) It is critically important that we tie the ground based measurements to satellite sensed parameters. In the end, these will be the measurements that will link the measurements made at the individual sites and extrapolate them over the globe. This means that the parameters measured at the ground should be tailored (where and to the extent possible) to those that can be measured from space. In many cases this could only be properly done in intensive field campaigns. Nonetheless, the ground-based protocol should be tuned to the satellites to the extent possible. This also means the timing of measurements to coincide with satellite overpasses must be considered.

Measurement Parameters:

Surface-Based Measurements

Chemical Species

Sulfur Cycle:

SO4=, MSA

Nitrogen Cycle

NO3-, NH4+
Black Carbon, organic carbon, 

Mineral dust or metals that can be related to mineral dust.

Sea salt (i.e., Na+)

Radiative Properties

Aerosol light scatter (integrating nephelometer)

Aerosol light absorption (particle/soot absorption photometer)

Column Radiative Properties

Sun photometer or CIMEL Solar/Sky Scanning Radiometer

Vertical Distribution of Aerosols

Lidar (MicroPulse Lidar or similar)

Precipitation

Same species as aerosols

Discussion:

Chemical species should be sampled in two size cuts: less than one micrometer (to get the most radiatively important aerosol species); between 1 (m and 10 (m (to isolate most of the sea-salt and mineral dust mass and to provide total mass concentrations for mass balance comparisons with GCT models). It may be possible to use something like the IMPROVE system. They have a large network in place in the US and they have a very efficient, relatively cheap, and well characterized analysis protocol The one drawback is that the current IMPROVE system uses size cuts at 2.5 (m and 10 (m. The cut at 2.5 (m is essentially useless for the measurements of interest to our program.

The CIMEL network is quite extensive at this moment and it is growing. It makes sense to extend these measurements to the global aerosol network But the CIMELS still have teething problems.

Other (simple) radiation instruments (global direct/diffuse) could logically be added to the network along with relatively simple instruments such as the rotating shadowbands radiometers.

Lidars are a problem. Even the MPL is relatively expensive and, although they have provided excellent and extremely useful data in many field programs (e.g., INDOEX) they are still trouble prone and require a knowledgeable (or semi-skilled, well trained) operator. Hopefully new technologies will provide cheaper, lighter and more reliable instruments in the near future.

Light Aircraft Measurements
One of the most critical needs will be for measurements of the vertical distribution of aerosol species on a global scale in an integrated program. The development of chemical transport models has been handicapped be the general dearth of synoptic aerosol data from large areas of the globe; this dearth is critical when it comes to vertical distributions. As a consequence of this, model comparisons show that the area where the model performance diverge most strongly is in the vertical distribution fields. This is largely because of the different ways that the models handle vertical transports especially in the context of convective processes. It is not surprising to find that the models that transported to the free troposphere were the same ones that carried aerosols (or their precursors) the greatest differences. Thus, in order to develop models to adequately deal with long range transport, we need data which can assist in the development of those model components that are most critical to the issue of vertical transports.

The objective of the light aircraft measurements would be to develop a climatology of vertically-distributed aerosol parameters. This objective requires that measurements be made in a systematic way, independent of synoptic conditions of current local meteorology. This objective is quite different from those of intensive aircraft field studies whose main objective is to make measurements in the context of specific meteorological contexts. Because of the climatological objective, we will need to make measurements at many locations over a relatively long seasonal time scale. Thus we need to use locally available aircraft and we need sensor/instrument packages that can be installed on such aircraft and operated by semi-skilled (i.e., not necessarily atmospheric chemists) local personnel.

The need for synoptic vertical distribution data has been recognized by a number of groups in the US (and perhaps elsewhere). To this end various groups [Clarke (Univ. of Hawaii), Ogren (NOAA CMDL), and Maring, Savoie, and Prospero (Univ. of Miami)] have assembled small aircraft packages that are being (or shortly will be) used in routine operations. As an example, the Univ. of Miami package bolts into the rear-seat frame of a Cessna 172-182 type aircraft (or similar). It makes measurements of total aerosol number concentration (condensation particle counter), aerosol number size distribution (0.1-10um diameter), aerosol light scatter under 10 um, aerosol light scatter under 1 um, aerosol absorption (filter absorption photometer), filter collectors for chemistry, aerosol optical depth (sun photometer) and various meteorological and positioning parameters. In the near future ozone and CO instruments will be added. While small aircraft are limited to relatively low altitudes (10,000 feet or so), this is the part of the atmosphere where a lot of the aerosol action takes place and where aerosol concentrations are highest. Therefore, from the standpoint of remote sensing, these provide vital data for algorithm development.

