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PREFACE

NASA has relied heavily on the entire scientific community, national and international, in its effort
to provide a better understanding of the upper atmosphere and its perturbation in response to
natural phenomena and human activities. The lists of contributors to the individual sections in this
report are given in Section I. We are indebted to those who gave their time and knowledge.
Specifically, we would like to thank the investigators and collaborators for providing information
on their specific tasks. We also thank Rose Kendall and Kathy Wolfe for compiling the report and
providing editorial support.
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INTRODUCTION

Under the mandate contained in the FY 1976 NASA Authorization Act, the National Aeronautics
and Space Administration (NASA) has developed and is implementing a comprehensive program
of research, technology, and monitoring of the Earth’s upper atmosphere, with emphasis on the
stratosphere. This program aims at expanding our understanding to permit both the quantitative
analysis of current perturbations as well as the assessment of possible future changes in this
important region of our environment. It is carried out jointly by the Upper Atmosphere Research
Program (UARP) and the Atmospheric Chemistry Modeling and Analysis Program (ACMAP),
both managed within the Science Division in the Office of Mission to Planet Earth at NASA.
Significant contributions to this effort are also provided by the Atmospheric Effects of Aviation
Project (AEAP) of NASA’s Office of Aeronautics. The long-term objectives of the present
program are to perform research to:

¢ understand the physics, chemistry, and transport processes of the upper atmosphere and
their effect on the distribution of chemical species in the stratosphere, such as ozone;

e understand the relationship of the trace constituent composition of the lower stratosphere
and the lower troposphere to the radiative balance and temperature distribution of the
Earth’s atmosphere; and

e accurately assess possible perturbations of the upper atmosphere caused by human
activities as well as by natural phenomena.

In compliance with the Clean Air Act Amendments of 1990, Public Law 101-549, NASA has
prepared a report on the state of our knowledge of the Earth’s upper atmosphere, particularly the
stratosphere, and on the progress of UARP and ACMAP. The report for the year 1996 is
composed of two parts. Part I summarizes the objectives, status, and accomplishments of the
research tasks supported under NASA UARP and ACMAP in a document entitled, Research
Summaries 1994-1996. Part 11 is entitled Present State of Knowledge of the Upper Atmosphere
1996: An Assessment Report. It consists primarily of the Executive Summary and Chapter
Summaries of the World Meteorological Organization Global Ozone Research and Monitoring
Project Report No. 37, Scientific Assessment of Ozone Depletion: 1994, sponsored by NASA,
the National Oceanic and Atmospheric Administration (NOAA), the UK Department of the
Environment, the United Nations Environment Program, and the World Meteorological
Organization. Other sections of Part II include summaries of the following: an Atmospheric
Ozone Research Plan from NASA’s Office of Mission to Planet Earth; summaries from a series of
Space Shuttle-based missions and two recent airborne measurement campaigns; the Executive
Summary of the 1995 Scientific Assessment of the Atmospheric Effects of Stratospheric Aircraft,
and the most recent evaluation of photochemical and chemical kinetics data (Evaluation No. 12 of
the NASA Panel for Data Evaluation) used as input parameters for atmospheric models.

This NASA program supports a variety of research tasks proposed by scientists from the
university, government, and industrial research communities. It also sponsors periodic assess-
ments of the state of our knowledge of the stratosphere and its response to specific perturbations
such as releases of halocarbons, aircraft effluents, and other potential pollutants, as well as due to
natural forcings such as volcanic eruptions. Funding of the research program was approximately
$24M in FY 1996. Substantial advances in our knowledge of the upper atmosphere have been
made in each of the major fields of research outlined below.



UARP activities fall into three broad categories: (1) field measurements (employing in situ and
remote sensing techniques from ground-based, aircraft, balloon, and rocket platforms); (2)
laboratory studies (gas-phase and heterogeneous kinetics, photochemistry, spectroscopy, and
calibration standards development); and (3) process study modeling and data analysis. These
analyses include data from various major aircraft campaigns such as the Stratosphere Troposphere
Exchange Project (STEP); the Airborne Antarctic Ozone Experiment (AAOE); the first and second
Airborne Arctic Stratospheric Expeditions (AASE I and II); the Stratospheric Photochemistry,
Aerosols and Dynamics Expedition (SPADE); the Airborne Southern Hemisphere Ozone
Experiment/Measurements for Assessing the Effect of Stratospheric Aircraft (ASHOE/MAESA),
the Tropical Ozone Transport Experiment/Vortex Ozone Transport Experiment (TOTE/VOTE)
mission; the Observations of the Middle Stratosphere (OMS) mission; and the Stratospheric
Tracers and Atmospheric Transport (STRAT) mission.

