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Introduction:

Ultraviolet radiation reaching the Earth’s surface is controlled first and foremost by the total overburden of ozone in the stratosphere, but is modified by aerosol loading in the lower troposphere. Perhaps the most striking example of global scale changes on the time scale of years is that of the rapid erosion of ozone(first over the Antarctic, then over the Arctic and finally over mid latitudes. While the cause of sharp losses over the wintertime high latitudes in both hemispheres has been diagnosed as resulting from elevated levels of chlorine and bromine radicals contained in the respective vortices, both the cause for significant erosion at mid-latitudes and the prognosis for recovery remain both central to public concern and scientifically elusive. There is also a growing recognition that the strong coupling between chemistry, radiation, dynamics and climate link a broad class of global scale changes to ozone changes in the troposphere and stratosphere.


The foundation that underpins our understanding of chemical changes, and in a broader context, climate changes, is our understanding of the dynamics of the Earth’s atmosphere, its coupling to the oceans and the mechanisms that control the strong coupling with the radiation field. Key issues such as the age of air distribution in the stratosphere, the residence time in the stratosphere, the coupling between the troposphere and stratosphere, the pattern of tropospheric advection that transports material across international boundaries are just a few of the critical examples.

An important goal of the EOS CHEM program will be to see if trends in gaseous and aerosol quantities can be detected and explained over a 10 year period. Aerosol quantities such as the surface area density and volume of sulfate and PSC particles play important roles in chemistry and microphysics, which are closely linked to stratospheric ozone depletion. Correlative data of such quantities will need to be measured every several years (at the start, middle, and conclusion) of the anticipated EOS CHEM mission, in order to validate satellite trends. Thus comparisons will need to be made between satellite retrievals of derived aerosol properties and those from in situ and remote observations from ground-, balloon-, and aircraft-based sensors. The comparisons are difficult because the satellite measurements average over an appreciable horizontal (and vertical) distance, while correlative data provide accurate information on aerosol properties for a smaller volume sample than is seen by the satellite. 
The correlative measurement program must address the issue of the different spatial scales which are measured by the satellite and correlative instruments, and put forward a feasible approach to solve this problem. One solution could involve coupled microphysical/chemical model calculations (e.g., trajectory mapping techniques), which are independently validated against the same correlative measurement data sets.  After validation, the model can be used to predict aerosol and/or PSC behavior at many points along the instrument's line of sight. Hence validation of the satellite measurement can be obtained more accurately by taking into account the predicted aerosol and/or PSC behavior along the instrument's line of sight. 

The basic aerosol property measured by satellite is the extinction, scattering, or emission by aerosols; conversions between these properties and those usually measured sub-orbitally by correlative instruments (e.g., size distribution, chemical composition) are inherently uncertain. It will be desirable (particularly in a volcanically disturbed atmosphere) to combine measurements of aerosol extinction taken at shorter wavelengths by SGAE III and those taken at longer wavelengths by HIRDLS (or TES) to retrieve an aerosol size distribution from space observations for a more direct comparison to correlative measure-ments of size distribution. Extracting information on aerosol size distribution from combined measurements from HIRDLS (or TES) and SAGE III are even more practical in the future since the gap in the wavelength difference between the two new instruments is now narrowed somewhat compared against the previous versions of the two instruments (CLAES and SAGE II). Thus planned correlative measurement programs for a simultaneous validation of aerosol products from CHEM and SAGE III are highly encouraged for the purpose of a direct retrieval of the aerosol size distribution. Of course the ultimate solution to the problem of aerosol size distribution is to have visible and infra-red measurements of aerosol extinction on the same satellite platform.    

Support for laboratory measurements of the refractive indices of the components of aerosols and PSCs should be continued. These data need to be collated and made available to all interested parties. Laboratory measurements should include the full range of atmospheric variations likely to be encountered. Aerosol refractive indices are used in the retrieval algorithms for different in situ and remote instruments from a variety of platforms (aircraft, balloon and satellite), and improving the range of their application (temperature and composition) will enhance the scientific value of the validations made between satellite and correlative measurements.  Two main hypotheses are proposed for the aerosol and cloud studies in the lower stratosphere: numbers 3 and 6 below.

Stratospheric Ozone Loss and Recovery Polar Ozone:

1. Rising levels of greenhouse gases (GHGs) will lead to lower abundances of total column ozone in polar regions during spring over the next several decades, despite the anticipated reductions in stratospheric chlorine loading.

2. A colder, wetter, more persistent vortex circulation in the Arctic will lead to abundances of total column ozone during spring that approach those presently observed in the Antarctic.

3. As a result of climate change the spatial extent, frequency and duration of polar stratospheric cloud (PSC) events will increase in the future, leading to substantially greater polar ozone loss in the NH.

Mid-latitude Ozone:

4. A significant fraction of the observed decline in the total abundance of ozone at mid-latitude regions of the northern hemisphere has been driven by changes in stratospheric transport.

5. The observed decline in the total abundance of ozone at mid-latitude regions suggests the existence of unknown chemical forcing.

6. Climate change will enhance the transport of material across the tropical tropopause, resulting in the thickening of the lower stratospheric aerosol layer in the future, which could have important implications for mid latitude ozone loss.