Aircraft of the Cessna type are universally available and the cost is typically about $100 per hour with pilot. This makes it possible to plan and implement long term programs where vertical data can be obtained almost any place in the world. As new, more sensitive, lighter, and cheaper instrumentation comes on line, the measurement protocol could be broadened. 

Conclusion:

Ground based measurements have always received a low priority in NASA. It has always been a hard sell. They are viewed as competing with “more valuable” (in a scientific sense) aircraft data. Yet these two types of measurement strategies should not be viewed as being competitive – they are complementary. Using the synoptic data obtained in such networks, we can do a better job of developing the scientific hypotheses which makes for better planning and implementation of intensive aircraft campaigns. 

HYPOTHESIS #4: Regional air pollution will remain a major environmental problem in the developed world and will increasingly affect the developing world.

By Daniel J. Jacob and Jennifer A. Logan (Harvard University), and Mike Newchurch (U. Alabama, Huntsville)

Sub-hypotheses:

Severe regional air pollution problems will continue to develop in population centers of the developing world.

Chemical nonlinearities will hamper the success of emission control strategies to curb ozone and aerosol pollution in the developed world.

Exhaustion of the acid-neutralizing capacity of ecosystems will call for stronger measures to curb acid precipitation in the developed world.

Intercontinental transport of pollution will partly offset the benefits of local emission controls for ozone, aerosols, and persistent organic pollutants.

Climate change will influence regional air pollution by affecting temperatures and humidity, the frequency of stagnation events, and precipitation patterns.

Background

Urban and regional smog have been at the forefront of environmental awareness in the developed world for several decades.  Ozone and fine aerosol particles are the principal harmful components of smog.  High concentrations of ozone in polluted areas result from rapid photochemical oxidation of hydrocarbons in the presence of NOx.  The hydrocarbons originate from a range of human activities and from vegetation.  The principal source of NOx is fossil fuel combustion.  Major components of the fine aerosol include sulfate, soot, and organic particles.  Sulfate and soot are of combustion origin.  The sources of organic particles are more complex and uncertain.  Acid rain resulting from the precipitation of nitric and sulfuric acids produced by atmospheric oxidation of anthropogenic NOx and SO2 has also received considerable attention over the past decades.

Smog and acid rain have now entered an era of environmental management, at least in the developed countries.  They are well recognized as air pollution problems and are regulated with air quality standards.  Considerable effort has been expended over the past decades to control major identified sources of NOx, hydrocarbons, soot, CO, and SO2.  Indeed, concentrations of these primary pollutants have been decreasing in polluted areas of North America and Europe.  Rain acidity also has decreased.  Ozone and fine particles remain severe problems.  Some success has been achieved in decreasing the occurrences of extremely high ozone concentrations in large urban airsheds in the U.S., notably Los Angeles.  However, large areas of the United States, both urban and non-urban, remain out of compliance with federal air quality standards for ozone and aerosols.  The situation would have been much worse had emissions of ozone and aerosol precursors not been aggressively regulated, given the continuing increases in fossil fuel use.  

Despite large targeted efforts, control of ozone has been particularly problematic because of the highly nonlinear dependence of ozone production on sources of NOx and hydrocarbons.  This nonlinearity is increasingly important as the ozone air quality standard is revised to a metric of lower concentrations over longer averaging times.  Current models forecast that a factor of 2 reduction of NOx emissions in the U.S. would reduce mean ozone concentrations by only 10-20%, while a factor of 2 reduction of hydrocarbon emissions would have negligible effect except on the most extreme high ozone values.  