ACMAP primarily supports data analysis and modeling studies of tropospheric and stratospheric
chemistry, as well as of stratospheric dynamics. Multi-dimensional computational models are
heavily used for data analysis, as well as in both retrospective and prognostic modeling studies.
ACMAP supports the analysis of datasets on several scales, including balloon profiles, ground-
based measurements, the extensive set of aircraft measurements noted above, and the full range of
space-based measurements made by NASA and other entities. Among the datasets most
extensively analyzed by ACMAP and related NASA data analysis efforts (see below) are the
Stratospheric Aerosol and Gas Experiment (SAGE) I and II, the Total Ozone Mapping
Spectrometer (TOMS), those aboard the Upper Atmosphere Research Satellite (UARS), and the
Solar Backscatter Ultraviolet (SBUV) instruments, as well as those instruments which flew as part
of NASA’s Atmospheric Laboratory for Applications and Science (ATLAS) series of missions.
ACMARP is beginning to support analysis of other data, including that produced from the Global
Ozone Monitoring Experiment (GOME) aboard the European Space Agency’s ERS-2 satellite.

A major focus of international concern has been (and continues to be) the assessment of the
combined effects of past and present emissions of CFCs; the present and future releases of existing
and proposed CFC alternatives such as the hydrochlorofluorocarbons (HCFCs) and the
hydrofluorocarbons (HFCs); continued increases in the atmospheric concentrations of the halons
(used as fire suppressants) and methyl bromide (CH3Br); as well as continued growth in the
atmospheric burden of CO,, NOy, and other gases having significant anthropogenic sources such
as N;O and CHy4. All of these gases play important roles in defining upper atmospheric
composition through chemically induced changes in stratospheric (as well as upper tropospheric)
ozone and through alteration of the atmosphere’s radiative balance. Hence, a corollary program
goal is to understand the role of stratospheric ozone in the radiative heating and dynamics of the
atmosphere and, thereby, to assess the importance of chemical-radiative-dynamical feedbacks on
the meteorology and climatology of the stratosphere and troposphere.

Many of the trace gases in the hydrogen, nitrogen, and halogen chemical families which participate
in the chemistry of ozone have been detected in the stratosphere and more detailed information on
their spatial and temporal variations is becoming available. Laboratory studies (particularly in the
area of heterogeneous reactions) have strengthened our knowledge of the chemical kinetics of
stratospheric components, and have provided improved data on the spectroscopy of atmospheric
gases for applications to atmospheric measurements of trace species. Current research funding
supports specific investigations dealing with the following topics:



Determination of the distribution of trace gases in the stratosphere, with emphasis on those
species which influence the ozone balance.

Observations of the global distribution of ozone, its vertical profile, and temporal variations. A
key initiative in this area is the implementation of a ground-based remote-sensing measurement
under the Network for the Detection of Stratospheric Change (NDSC).

Determination of the geographic distribution and strengths of the sources and sinks for
stratospheric compounds. A strong focus in this area is associated with chlorofluorocarbon
alternatives, such as the HCFCs and HFCs.

Improvements in the understanding of atmospheric dynamics and transport processes both by
theory and advanced measurement technology, emphasizing the transport of constituents across
atmospheric “boundaries” including those between the stratosphere and troposphere, the
wintertime stratospheric polar vortex and mid-latitudes, and the tropical and mid-latitude lower
stratosphere.

Measurements of the ultraviolet solar irradiance and its temporal variations at the top of the
atmosphere, and the relationship between ultraviolet radiation received at the Earth’s surface as
inferred from satellite data to that predicted using the top-of-the-atmosphere data and radiative
transfer models.

Laboratory studies in spectroscopy and chemical kinetics relevant to the interpretation of
atmospheric measurements and to theoretical simulations of the atmosphere.

Development of more realistic multi-dimensional models of the stratosphere and troposphere.

Application of 2-D and 3-D stratospheric models to assess the impacts of changing atmospheric
composition. Specific emphasis is being placed on assessing the impact of both subsonic and
supersonic aircraft on distributions of stratospheric ozone and other trace constituents.