Upper Stratospheric Ozone:

7. Plausible changes in the future level of upper stratospheric methane, water, total nitrogen content, and temperature will influence the expected recovery of upper stratospheric ozone due to declining levels of inorganic chlorine.

Hypothesis  1.  Rising levels of greenhouse gases (GHGs) will lead to lower abundances of total column ozone in polar regions during spring over the next several decades, despite the anticipated reductions in stratospheric chlorine loading.

Lead : Waugh

Contributors : Boering, Ko, Hamilton, Holton.

Increasing levels of GHGs will lead to to lower abundances of polar column ozone via three different chains of processes (see Figure ***). 
[image: image1.wmf]
Specifically:

1. Increased stratospheric CO2 will lead to increased radiative cooling and a decrease in stratospheric temperatures. The colder  polar temperatures will result in higher concentrations of ClO (as more favorable conditions for formation of polar stratospheric clouds and increased activation on aerosols), more efficient chemical removal of ozone, and thus more ozone loss.

2. Increased levels of GHGs will lead to a warming of the tropical upper troposphere, which will increase the latitudinal temperature gradient in the upper troposphere. The increased temperature  gradient will alter the propagation of of planetary waves through  the stratosphere (waves will be "ducted" away from polar regions),  and lead to a reduced stratospheric meridional circulation and  colder, more stable polar vortices. The lower polar temperatures  will then lead to more ozone loss as in chain 1. 


Also a more stable, cold vortex will will mean less efficient  transport of ozone to the polar regions, and hence lead to lower  ozone.

   
A further impact of a reduced circulation will be old age of air  within polar regions and more water vapor added via methane  oxidation. As described in 3, this increased water vapor will lead  to increased ozone loss.

3. Increased GHGs will lead to a warming of tropical tropopause,  resulting in an increase in mean saturation mixing ratio of water  vapor. This will lead to an increased transport of water vapor in  the stratosphere. An increase in high latitude stratospheric water  vapor will result radiative cooling and a lower polar temperatures,  and hence, as in chain 1, to more ozone loss.

An increase in the mixing ratio of high latitude stratospheric  water vapor will also elevate the temperature threshold below which  rapid heterogeneous reactions take place, hence further enhancing  concentrations of free radicals and chemical destruction of ozone.

Note that the above 3 chains have different likelyhoods: chain 1 is almost certain, whereas some of the processes (links) in chain 3 are speculative.

Strategies for testing this hypothesis:

There are two different classes of tests required for the above hypothesis. 

1. Examination of Individual Processes.

We need to test the different processes involved with above chains. In particular, the exact mechanism by which water vapor enters the stratosphere, the sensitive of UT temperature to radiative and convective forcing, and exact change in wave propagation brought about by changes in UT/LS temperature. 

2. Quantification of Change.

We need to qunatify changes in stratospheric transport, temperatures, and composition (e.g., water vapor), and assess natural "unforced" variability.

Both the above will require a combination of modeling and measurement activities. It therefore also be necessary to test the models used (to examine individual processes as well as the complete coupled system).

Specific Measurements.

1. Examination of Individual Processes.

Measurements of isotopic composition of water vapor will (as the deuterium and 18O compositions of water remaining in the vapor phase are highly sensitive to the dehydration mechanism) be important for unraveling the relative importance of convective versus slow advective drying of air as air moves into the stratosphere.

Microphysical measurements in the tropical UT/LS are needed to address issue of what controls water vapor entering the stratosphere. ***someone who knows more about this needs to add more / link to other hypotheses***

***need ideas for measurements test of wave propagation hypothesis***

2. Quantification of Change.

Tropical ascent rates in the stratosphere have been derived from satellite-, balloon-, and aircraft-borne instrumentation measuring species such as O3, CO2, CO, N2O, CH4, and H2O in the 1990s. A continuation of these time series is needed to check for changes in the strength of the circulation and mass flux of air and water vapor into the stratosphere. Measurements near the tropopause, at different seasons and longitudes, will be also be useful for testing mechanisms for water vapor transport into the stratosphere.

Regular measurements of "transient tracers" (e.g., co2, sf6, tropical h2o) which can be used to quantify interannual changes in stratospheric transport. 

Regular measurements of long-lived tracers inside vortex (within a winter, and different winters) to quantify polar vortex transport (and interannual changes of).

Continuation of measurements of constituents, in the upper stratosphere. CH4 (because of sensitivity to transport changes) and H2O (because of chain 3) are particularly important. It will be very important to connect HALOE and EOS-CHEM (i.e., "fill" any gap between HALOE and EOS CHEM).

Hypothesis 2.  Colder, more humid, and more persistent vortices will result in continued decreases in the column abundance of ozone in the Arctic and Antarctic regions, despite the gradual decline in levels of inorganic chlorine.