Urban and regional air pollution is a rapidly growing problem in the developing world including densely populated areas of southern and eastern Asia, the Middle East, and South America.  Eastern Asia has been of particular interest because of the rapid pace of industrialization and the large population affected.  At present, China and India suffer from a “London fog” type of air pollution heavy with particulate soot and sulfur.  As they regulate the most offending pollution sources, and as mobile sources make an increasing contribution to the pollution mix, it is expected that they will evolve to a “smog” problem with ozone and fine particles as the major pollutants.  Acid rain is also an increasing problem in these countries.

Intercontinental transport of pollution is a growing concern in the developed world.  It has been suggested that long-range transport from Asia could make a significant contribution to the ozone and aerosol background levels over the U.S., and that long-range transport of dust plumes could cause occasional violations of the U.S. air quality standard for aerosols.  Likewise, U.S. pollution transported across the Atlantic affects European air quality and European pollution is transported across western Asia to complete the circumnavigation. At tropical latitudes, ozone resulting from biomass-burning precursors represents a significant enhancement over the natural background level. Because of its long lifetime in the upper troposphere, this regionally produced tropical tropospheric ozone has global implications. Additionally the potential for ozone produced in the tropics as a result of biomass burning to increase the mid-latitude background ozone concentrations is significant.  Concern over this intercontinental transport of pollution extends beyond ozone and aerosols to include other species, such as persistent organic pollutants (POPs) that accumulate in the biosphere.

Climate change will certainly have a major influence on regional air pollution through perturbations to meteorological conditions (e.g., temperature changes, convection, and associated lightning-generated NOx) that enhance or discourage ozone formation, dispersion patterns, and long-range transport, although there have been no serious investigations of this issue. Combined with other factors of change, including land cover, land use (including biomass burning) and anthropogenic emissions, the effect on pollution will certainly be highly region-specific.  There have been no serious investigations of this issue.  Models of future climate suggest that the U.S. will become hotter and drier, which would exacerbate ozone air pollution.  High-latitude warming, expected to dominate in an increasing greenhouse scenario, would decrease the strength of the general circulation and lead perhaps to more severe regional ozone pollution episodes.

Challenges

The two most basic challenges in our understanding of regional air pollution in the U.S. are (1) to determine the important sources of fine aerosol particles, (2) to determine the quantitative relationships between emission controls and air quality objectives.  Interest in the former question has been stimulated by the new standard for fine particles (PM 2.5) promulgated by the Environmental Protection Agency.  Our knowledge of the composition and sources of fine particles is still extremely limited.  They include an important organic component which is presumably largely anthropogenic.

Although many models have been developed over the past decade to analyze the relationship between anthropogenic emissions and various parameters of air quality, their reliability for predicting air quality responses to changes in emissions is questionable.  Commonly, ozone models provide a reasonable simulation of ozone concentrations but poor simulations of the concentrations of ozone precursors or of the relationships between ozone with these precursors.  The applicability of such a model to assess the effects of different emission control strategies would therefore be suspect.

A third major challenge is to understand the international and intercontinental transport of pollution and its implications for the efforts of individual nations to meet their regional air quality objectives through domestic emission controls.  The concern becomes increasingly important as air quality standards evolve from extreme events to less-extreme metrics measuring chronic air quality degradation.  Progress on this issue requires a better understanding of the interactions between urban, regional and global scales over a wide variety of latitudes and meteorological conditions in the transport of pollutants and their related chemistry, as previously discussed in the context of hypothesis #2. 

Measurement and modeling strategies

Critical  needs for improving our knowledge of regional air pollution include (1) better mapping of pollution sources and of the extent and frequency of pollution episodes, (2) identification of the composition and sources of fine aerosol particles, (3) investigations of the relationships between anthropogenic emissions and air quality, and the related role of meteorological conditions, and (4) assessment of the role of international and intercontinental transport.  We elaborate below on each of these needs.

