GLOBAL TROPOSPHERE: CHEMISTRY, DYNAMICS, AND CHANGE

PROPOSED MISSIONS:

TRACE-I: Transport and Chemistry Experiment over the

Indian Ocean 

(V. Ramanathan and H. Singh)

The Indian subcontinent, with a population of a billion plus people, is a rapidly rising source of global atmospheric pollution.  Energy use in this region is growing at a rate of 5-7% yr-1.  It is estimate that anthropogenic emission of NOx from India will grow from 1.1 Tg N yr-1 in 1990 to 7.0 Tg N yr-1 in 2020 (van Aardenne et al., 1999).  The main sources of energy are high-sulfur coal and oil.  Soot emission from diesel engines, wood and agricultural waste burning is already a major local and regional air quality problem.  The ouflow of Indian pollution has received minimal study so far.  Unlike the outflow from other major industrial source regions (North America, Europe, far eastern Asia), it has the potential for a major influence on the tropical troposphere through transport to the Indian Ocean during the winter monsoon.  Assessing the potential for human perturbation of the tropical troposphere is recognized as a critical issue in atmospheric chemistry.
The TRACE-I aircraft mission will be designed to quantify the outflow of environmentally important gases and aerosols from the Indian subcontinent to the tropical Indian Ocean, to study the chemical evolution of the outflow, and to investigate its fate including convective transport in the intertropical convergence zone (ITCZ).  The mission will take place during the winter monsoon over a region extending north-south from the Indian coastline to the southern hemisphere, and east-west from Indonesia to Africa (15˚N-15˚S, 55˚-90˚E).  This is also a region that is significantly void of available data for the test and validation of global 3-D models (Thakur et al., 1999).  A recent cloud and radiation study (INDOEX; http://www-indoex.ucsd.edu/index.html) shows that complex experimentation in this region, with multiple aircraft and satellites, is both feasible and highly scientifically rewarding.  There is strong interest and enthusiasm for a follow-on to INDOEX (private communication of P. J. Crutzen and V. Ramanathan) that could be closely coordinated with TRACE-I.
The specific objectives of TRACE-I are:

* To characterize and quantify the outflow of chemically and radiatively important gases and aerosols, and their precursors, from the Indian subcontinent and to determine the chemical evolution of this outflow.

* To gain insights into the implications of this outflow for the chemistry of the tropical troposphere, notably by convective transport in the ITCZ.

* To investigate radical photochemistry and gas-to-particle conversion processes for a range of environments over the Indian Ocean from highly polluted to pristine.
* To provide aircraft observations of key species (such as H2O, O3, CO, NOx, and aerosols) over a wide range of conditions to validate satellite derived data.

Quantifying the chemical outflow from the Indian subcontinent will require an experimental design that combines the TRACE-I aircraft observations with satellite measurements and with 3-D model simulations.  Satellite measurements of tropospheric O3, CO, NOx, SO2, and aerosols from the CHEM and ENVISAT platforms will be of particular value for placing the aircraft observations in context and for providing a broader perspective on transport over the Indian Ocean.  At the same time, the TRACE-I aircraft observations will provide in situ data over a wide range of conditions for validating the satellite instruments.  This validation will be an essential component of TRACE-I because the experimental design involves synergy between the aircraft and satellite observations.

We envision that TRACE-I will be conducted in the winter season using two NASA aircraft (the DC-8 and the WB-57) operating out of sites in the Maldives (4˚N) or the Seychelles (4˚S).  A 2004 mission will allow overlap with EOS-CHEM and ENVISAT.  Wall flights using the DC-8 will sample the outflow from the Indian subcontinent to the Indian Ocean.  Transport and convective pumping of this outflow over the Indian Ocean will be sampled with the combination of the DC-8 and WB-57 aircraft.  The two aircraft working in tandem will provide in situ data extending from the surface up to about 20 km altitude, thus allowing extensive validation of satellite observations in the tropical troposphere and lower stratosphere.  We also anticipate that TRACE-I will generate considerable interest in the radiative transfer community in the wake of recent results from INDOEX.  This interest may manifest itself through a coordinated, independently supported aircraft campaign involving an ER-2/Geophisica aircraft equipped with remote sensing instrumentation.
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INTEX: Intercontinental Chemistry and Transport Experiment 

(H. Singh and D. Jacob)