Lead : Salawitch

Contributors :    Anderson, Froidevaux, Kawa, Ravi, Rex, Rodriguez, Santee, Wennberg, Wofsy

a)  Although there remain uncertainties in the chemical mode(s) for chlorine activation, observations suggest that chlorine is activated nearly completely and quite rapidly when temperature first falls below ~195 K in the lower stratosphere (for contemporary levels of H2O).

b)  Chemical depletion of polar ozone is most sensitive to processes (e.g., more prevalent PSCs, denitrification, and colder temperatures) that allow for the persistence of elevated levels of ClO into spring.

c)  There is considerably larger year-to-year variability in the total column abundance of ozone during spring in the Arctic compared to the Antarctic because of differences in temperature.  Temperatures are cold enough to allow for the persistence of elevated levels of ClO until equinox every year in the Antarctic.  In contrast, warmer temperatures in the Arctic result in an earlier recovery of ClO, but considerable year-to-year variability in the timing of this recovery.

d)  There is a clear association between years with cold temperatures during March and years with low abundances of total column ozone in the Arctic region.  For the 20 year data record, the three years with  the coldest temperature during early March have all been in the past five years.  This is consistent with the prediction of some three dimensional general circulation models that rising levels of greenhouse gases are leading to colder, more stable vortex circulations (see Hypothesis #1).

e)  We expect that as either the temperature drops or the mixing ratio of H2O rises, PSCs will become more prevalent and denitrification will be favored (see Hypothesis #3).  However, quantifying the future course of polar ozone requires better understanding of how the recovery of ClO will be affected by future changes in temperature, H2O, and Cly.  This requires knowledge of:

 i)  the phase and composition of PSCs at various stages of the evolution of the vortex;

 ii)  the mechanism(s) for denitrification and the sensitivity of denitrification to changes in temperature and/or levels of H2O; 

iii) the details of the various routes of chlorine recovery and how chlorine is "re-activated" when an initial vortex warming is followed by a subsequent cooling event;

 iv) the sensitivity of stratospheric H2O to subtle changes in climate, such as a warming of the tropical tropopause region.

f) Denitrification, which appears to be quite important for regulating the degree of chemical ozone loss in the Arctic, provides a  strong non-linear feedback between future declines in temperature and future decreases in Arctic ozone.

g)  A detailed examination of observed chemical ozone loss rates by various techniques can not be explained by photochemical models using current reaction kinetics.  In particular, ozone loss during twilight (e.g., solar zenith angles between 85 and 94 deg) occurs significantly faster than expected.  Resolution of this discrepancy will has particular importance for our current understanding of Arctic ozone, since at present the northern hemisphere vortex is in twilight conditions for a considerable amount of its total time with elevated ClO.

Preliminary thoughts on measurement and model strategies for testing this hypothesis.

The phase and composition of PSCs under various stages of vortex evolution, various rates of cooling, etc. must be understood. Observational constraints on temperature (or cooling rate; or temperature history) thresholds for denitrification are critical. Reliable models for denitrification and dehydration must be developed to make a reasonable attempt at calculating the effect of changing climate on polar O3.

The initial partitioning of inorganic Cl among the major species (e.g., ClNO3 and HCl) prior to vortex processing must be measured. We must understand how nearly 100% of inorganic Cl is converted to reactive form (e.g., is re-supply of ClNO3 from photolysis of HNO3 crucial).  This problem has been addressed by existing  satellite observations, but the error bars on these observations (particularly CLAES ClNO3) are quite large.

The details of the recovery of ClO to HCl and ClNO3 must be better understood.  To what degree are subsequent PSC processing events, prior to initial activation, important in maintaining high levels of ClO to near the equinox.  We must also understand whether the phase and composition of PSCs affects the recovery of ClO.

The degree of understanding of chemical O3 loss rates for particular polar winters must be studied, particularly in light of several recent studies that suggest the observed chemical removal rate of Arctic ozone occurs about a factor of two faster than the theoretical rate for the late January period.  The buffering of ClO vs Cl2O2 is critical to our understanding of O3 loss rates; lack of observation of Cl2O2 represents a large gap in our understanding.  Also, need further lab work on long-wavelength photolysis (cross sections AND products) of Cl2O2 and thermal chemistry of Cl2O2.  Need to establish whether or not higher oxides of Cl are important for polar O3 loss rates.  chemi

The contribution of chemical loss vs dynamical re-supply of ozone must be studied for particular winters and for a long time series of observations.  We must establish to what degree the observed  correlation between low column O3 and cold temperature is due to "dynamics" vs "chemistry".

Hypothesis 3: As a result of climate change the spatial extent, frequency and duration of polar stratospheric cloud (PSC) events will increase in the future, leading to substantially greater polar ozone loss in the NH.

Lead: A. Tabazadeh

Contributors: Brock, Browell,  Danilin, Drdla, Fahey, Hamill, Iraci, Lambert, Massie, Michelsen, Murphy, Russell, Santee, Tolbert, Toon, Trepte, Wilson

This hypothesis implies that:

- The increase in the duration of PSC events in a colder and more humid lower stratosphere can result in the occurrence of widespread denitrification in the Arctic, which may have important implications for ozone recovery. 

- The impact of climate change on the highly variable Arctic vortex is currently not well understood and will require better dynamical models, in addition to long-term measurements, to determine the role climate plays in vortex isolation and springtime duration.

And is supported by the following facts:

- Multi-dimensional models will inaccurately predict the future loss in polar ozone due to limited understanding of PSC microphysical processes, specifically those related to the selective nucleation and differential growth of cloud particles that lead to denitrification.

-  The composition and the source of a special nucleus that may be involved in the formation of large crystalline PSC particles must be quantified.

- The phase and composition of PSC particles play important but poorly understood roles in both chlorine activation and denitrification processes.