Poor emission inventories and insufficient atmospheric observations have greatly hindered the development of our understanding of regional air pollution.  The first satellite observations of ozone, aerosols, NO2, SO2, CO, and formaldehyde are now becoming available.  These observations will be of great value for mapping the scale and frequency of regional pollution episodes, particularly in the developing world where they will provide essentially the first such information.  Although the vertical resolution of satellite measurements is coarse (2 km or worse), most of the variability of concentrations in polluted regions is in the lower troposphere so that a pollution signal can be readily identified and often quantified.  All current and planned space-based measurements are in polar orbit, which gives global coverage but represents a limitation in terms of the density of observations available for a given region.  Space-based measurements from geostationary orbit could add considerable value by providing continuous mapping with very high horizontal resolution, thus allowing direct observation of major sources (including point sources) and pollution episodes.    

Better knowledge of the composition and sources of fine aerosol particles will require a combination of in situ field studies, laboratory experiments, and modeling.  Field studies are needed to sample ambient aerosol composition in different regions and identify the principal components.  Laboratory experiments are necessary to relate the atmospheric observations of secondary organic aerosols to the oxidation of the parent hydrocarbons, and also to understand the phase and hygroscopicity of the particles (which impact their effects on visibility, aerosol dynamics, and physical removal).  Models need to be developed that can describe the ensemble of processes controlling aerosol concentrations on regional scales.  Such modeling presents a major computational challenge because of the need to simulate the microphysics of size-resolved aerosol mixtures including a large number of components, and also a conceptual challenge because the thermodynamics and chemistry of these multicomponent mixtures are still poorly understood.

Improved testing of the ability of models to simulate the relationship between anthropogenic emissions and air quality variables requires field studies where a full suite of chemical and meteorological variables are observed over extended spatial and temporal scales.  By sampling a range of pollution regimes, over a range of meteorological conditions, these studies will provide relationships between variables that can then be used to evaluate the models.  It is essential that models be used in the planning and execution phases of these studies to ensure an optimal measurement strategy for testing the models.  Through investigation of the relationships between chemical and meteorological variables it should be possible to improve our understanding of the role of climate change for regional air pollution.  Ultimately, that issue will have to be addressed with general circulation models (GCMs) including full representations of tropospheric gases and aerosols.

Assessment of the role of international and intercontinental transport of pollutants in compromising the ability of a country to meet its air quality objectives will require a combination of large-scale field studies with aircraft, satellite observations, and global models.  Aircraft provide the means to investigate at a process level the venting of pollution from the regional to the global scale, the subsequent chemical and aerosol evolution during long-range transport, and the potential of the aged pollution plume to affect a regional area far downwind.  Satellites play an obvious role for observing and quantifying the long-range transport of pollution, although with coarser vertical resolution and many fewer species than is possible from aircraft.  Finally, advances in the ability of models to describe dynamics and chemistry across scales will be necessary to interpret the above observations and provide a quantitative assessment of the importance of intercontinental transport of pollution.  Focus on assessment of regional impacts in a global model will likely call for stretched-grid or nested approaches with higher spatial resolution for the regions of interest.

Table 1: Available airborne payload for tropospheric chemistry research

Species/parameters
Availability
Detection limit 
Nominal 

resolution
Instrument 

principle*

Comments




(seconds)