The Northern Hemisphere continents are a major global source for many environmentally important gases and aerosols, yet our quantitative knowledge of the export fluxes of these species to the global atmosphere is poor.  In the case of short-lived species (reactive gases, aerosols), only a small fraction of emissions may be exported out of the continental boundary layer.  There is a clear need, from a policy and societal perspective, to quantify these exports from Asia and North America to the global atmosphere and to assess their impact on global air quality.  Such a need also applies to other major source regions in the world, as reflected by the other mission concepts presented in this document.  Asia is critical as it has some of the highest growth rates and emissions from this region will surpass those of the industrial west in the coming decades.  North America is an industrialized region and the task here is better constrained than elsewhere due to excellent meteorological coverage, relatively reliable emission inventories (at least for anthropogenic gases), and fairly detailed documentation (from both an observational and modeling perspective) of the chemistry of the continental boundary layer.  North America provides an ideal testing ground for developing the general methodology needed to quantify the export of gases and aerosols from large geopolitical source regions and their atmospheric impact.

The INTEX aircraft mission will provide the observational data base needed to constrain and evaluate model estimates of the export from either or both of North America and Asia of ozone and its precursors (hydrocarbons and NOx), aerosols, and major greenhouse gases (CO2, CH4, N2O).  It will also provide a unique data set that covers the entire troposphere to validate models of photochemistry and transport.  Several programs by NASA, NOAA, DOE, and NSF have already targeted different aspects of this mission objective (e. g. NARE, AEROCE, Carbon-America).  The impact of Asian emissions on the air quality of the US, based on experiments in the eastern Pacific, has not been studied.  Atlantic programs have lacked high-altitude, far-ranging aircraft platforms and often adequate chemical instrumentation for many trace species.  With the exception of perhaps SONEX, which was conducted in the fall, these shortcomings have also led to limited characterization of the composition and chemistry of the upper tropospheric region.  INTEX will fill these gaps through the use of the NASA DC-8 and P-3 aircraft with extensive chemical and aerosol payloads.

INTEX will take place during summer when (1) biogenic sources/sinks of greenhouse gases are maximum, (2) anthropogenic influence on tropospheric ozone and OH is maximum, and (3) the climatic effect of midlatitude aerosols is maximum.  It will focus on eastern Pacific (Phase A) where the impact of Asian emissions can be assessed.  Phase B will focus on the eastern seaboard of North America where most of the chemical outflow takes place.  The P-3 and DC-8 aircraft will sample the outflow in different regions using "wall" flight patterns perpendicular to the direction of the outflow.  Additional flights will investigate the chemical and dynamical aging of the continental plumes as they travel across the oceans.  Hawaii and Dryden (Phase A); Bangor, Wallops Island, Bermuda, or Halifax (Phase B) would all provide suitable bases of operation during INTEX.  Miami will serve as endpoint for transects along the eastern seaboard and also as an additional base for documenting the inflow of clean air over eastern North America from the Gulf of Mexico.  Supporting measurements from ground-based sites, lidars, and sondes along the western and eastern seaboard of North America will provide important additional information.

Essential to the success of INTEX will be the combined perspective afforded by aircraft and satellite measurements on the chemical outflow from continents to the oceans.  The CHEM and ENVISAT polar-orbiting satellites, expected to be operational during INTEX, will provide global and continuous measurements for tropospheric O3, CO, CH4, CH2O, SO2, NOx, HNO3, and aerosols.  These satellite measurements will allow to place the limited aircraft observations in a broader context.  At the same time, the aircraft observations will provide in situ data over a wide range of conditions for validating the satellite instruments.  

Interpretation of the combined aircraft, satellite, and ground-based data in terms of outflow fluxes and ozone chemistry from continents will require 3-D chemical models driven by assimilated meteorological observations and including detailed representations of emission inventories, tropospheric chemistry, and aerosol processes.  Simulations using these models will be used (1) pre-mission to guide the selection of operational sites and flight plans, (2) during the mission to guide day-do-day flight planning using model forecasts, thus designing the flights to optimally test the models, and (3) post-mission to evaluate emission inventories and interpret the observations quantitatively in terms of export fluxes.  Covariances between species in the continental outflow as measured by the INTEX aircraft will be of particular value for testing the models and for improving our constraints on export fluxes.  

The impact of Asian emissions on North America and North American emissions on the European background air is poorly known.  Due to this and other reasons, we anticipate that INTEX will generate considerable interest from the Asian and European community.  This is expected to manifest itself through independent Asian and European supported aircraft campaigns based on the western/central Pacific and Eastern/Central Atlantic which could be closely coordinated with INTEX.