- Estimates of denitrification and/or of ozone loss cannot be made reliably from tracer relationships in the absence of more advanced theoretical techniques needed for accurate elimination of the effects associated with dynamical mixing on the relationships.

Measurement and model strategies for testing this hypothesis:

Correlative measurements should attempt to provide 3D maps (using models if necessary) of the composition fields of the PSC regions, and measure the horizontal and vertical spatial scales of the clouds. These data can then be compared to multi-wavelength aerosol extinction data from the HIRDLS, TES, OMI and SAGE III experiments to see if the multi-wavelength data can be used to identify (or estimate) the cloud composition. A difficulty is that the satellite instruments average over a horizontal scale in which several types of particles are likely present and therefore model predictions along the line of sight are desirable for expanding the coverage of the correlative data. 

Although the feedback between PSCs and ozone loss may be most critical for the future Arctic stratosphere, we may obtain the most useful information regarding PSC microphysics from the contemporary Antarctic because this is the only region of the stratosphere that presently experiences massive denitrification. This process is nearly complete by the end of June according to the UARS observations. An Antarctic campaign in 2003 to understand the denitrification process should be given a high priority. 

The proposed Antarctic campaign should begin in late May in order to reliably obtain the initial vortex conditions before any denitrification has taken place. The first deployment (possibly including the DC 8, ER 2 or WB-57, and balloons) would therefore provide both remote and in situ baseline measurements to complement the EOS CHEM satellite data, which will provide a global map of the initial HNO3 and H2O vapor pressure fields. Subsequent flights would attempt to observe air masses in which denitrification is actively occurring. While in situ data can provide detailed information, in particular regarding the particles that are present, remote data (possibly including balloon- and satellite-borne limb sounding instruments and lidars) will also be necessary to map out the characteristics at higher and lower altitudes. Also, temperature profiles from lidar and microwave sensors are needed to provide information about the environmental conditions associated with PSC formation, and simultaneous lidar ozone distributions provide a characterization of the polar vortex dynamics which can be used to interpret air mass history associated with PSC formation and subsequent large-scale advection of processed air. In addition to aircraft platforms, long-duration balloons could be very useful in providing a lagrangian description of the air mass evolution, and can also provide in situ data at higher altitudes than can be reached by the ER2 or WB-57. The EOS CHEM platform will provide a continuous picture of the overall evolution of the vortex, in particular providing information on the eventual fate of air parcels that were sampled by in situ and remote sensing platforms. Also, it is desirable for the field program to be based from Punta Aernas instead of Christchurch since the former is much closer to the Antarctic vortex

Overall the denitrication in the Antarctic will produce an interrelated set of changes in several variables (H2O, HNO3 gas mixing ratios, increase in the aerosol extinction at particular levels in which particles are formed, a subsequent drop in altitude of these particles, and the reappearance of H2O and HNO3 at an altitude level in which the particles dissipate due to warmer temperatures). A correlative measurements program should try to observe these changes concurrently with the satellite measurements to validate the satellite perspective. 

If field observations during SOLVE indicate that a special nucleus may be involved in the formation of large crystalline PSC particles, then it is important to determine the source and the composition of this special nucleus. One useful set of measurements (there are many combinations) would be to determine the amounts of Mg, Al, K, and Fe in this particle (via single particle measurements). This would allow for the determination of whether the special nucleus is tropospheric (aerosols containing more Al and K) or stratospheric in origin (aerosols containing more Mg and Fe).

Required Measurements (in situ and remote):


Atmospheric transport tracers


Meteorological measurements (T, P, etc.)


Gas and particulate phase nitric acid and water


Aerosol and PSC particle size distribution


Aerosol and PSC Particle composition and phase


Aerosol backscattering and depolarization profiles


Ozone and temperature profiles

Hypothesis 4.  A significant fraction of the observed decline in the total abundance of ozone at mid-latitude regions of the northern hemisphere has been driven by changes in stratospheric dynamics.

Lead: Waugh

Contributors: Boering, Hood, Ko.

Sub-hypotheses:

The stratospheric meridional circulation has changed over the last 2 decades, and this a significant factor in the observed mid-latitude ozone decline.

The quasi-isentropic troposphere to stratosphere transport has increased over the last 2 decades, and is a significant factor in the observed mid-latitude ozone decline (particularly those in lowermost stratosphere).

Both above changes in transport are induced by increased GHGs (and not 'natural' decadal-scale variations or feedback from stratospheric ozone decreases), and so ozone layer recovery will be delayed.

Measurement and model strategies:

To address the hypothesis we need to 

(i) identify key processes, regions, and time periods for the transport.

(ii) quantify, including seasonal and longer term variations, the circulation strength and the tracer flux into and out of the lowermost stratosphere.

(iii) test (and improve) the ability of multi-dimensional chemical transport models to represent/reproduce (i) and (ii). 

Test (iii) is critical if we are to quantify role of different chemical and transport changes in ozone decline, which is the ultimate test of the hypothesis.

To do the above we ideally want multi-year, high-resolution global observations of multiple tracers, with differing sources/sinks/time dependencies.  Multi-year measurements required so seasonal and longer term variations can be examined; high-resolution measurements so that across tropopause gradients are adequately resolved; global coverage so regional variations can be examined; multiple tracers so transport pathways, histories can be inferred. (Note that models and available data indicate that transport across extratropical stratosphere varies strongly with season and region.)