In situ instrumentation







O3 
yes
3 ppb
1 s
UV-phot./CL



NO
yes
3 ppt
5 s
CL/LIF



H2O
yes
2 ppm
5 s
Cryogenic/TDL



CO
yes
3 ppb
5 s
TDL



CO2
yes
0.5 ppm
30 s
NDIR



N2O
yes
0.5 ppb
5 s
TDL



CH4
yes
10 ppb
5 s
TDL



NO2
yes?
10 ppt
100 s
CL/LIF/TDL

Improvements desired

HNO3
yes?
10 ppt
200 s
IC/TDL/CIMS

Improvements desired

PAN
yes
2 ppt
200 s 
GC-EC

Faster response desired

HNO4/HNO2
no
5 ppt
----
----

Development required

H2O2
yes
10 ppt
200 s
HPLC/TDL



CH3OOH
yes
10 ppt
200 s
HPLC



HCHO
yes?
20 ppt
100 s
HPLC/TDL

Improvements required

OH/HO2
yes
0.01 ppt
100 s
LIF/CIMS

Improvements in calibrations desired

DMS
yes
5 ppt
200
GC-MS



SO2
yes
5 ppt
200 s
GC-MS/CIMS



OCS
yes
5 ppt
200 s
GC-MS



NMHC/halocarbons/ Organic nitrates
yes
1-10 ppt
200 s
grab sample/GC

Faster response desired

Acetone/oxygetaed organics
yes
20 ppt
200 s
GC/RGD/CIMS

Faster response desired

NOy
Yes?
30 ppt
10 s
CL/LIF

Non-specific 

H2SO4, DMSO
yes
0.1 ppt
100 s
CIMS



Total aerosol
yes
D>100 nm
1 s
Optical particle counter



Fine aerosol
yes
D>3 nm
1 s
CN counter



Single particle composition
yes/?
D>100 nm
1 s
Impactor/mass spectrometer

<100 nm size cut desired

Bulk aerosol composition
yes

300 s
Filters



Remote instrumentation 







O3 
yes
5 ppb
≈ 50 m
Lidar



Aerosol
yes
SR 1 at 1 m
≈ 50 m
Lidar



H2O
yes
50 ppm
≈ 50 m
Lidar


T
yes
2 K
1 K
Microwave


j-values-UV 
2/RS/DT
10-5/s
1 s
Spectral radiometers
Add optical depth

Extinction/scattering
yes

0.3-1 s
Sunphotometer
Add O3 and NO2

Physical parameters





Lightning
2/RS
range 400 km

Storm scope


Met. meas. system
1/S
0.1%
0.1-1 sec
u,v,w,T,P


Drop sondes
2/S
0.1%
1 sec
u,v,w,T,P, O3


*UV: Ultraviolet radiation; CL: Chemiluminescence; LIF: Laser induced flourescence; 

TDL: Tunable diode laser; NDIR: Non-dispersive infrared; CIMS: Chemical Ionization Mass 

Spectrometry; GC: Gas chromatography; HPLC: High performance liquid chromatography; 

ECD: Electron capture detector; RGD: Reduction gas detector

Table 2. Major space-based tropospheric chemistry and aerosol data sets

Sensors
TOMS/TRIANA*
GOME
MOPITT
MISR
MODIS
SAGE III
SCIAMACHY#
MIPAS
TES
HRDLS
OMI*
MLS

launch year
1979-
1995
1999
1999
1999
2000
2001
2001
2002
2002
2002
2002

O3
column
column



z= 1 km (UT)
column+, 

z= 3km limb
z>5 km

limb
z= 2/4 km

limb/nadir
z= 1 km (UT)
column
UT

H2O
column




z= 1 km (UT)
z= 3km limb
z>5 km

limb
z= 2/4 km

limb/nadir
z= 1 km (UT)
column
UT

CO


3-4 levels




z>5 km

limb
z= 2/4 km

limb/nadir


UT

NO








tropical UT; 

z= 2 km




NO2

column




column+, 

z= 3km limb



column


HNO3







UT
UT; 

z= 2 km
z= 1 km (UT)



CH4


column



column+, 

z= 3km limb

column




CH2O

column






column



column


SO2

column






column

column

column


Aerosol
column


yes
yes
column, 

 (UT)
column



column


*TOMS has been in operation since 1979.  Last launch was in 1996 and data continues to be collected at this time. Next TOMS launch is expected to be in year 2000.  

TRIANA and OMII will take over TOMS functions in year 2002.

# A large number of additional derived chemical products are possible.

UT= upper troposphere

Mission Concepts: 

Several tropospheric chemistry mission concepts were presented at the Snowmass workshop.  This are listed below not in any order of priority.  Short descriptions of these missions are available separately.

- TRACE-I: Transport and Chemistry Experiment over the Indian Ocean
- NACEX: North American Chemical Export 

- LARS/TRACE-B: LBA Airborne Regional Source Experiment and Transport, Radiation and Chemistry near the Equator- Brazil

- ETCE: The Effects of Tropical Convection Experiment 

- TRACE-P (B): Southward outflow of East Asian Pollution to ITCZ during winter 

- NUTE: NOx Chemistry in the upper troposphere 
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