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

(D. Jacob and S. Wofsy)

Science questions

An interdisciplinary aircraft study is proposed to determine the influence of Amazônia on the composition of the global atmosphere. The scientific questions for LARS/TRACE-B are:

1. What are the magnitudes of the net sources of radiatively important trace species (CO2, CH4, N2O, CO, O3)  from Amazônia to the global troposphere?

2. What are the magnitudes of the net sources ands sinks of reactive gases and aerosols, and rates for  transformations and export of these species to the global troposphere and the lower stratosphere?

3. How is human activity (agricultural burning, forest conversion to agriculture) modifying the fluxes of gases and aerosols from Amazônia to the global troposphere and to the stratosphere?

The experiment links closely with ground-based observations and transport models being developed in NASA's Large-scale Biosphere-Atmosphere (LBA) program.

These questions lie at the critical junction where regional and global issues intersect; they are policy questions as well as science questions. The answers will help guide societal decisions on forest management and air quality, and help define the contributions of the key tropical forests of Amazônia to the global budgets for CO2 and other greenhouse gases. Net increase or decrease of carbon stored in Amazônian forests could have major effects on concentrations of atmospheric CO2. The rich forests and wetlands release vast quantities of biogenic gases and aerosols, and, along with adjoining Cerrado, the region is also a strong source of combustion-derived gases and aerosols due to extensive biomass burning for agricultural management and forest clearing. Current information on net sources, based on site-by-site sampling, is inadequate to define regional or continental-scale source.  Amazônia represents a principal continental locus of atmospheric upwelling, and hence a critical source region for trace gases and aerosols entering the global stratosphere.  For this reason, and because export of trace species to the global troposphere occurs at all altitude, the LARS/TRACE-B mission will obtain data on the atmospheric composition at all altitudes from the boundary layer through the tropical tropopause. 

Objectives

LARS/TRACE-B is intended to establish a new paradigm for atmospheric field studies by bringing together disciplines and scientific questions pursued separately hitherto, but which offer strong mutual benefits and synergy.  Novel combinations and new thrusts include: 

· Quantification of regional and global sources of aerosols, reactive gases, and greenhouse gases (including CO2). New approaches 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 LARS/TRACE-B 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 efforts at CPTEC and elsewhere in Brazil to provide greatly enhanced meteorological observations and data assimilation models, in order to analyze the observations and obtain net fluxes.
· Inclusion of in situ and satellite data from all altitudes in the troposphere. Particular attention will be given the near-tropopause region, a critical challenge for satellite retrievals and the source for trace species entering the stratosphere. Emphasis will be placed on gaining comprehensive test data at appropriate length scales for satellite algorithms over the full range of tropospheric altitudes.

· Bringing together scientists and program managers from four offices in the ESE Science Division: tropospheric and stratospheric chemistry, ecology, and radiation/climate. By developing compelling rationales for LARS/TRACE-B in each program, and rigorous science plans that serve the objectives of all the disciplines, LARS/TRACE-B responds to the need synergy and complementarity in large programs.

The measurements

Airborne observations are proposed in concert with long-term measurements and model development ongoing in LBA and with space-borne observations. The primary deliverables will be quantitative information on regional-scale net exchanges in Amazônia and neighboring regions, and export fluxes to the global environment for: 

· 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-produeced organic aerosols, nitrates, and sulfate, and define factors controlling aerosol composition and optical properties.

· Biogeochemistry: define regional sources/sinks for N2O; 222Rn and H2;  aerosols and their role in regional budgets of nutrients (N and P) and basic elements in short supply in Amazônian 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

LARS/TRACE-B will deploy a potent set of 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.  Two deployments are envisioned: one at the transition between wet and dry seasons, focussing on biogenic species, and one in the dry/burning season, examining both biogenic and combustion-derived species.  Tracers for combustion (CO, C2H2) will be used to distinguish fluxes from biogenic and combustion processes. Biomass density, its change, and carbon-burning rate estimated by remote sensing techniques (including the MODIS instruments) will be closely comparable to the atmospheric fluxes measured by aircraft and satellite.