This is unrealistic, but a workable approach is to combine together lower-resolution, global (satellite) measurements, high-resolution localized (aircraft, balloon) measurements, and models to address above issues.  For example: Use models & available data identify key regions and time periods (e.g., summer monsoons, "poleward" wave breaking events), then examine details with high-resolution localized (aircraft, balloon) measurements. Then use (near-)global satellite data to put in global context and to quantify seasonal (and interannual variations).

Note that as part of the above we need to examine not only whether satellites (models) can adequately resolve important (near tropopause) structure but also whether satellites (models) can be used to quantify tracer fluxes.

Specific Measurements

As well as "traditional" STE tracers (ozone, water vapor) we need measurements of tracers with different sources / sinks, chemical lifetimes, and time dependencies to better quantify transport across the extratropical tropopause. Examples are

- Be7/Be10 ratio, and the stable isotope compositions of CH4, N2O, and CO2; all have stratospheric sources and varying cross-tropopause gradients.

- Radon (and its daughter Pb-210), CO and other short-lived species which will give insight in time scale (and pathways) for transport from surface to lowermost stratosphere.

*** need more specific measurements ***

Hypothesis 5. The observed decline in ozone at mid-latitudes suggests the existence of unknown chemical forcing.

Lead:  Wennberg

Contributors:  Salawitch, Ko, Cohen, Abbatt, Jackman

Comments & sub-hypotheses:

· The adoption of recently laboratory measurements of key rate coefficients for reactions that control the abundance of free radicals in the lower stratosphere reduces the calculated impact of chlorine on ozone.

· These changes in the kinetic database exacerbate differences between calculated and observed trends in ozone at midlatitudes.

· This shortfall between calculated and measured ozone loss suggests either unknown chemistry or significant changes in mid-latitude transport.  The observed change in the lowermost stratosphere is important and most difficult to diagnose. 

· Significant asymmetry in the observed ozone trend in the northern and southern hemispheres remains unexplained. 

· Satellite observations of column amounts of bromine monoxide are significantly higher than expected.  If this excess BrO resides in the stratosphere (and assuming the observations are not in error), then bromine chemistry is more important contributor to stratospheric ozone depletion than presently understood.  

· There remains significant uncertainty in the role that heterogeneous chemistry exerts, on NOx in particular, throughout the lowermost to middle stratosphere.  

· The importance of H2O (and therefore possible future H2O trends) to the gas phase and heterogeneous phase chemistry of the lowermost stratosphere remains poorly understood.

Measurement and Model Strategies for testing this hypothesis:

We need to continue to develop a framework for accurately mapping the trace constituents and meteorological parameters of the stratosphere.  Such a framework is critical for providing sufficient validation of global EOS/CHEM measurements by necessarily more sparse measurements from other platforms.  The combination of global observations from space and precise and more chemically complete observations from other platforms can provide a record of the chemical history of the stratosphere.  Such maps will allow us to:

1) Better define the chemical boundary condition for the stratosphere. 

Vertically resolved, precise observations of as many short-lived constituents in the region of the tropical tropopause and at the sub-tropical jet are required to define the boundary condition for the stratosphere.  Focus on hydrocarbons, halogens (organic and inorganic), reactive nitrogen, and water vapor.  Isotopic information can, in some cases, provide insight into the mechanisms that set this boundary condition. - Radon (and its daughter Pb-210), CO and other short-lived tracers will also help.  Multi-season multi-year observations required, highlighting the need to optimally combine the observations obtained from space with more focussed campaigns.  

New observational capabilities for short-lived compounds required?  Br/BrO in UT; Augmented whole air sampling? - Radon and Pb-210.

2) Improve understanding the partitioning of reactive nitrogen and chlorine and hydrogen

Effort should be focused on better understanding the partitioning of reactive nitrogen and chlorine and hydrogen.  How well do we understand the processes that determine the ClONO2/HCl and NOx/NOy partitioning?  What is the role of sulfate chemistry in the low temperature / high relative humidity region near the tropopause?  How is this chemistry modified in high sulfate environment following volcanic eruptions.  In short - is our photochemical model complete and accurate?  Obvious synergy between in situ observations and EOS-CHEM observations near the tropopause.   

Laboratory: better definition of surface/bulk reactivity at high water / low temperature for ClONO2 + H2O, HCl; HOCl + HCl; continued refinement of the kinetics of the rate limiting steps in the major ozone loss mechanisms at pressures and temperatures appropriate for stratospheric chemistry (e.g. O + ClO, NO2, HO2+ClO, etc. )

1) and 2) can be combined to better quantify of the chemical loss terms for ozone in the stratosphere - particularly above 20 km and below 15 km where these terms have been less explored.  Such maps will also provide testable constraints for evaluating the performance of chemical-transport models.  

Specific Measurement Strategies:

Highest Priority:

A tropical / sub-tropical campaign focused on the upper troposphere / lower stratosphere to constrain the stratospheric boundary condition.  

A concerted effort will provide significant tests of the ability of EOS-CHEM to obtain vertically resolved observations in the tropics - a stated goal of the EOS-CHEM program.   Multi-platform observations obtained in winter and summer will be required.  Observations in the lower troposphere and in the boundary layer may also be needed.  Observations on either side of the subtropical jet (Tropical upper troposphere / Subtropical lowermost stratosphere) will define the chemical flow through this 'boundary'.   Determine if there are important northern hemisphere / southern hemisphere asymmetry in boundary condition.

Required:  Short lived tracers (Radon; CO, NOy, O3, short-lived halogen containing organic compounds, SO2, H2SO4), long lived tracers (CO2, N2O, CFCs and HCFCs).

Desired:  Cly speciation; NOy speciation; Bry speciation, HOx, aerosol composition and phase, cloud properties. 

Second Priority:

Observations obtained near the mid-latitude tropopause to better define the aerosol chemistry of this region.  

Required: Aerosol composition and phase, NOy speciation, H2O

Desired:  Cly speciation; Bry speciation; H2O, HOx. 

Third Priority:

Rapid deployment plan for observing the stratosphere just after a major volcanic eruption. 

Required: Sulfur compounds, Aerosol distribution, composition and phase, Cly speciation; NOy speciation; Desired: Bry speciation; H2O, HOx. 

Hypothesis 6.  Climate change will enhance the transport of material across the tropical tropopause, resulting in the thickening of the lower stratospheric aerosol layer in the future, which could have important implications for mid latitude ozone loss.

Contributors: Brock, Browell,  Danilin, Drdla, Fahey, Hamill, Iraci, Lambert, Massie, Michelsen, Murphy, Russell, Santee, Tolbert, Toon, Trepte, Wilson

This hypothesis implies that:

- Decreasing lower stratospheric temperatures (linked to decrease in stratospheric ozone and increase in the greenhouse gas concentration) will increase rates of heterogeneous reactions, causing further ozone loss and providing positive feedback for reducing temperatures.

- Increase in the stratospheric water vapor mixing ratio will dilute the aerosol composition in sulfuric acid, causing the particles to be heterogeneously more reactive, leading to increased ozone loss. 
 And is supported by the following facts:

- OCS oxidation alone is insufficient to provide the sulfur needed to account for the stratospheric aerosol mass in non-volcanic periods.  

- In non-volcanic periods, the aerosol mass budget of the lower stratosphere is strongly affected by the transport of small particles and/or sulfur-bearing gases across the tropical tropopause. It is possible that industrialization near equatorial regions in the future could contribute more anthropogenic sulfate mass to the stratospheric aerosol layer. 

- Aerosol particles in the lowermost stratosphere may be a reservoir of bromine species and therefore bromine chemistry in aerosols could play a role in the depletion of mid latitude ozone. 

Measurement and model strategies for testing this hypothesis:

We currently have very limited information on the properties of the background stratospheric aerosol layer. It is commonly assumed that lower stratospheric aerosols are made of aqueous solutions of sulfuric acid. However, there is limited in situ data on particle phase and composition to support this hypothesis. Remote and in situ measurements of sulfur-bearing species, particularly in the tropical tropopause region, are desirable for a better understanding of what mechanisms and sources control the mass budget of aerosols in the lower stratosphere. 

The extinction by sulfate aerosol is dependent upon the H2SO4 weight percent indices of refraction. If a trend in H2SO4 weight percent occurs over a 10 year period, then this trend may show up in the aerosol extinction spectra (though the extinction spectra also have a dependence upon the particle size and temperature). Correlative measurements of pressure, temperature, the sulfate size distribution, and the H2O vapor mixing ratio will be very helpful to validate EOS CHEM retrievals of sulfate aerosol properties related to sulfate composition changes.

To determine the potential role of condensed-phase bromine in ozone depletion under current and future conditions, the observed condensed-phase species must be identified and quantified. The formation of organic bromine in aerosols should be investigated in laboratory studies performed in parallel with the development of quantitative field measurements. Knowledge of the reactivity of HBr and HOBr in aerosols will identify likely candidates for the species observed in-situ. These possible species can then be evaluated using field instruments for in-situ identification.

Required Measurements:


Atmospheric transport tracers


Meteorological measurements (T, P, etc.)


Long-lived Sulfur compounds (SO2, OCS, etc..)


Gas and particulate phase inorganic (nitrates, sulfates, crustal compounds, and etc.)


Gas and particulate phase orgaincs


Aerosol particle size distribution


Multiwavelength aerosol extinction measurements

Hypothesis 7.  Plausible changes in the future level of upper stratospheric methane, water, total nitrogen content, and temperature will influence the concentration of upper stratospheric ozone during the time period when inorganic chlorine levels are decreasing.