Measurements of vertical profiles will be made over the Amazon region for concentrations of target species over both day and night, from the PBL to the tropopause. The lower altitudes will be studied using at least two complementary platforms [INPE Bandeirante (150-5000 m, small payload) and/or UND Citation II (150 – 8000 m, limited range, small payload) and/or NCAR C-130 (150-10000 m, large payload]. The DC-8 will cover long transects to characterize advective import from, and export to, the global atmosphere, to determine the influence of convective outflows at 8 - 12 km altitude, and to deploy remote-sensing DIAL systems for satellite validation. The WB-57F will obtain vertical profiles from the middle troposphere to the tropopause to obtain first-time data on this critical 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

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

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

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

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. The first direct trace gas measurements in the climatically sensitive near-tropopause region over Amazônia, and the factors regulating these concentrations. 

7. Constraints on model simulation of these fluxes and on satellite retrieval algorithms for MOPITT and the CHEM sensors for wide areas in the humid and sub-humid tropics.

Linkage to "Pathways" Report and US Carbon Cycle Science Plan

The LARS program will provide: · a compelling rationale for investigating key science questions of societal importance as advocated in the NAS Pathways Report. · quantitative data defining the global role of Amazônia in the cycles of CO2, CH4, and other gases ; · quantitative data defining the global role of Amazônia in budgets of  reactive trace gases and aerosols; · 1st -order tests of analysis of regional budgets using 4DDA models; · testing and implementation of new concepts for determining regional-scale fluxes as recommended by the US Carbon Cycle Science Plan.

ETCE: The Effects of Tropical Convection Experiment 

(K. Hamilton and L. Pfister)

ETCE is designed to further our understanding of processes in the atmosphere in five important areas:

(1) the convective generation of gravity waves propagating upward into the middle atmosphere;

(2) the effect of convection on upper tropical tropospheric ozone chemistry; 

(3) the role of convection in directly transferring mass and water vapor into the stratosphere;

(4) the microphysical and radiative properties of cirrus anvils and subvisible cirrus; and 

(5) the dynamics of the initiation and development of tropical deep convection.

The approach will be to conduct an airborne field program that will thoroughly investigate a predictable, well-documented, strong, and isolated convective system -- in this case the island thunderstorm (dubbed "Hector") that occurs on a daily basis near Darwin, Australia during the pre-monsoon (Nov.-Dec.) season.  The advantages for chemical and dynamical process studies are clear: every aircraft flight will yield usable data, and measurements can be unambiguously attributed to a single convective system.  In addition much of the required ground support for the fundamental meteorology (e.g, radiosondes, radars, ground lidars) are either already in place or have had operating experience examining this particular storm.  It is proposed to conduct a four to six week field campaign including at least two aircraft.  These include a high altitude aircraft (the NASA WB-57) to: (1) fly above the storm in the lower stratosphere to measure gravity wave momentum momentum fluxes, (2) profile the anvil to measure outflows of key chemical trace constituents, and (3) fly in the anvil to measure its microphysical, and radiative properties. The low altitude aircraft (the NCAR Electra and one other) will characterize the development of the storm using weather radar and measure inflows of chemical trace constituents. 

Each of the five areas of investigation have serious outstanding questions whose answers have implications for important societal questions -- specifically global change (for the first four areas above) and weather prediction (the fifth).  Convectively generated mesoscale gravity waves play an important role in the overall circulation of the stratosphere, yet their generation mechanisms, key properties, and overall amplitudes are very poorly understood.  The basic means by which gravity waves affect the stratospheric circulation is through the momentum they transport upward.  When wave-breaking occurs, this momentum is essentially "deposited," exerting an effective force and driving the circulation.  This circulation has a strong effect on atmospheric trace constituents both through transport and through the maintenance of the stratospheric temperature distribution (which affects chemical reaction rates and cloud and aerosol distributions).  Significant changes in global convection would obviously affect the generation of these gravity waves -- yet the current state of knowledge is completely inadequate to make any realistic assessment of these effects.  A prime goal of ETCE is to establish the key mechanisms of convective gravity wave generation by a systematic comparison of momentum flux and vertical wavelength measurements with output from very detailed three-dimensional cloud-resolving models.  For example, the dominant mechanism of mesoscale gravity wave generation in models produces waves with a vertical wavelength comparable to the depth of the heating.  Recent satellite measurements provide evidence that such waves do occur in association with deep convection; however the evidence is purely qualitative.  A comprehensive measurement program of gravity waves above a thunderstorm throughout its life cycle should quantify how important this mechanism is compared to others.  The satellite measurements and models can then extend these results to evaluate global implications.