Lead : Salawitch

Contributors : Froidevaux, Jucks, Nedoluha, Siskind, Wennberg

Comments and sub-hypotheses:

a)  It has been firmly established that rising levels of chlorine due to industrial activity are the primary cause of the observed 7%/decade reduction of upper stratospheric ozone during the past 20 years.

b)  Changes in stratospheric transport can affect the abundance of free radicals by altering the concentrations of their long-lived precursors (e.g., H2O, CH4, NOy, Cly).  Consequently, changes in stratospheric transport can alter the concentration of upper stratospheric ozone.

c)  Recent satellite observations indicate considerable variability in the mixing ratios of upper stratospheric H2O and CH4.

d)  The change in Cly partitioning driven by the decrease in stratospheric CH4 between 1992 and 1995 resulted in a decline in O3 over this time period that was larger than the change in O3 induced by any other single factor (lower CH4 causes an increase in the ClO/HCl ratio due to reduced production of HCl via Cl+CH4; increased ClO/HCl results in lower abundances of O3).

e)  The expected effect on O3 at 55 km of increases in H2O observed during the 1990s has not been seen in the HALOE data set.  This calls into question basic assumptions regarding our understanding of the photochemistry of upper stratospheric HOx and O3.  Measurements of upper stratospheric and lower mesospheric OH and HO2 also suggest considerable gaps in our understanding of HOx photochemistry.  The implications of existing HOx measurements are difficult to understand owing to considerable discrepancies between measurements of the same species by different groups.

f)  The observed decreases in the mixing ratio of CH4 suggest a considerable weakening of the diabatic circulation.  This change in circulation may be related either to the aerosol perturbation that followed the eruption of Mt. Pinatubo or to an unexpected sensitivity of the diabatic circulation to solar variability.  These forcings are difficult to verify with direct meteorological observations, yet are central to our understanding of future trends in upper stratospheric ozone.

g)  The observed increase in H2O suggests either a slight rise in the temperature of the tropical lowermost stratosphere or an increase in the amount of water lofted across the tropopause.  These forcings are difficult to verify with direct meteorological observations, yet are  central to our understanding of future trends in upper stratospheric  ozone.

h)  The partitioning of species within the NOy and Cly families is generally well understood.  However, current multi-dimensional models exhibit substantial differences in calculated upper stratospheric NOy, which impacts the concentration of ClO in these models.

i) The effect of rising levels of greenhouse gases on upper stratospheric ozone, via modulations in stratospheric transport, has just begun to be explored in a quantitative manner for contemporary concentrations of greenhouse gases and CFCs.  The magnitude of observed changes in H2O and CH4 are sufficient, however, to affect ozone and the interpretation of ozone trends over the next several decades should these changes persist.
j)  The observed reductions of upper stratospheric ozone make a small contribution to the total column abundance of ozone.  However, changes in the upper stratospheric ozone influence rates of the transport throughout the stratosphere by altering IR and UV heating rates. Furthermore, a decrease in upper stratospheric ozone results in an increase in the penetration of photochemically active UV radiation to lower altitudes: e.g., production rates of O3 in the lower stratosphere rise substantially in direct response to depletion of upper stratospheric O3.

Model and Measurement Strategies for Testing this Hypothesis

Concentration profiles of O3 will be measured by each of the four instruments on the EOS Aura platform.  Nearly all of the science planned for EOS Aura is predicated on having accurate measurements of O3 throughout the duration of the mission.

The validation of the EOS Aura O3 observations must extend beyond the standard definition of measurement differences and the search for the correct ozone profile.  Rather, the validation effort must focus also on establishing the strengths and limitations of combining the EOS Aura measurements of O3 with existing profile measurements of O3 from HALOE, MLS, SAGE II, and Umkehr for use in trend studies.

If HALOE, MLS, and SAGE II are operational at the time the EOS Aura instruments first obtain observations, then validating the utility of the EOS Aura measurements of O3 for trend studies will be straightforward.  However, we should plan for the possibility that one or more of these instruments will not be operational when EOS Aura instruments turn on.  We suggest carrying out a "late UARS/SAGE II" and "pre EOS Aura" series of balloon-borne measurements of O3 that will utilize the same instrument(s) that will later be used to validate the EOS Aura measurements of O3.  The goal of this effort will be to define offsets between the various measurements of O3 so that the data from different satellite platforms can be combined in a meaningful fashion for trend analyses of the change in O3 at various altitudes.

To fully understand the effects on ozone of the expected decline in inorganic chlorine, reliable long-term observations of H2O, CH4, HCl, ClO and temperature are also needed.  A better understanding of the factors that control the diabatic circulation, and more realistic models of stratospheric circulation, are also necessary.  Long-term time series of global observations of tracers such as CH4, N2O, or CFC-11 are required to quantify variations in the strength of the diabatic circulation.  Consequently, the "late UARS/SAGE II" and "pre EOS Aura" series of measurements proposed for O3 should be extended  to include as many other species as feasible.

Our understanding of upper stratospheric O3 is inextricably linked to understanding what processes regulate the abundance of stratospheric H2O.  Effort must be devoted to understanding the reasons for current discrepancies in the measurements of [H2O] by various in situ and remote instruments.  At present, these discrepancies are so large that data from different instruments can not be combined for trend analysis.   Indeed, some satellite instruments (e.g., HALOE) indicate that stratospheric H2O has risen over the past decade, while data from other instruments (e.g., SAGE II) do not show an increase in H2O. The reason(s) for this fundamental discrepancy must be pursued.

Specific Measurement Strategies:

First Priority:

1) Assessing the validity of the EOS Aura measurements of O3 for use in trend studies.  

Required: A series of balloon-borne measurements of O3, located close in space and time to overpasses from HALOE, MLS, and/or SAGE II, using the same instrument(s) that will be later used to validate the EOS Aura measurements of O3.  Multiple flights will be necessary to obtain enough "statistics" to define instrument offsets.  The validation of O3 measurements from EOS Aura should be planned so that it spans the entire lifetime of the EOS Aura instruments, rather than a focused effort early in the experiment.  

Desired: Development of a lightweight, reliable, "easy to launch" capability to measure upper stratospheric O3 and perhaps a few long-lived tracers from balloons.

Rationale: To adequately define instrument offsets, we need either to carry out enough flights of the UV O3 photometer to produce good "statistics" or else we need to maximize the information gathered from each flight by simultaneous measurement of a tracer (e.g., CH4) that is also measured by EOS Aura instruments and/or UARS instruments. Consequently, there should be either be: a) the development of an essentially disposable version of the existing UV O3 photometer that would fly alone on a small balloon and greatly increase the number of validation flights; or b) flights on a small balloon of the existing balloon-borne UV O3 photometer and one of the tracer instruments that measures CH4 from the current OMS in situ payload to increase the utility of data from each flight (e.g., correlation plots of O3 vs CH4 relax constraints on spatial and temporal coincidence).

Second Priority:

2)  Defining the long term changes in upper stratospheric H2O and CH4.

Required: A series of balloon-borne measurements of CH4 and H2O located close in space and time to overpasses from HALOE and/or MLS, using the same instrument(s) that will be later used to validate the EOS Aura measurements of O3.  Multiple flights will be necessary to obtain enough "statistics" to define instrument offsets.  These validation measurements should be planned so that they span the entire lifetime of the EOS Aura instruments, rather than a focused effort early in the experiment.

Desired: Development of a lightweight, reliable, "easy to launch" capability to measure H2O and CH4 from balloons using existing instruments.

Desired: Integration of NDSC ground-based measurements of H2O profiles into the validation effort.

3)  Defining the long term changes in upper stratospheric HCl and ClO.

Required: A series of balloon-borne measurements of HCl and ClO located close in space and time to overpasses from HALOE and/or MLS, using the same instrument(s) that will be later used to validate the EOS Aura measurements of O3.  Multiple flights will be necessary to obtain enough "statistics" to define instrument offsets.  These validation measurements should be planned so that they span the entire lifetime of the EOS Aura instruments, rather than a focused effort early in the experiment.

Desired: Development of a lightweight, reliable, "easy to launch" capability to measure HCl and ClO from balloons using existing instruments.

Desired: Integration of NDSC ground-based measurements of column HCl into the validation effort. 

Third Priority:

4)  Resolving the HOx dilemma

Required: An intercomparison of various ground based, aircraft, and balloon-borne techniques for measuring column OH and profiles of OH and HO2 that is centered around coincidences with EOS Aura observations of HOx.

Desired: Co-location of as many as possible of the the instruments to a  common site.  Clearly some of the ground based instruments can not easily be moved.  Therefore, the balloon and aircraft observations should be coordinated in a manner that will be as coincident as possible with the some of the ground based measurements.

Desired: Including the shuttle based MAHRSI instrument in the intercomparison effort.

5)  Measurements complementary to EOS Aura. 

Desired: The development of a new technique to measure the concentration  profiles of atomic oxygen would greatly aid our understanding of upper stratospheric ozone based on EOS Aura observations.

Desired:  Measurements of HNO4, NO3, N2O5, and isotopes of N2O using existing instruments to better understand the implications of EOS Aura data for the budget and partitioning of NOy.

Desired: Measurement of the actinic flux in the spectral region that leads to O3 production at various altitudes in the upper stratosphere to resolve current model discrepancies regarding transmission of solar radiation in this region.  Such observations would provide an observationally based understanding of how changes in upper stratospheric O3 affect the abundance of O3 at lower altitudes. 

Synergies with laboratory measurements:  

a)  All techniques currently used for measuring upper stratospheric O3 rely on the spectroscopy of O3.  Any inadequacies in this spectroscopy, especially as related to the EOS Aura instruments, must be identified and resolved.

b)  Continued investigation of the rate of HCl production from ClO+OH, ClO+HO2, and Cl+HO2 is warranted given the critical role of the ClO/HCl ratio for trends of upper stratospheric O3.

c)  Studies focused on reducing the uncertainty of the rates of  O+HO2, O+OH, O3+OH, and OH+HO2 are necessary given the current gaps in our understanding of the photochemistry of HOx.

d)  Reduced uncertainty for the rate of O+O2+M is needed since we lack direct atmospheric observations of atomic oxygen.

e)  Confirmation of the direct formation of O3 by reactions involving vibrationally excited O2 (vibrational quantum level of 26 or higher) is required before further progress on this potentially important mechanism can proceed.

Synergies with model development:  
a)  The continued development of a framework for using meteorological parameters to accurately map measurements of O3 and other species from different instruments to a common grid will increase the utility of balloon-borne correlative measurements.

b)  Models of the diabatic circulation must be developed and tested in a rigorous, quantitative manner against a variety of tracer observations.  Particular attention should be given to factors that drive year-to-year variability in the strength of the diabatic circulation.

c)  A concerted effort should be placed on understanding, and ultimately resolving, the considerable differences in the amount of NOy found by various multi-dimensional models.  We must identify whether these differences are due to treatment of the high-altitude sink that could be related to how the photolysis rate of NO is calculated, due to differences in how much NOy is carried across the tropopause, or due to some other factor.

3