Photochemical oxidation is central to the control of the chemical composition of the atmosphere and therefore plays an important role in determining the atmosphere's radiative properties (for example, ozone, a major the greenhouse gas).  Since most trace gases emitted into the atmosphere are transformed via oxidation to other chemical species that are more readily removed from the atmosphere, oxidation determines the lifetimes, and hence the abundances, of most trace species emitted into the atmosphere.  Oxidation is subject to anthropogenic influence, and will therefore play a role in global change.  In the tropics, high insolation and low overhead ozone result in high photochemical rates and rapid removal of trace species via ozone-derived OH.  Tropical convection is critical to this globally important process because its vigor is sufficient to make transport times comparable to important photochemical timescales.  Thus, the tropical troposphere is in a state of perpetual chemical imbalance.  Convection is also a major chemical source (through lightning) of NOx, a critical regulator of the atmosphere’s major oxidizer, the OH radical.  Clearly, it is impossible to make a satisfying estimate of the tropical convective impact on global oxidizing capacity without a clear quantitative understanding of the mechanisms occurring in individual convective systems.  ETCE seeks to address this issue by answering three major science questions: (1) What are the production and loss rates of ozone, and how do they depend on how recently the air has been convectively influenced?; (2) What is the strength of the lightning NOx source for convective outflows?; and (3) what are the strengths of the sources for the oxidizing radicals themselves, namely HO2 and OH?  The approach will be to measure HOx and its source species, NOx, H2O, ozone, and tracers in both the inflow and outflow regions of a well-documented, isolated convective system to clearly establish the convective input.

Recent work from the SAGE II satellite has shown that tropical cirrus just below the tropopause are widespread on a climatological basis.  Modeling studies of these clouds suggest that these tropical cirrus could be the critical step in transferring mass to the lower tropical stratosphere.  This occurs due to the radiative heating of the cirrus clouds.  Under appropriate conditions, these cirrus clouds also strip the air of much of its water.  Thus, they can effect upward mass transfer and dehydration simultaneously.  Given the importance of water vapor in the stratosphere (through its role in stratospheric cloud formation, heterogeneous chemistry, and ozone destruction), and the evidence of slow secular changes in stratospheric water vapor due to unknown causes, the role of cirrus clouds in tropical stratosphere-troposphere exchange and water vapor is a critical part of the global change puzzle.  Yet, important properties of these clouds remain unmeasured.  The most important of these are particle size distributions, particle composition, and cloud radiative properties.  High altitude measurements of a well-defined single cirrus anvil outflow during ETCE can establish the evolution of particle size distributions and water vapor as the anvil dissipates, thus showing the extent to which the anvil air is truly dehydrating the stratosphere.  ETCE occurs during a period when high altitude cirrus are prevalent in northern Australia, so there should also be opportunities for sampling cirrus that are not associated with convection.  There are major unresolved questions regarding these clouds, including: (1) the supersaturation required for particles to freeze and clouds to form; and (2) the particle size distributions.  As with the anvil cirrus, current observations are inadequate to constrain the cloud models.  High quality cloud particle measurements at the tropical tropopause will be a substantial step in our understanding of high altitude tropical cirrus and their role in stratosphere-troposphere exchange.

A key ingredient in the approach represented by ETCE is highly detailed modeling of this isolated, well-measured thunderstorm.  Unlike complex tropical monsoonal convection, realistic simulations are possible, and are, in fact, currently underway.  The goal is to learn how to incorporate microphysical, chemical, and gravity wave generation processes into the models, since these models are, in the end, the only way to evaluate the importance of these processes to global change.  In order to verify these simulation models, one needs to make measurements in the fifth area of research outlined at the beginning -- namely the dynamics of the initiation and maintenance of the Hector storm.  The specific goals of this component are threefold.  First, establish a better mesoscale climatology for the convection; second, quantify land/atmosphere latent and sensible heat fluxes and storm scale water budgets; and third, produce a detailed dataset.  The overall purposes are to understand why the strength of the storm varies and to evaluate the ability of high resolution models to simulate the convective system.

Though ETCE is a very focussed experiment, its impact on our knowledge is expected to be quite broad, since it attacks problems in a number of atmospheric research areas.  It has attracted substantial international interest, and is strongly supported by the international stratospheric community through SPARC.  The National Science Foundation has indicated significant interest in considering a proposal to fund much of this effort.  The Australian, European, and Japanese scientific communities have all expressed interest, and made some preliminary commitments to provide ground-based, and (in the case of the Australians) aircraft, instrumentation and platforms.  However, the key to this experiment is the high-altitude aircraft, the WB-57, which requires NASA participation.  There are also substantial opportunities for NASA participation in the areas of aircraft instruments and data analysis.