Evaluation of theoretical models by comparison with atmospheric measurements.

Development of new technological ideas, techniques, and instruments for use in stratospheric
and tropospheric research.

There were several activities during 1994, 1995, and 1996 that should be highlighted. In general
they each involve several facets of the research supported by UARP and ACMAP. These include:

1.

An extended analysis of the data from the Airborne Southern Hemisphere
Ozone Experiment/Measurements for Assessing the Effect of Stratospheric
Aircraft (ASHOE/MAESA). UARP and AEAP have completed a major airborne field
campaign, conducted during FY 1994 and early FY 1995 out of NASA Ames Research Center
and Christchurch, New Zealand. The main goals of this project were to improve our
understanding of the downward trend in total ozone at sub-polar and mid-latitudes, to better
understand the role of ozone in global warming, to assess the role of aerosols in perturbing
stratospheric chemistry and to directly test the rates of production and destruction of ozone and
reactive trace gases over a wide range of latitudes and seasons. The data from this campaign
will play an important role in assessing the environmental acceptability of high-speed civil
transports (HSCTs).



. The Stratospheric Tracers of Atmospheric Transport (STRAT) Mission. This
series of ER-2 and high-altitude (e.g., balloon) deployments has extended the database for
stratospheric trace gas distributions and correlations, focusing on mid-latitudes and tropical
regions, with the objective of obtaining climatologies of trace gases, chemically active species,
and dynamical quantities over at least one cycle of the quasi-biennial oscillation for all seasons.
An improved understanding of transport processes, in particular stratosphere-troposphere
exchange, will enable us to better assess global-scale transport and predict future distributions
of trace gases emitted into the atmosphere, notably those associated with HSCT exhaust in the
lower stratosphere. STRAT was initiated in May 1995 with a subset of the instrumentation,
and came into full operation in FY 1996 with three separate deployments, and will continue
into FY 1997. STRAT is co-sponsored by UARP, the Atmospheric Effects of Stratospheric
Aviation (AESA) activity of AEAP, and ACMAP.

. Tropical Ozone Transport Experiment (TOTE) and Vortex Ozone Transport
Experiment (VOTE). This aircraft campaign consisted of DC-8 deployments featuring an
ozone lidar and a newly-developed methane/water lidar. The mission goal was to examine the
extent of production and dispersal of filaments from the tropical and polar vortex regions,
which play a significant role in the exchange between polar or tropical and mid-latitude air.
DC-8 integration and test flights took place in 1995, and the deployments continued in 1996
(tropical deployment in November/December 1995, Guam; Arctic deployment in
January/February 1996, Anchorage, AK, and Keflavik, Iceland).

. The Observations from the Middle Stratosphere (OMS) Mission. The OMS
activity provides high-altitude measurements from balloon-borne instruments as a partner with
STRAT and other missions. High-altitude measurements will be used in conjunction with the
ER-2 observations in the Northern Hemisphere, covering a range of latitudes from the tropics
to 65°N. These measurements are essential for defining the transport and transport rates of
trace gases, particularly in the tropics and between the tropics and middle latitudes. These
transport rates define the spread of emissions such as HSCT exhaust to the Southern
Hemisphere or to higher altitudes (e.g., the ozone source region), the spread of volcanic debris
in the stratosphere, and the atmospheric lifetimes of various anthropogenic pollutants.
Construction, modification, and testing of the OMS instrument suite were completed during FY
1996 with deployments continuing into FY 1997.

. Continuing Implementation of the Network for the Detection of Stratospheric
Change (NDSC). The NDSC is a set of high-quality research stations for observing and
understanding changes in the physical and chemical state of the stratosphere that are
complemented by secondary stations and satellite measurements and are coordinated with other
networks. NASA UARP has continued to support the development of the state-of-the-art
instrumentation for these stations. A fully implemented NDSC will serve as a focal point for
future ozone trend determinations and such analyses have already been initiated using data from
several stations.

. Continuing analysis of total column ozone and data on vertical distribution of
ozone. There have been appreciable changes in the sources of space-based measurements of
atmospheric ozone since the 1994 report. The Total Ozone Mapping Spectrometer (TOMS)
instrument which flew aboard a Russian Meteor-3 spacecraft failed in December 1994, and
there was a gap in TOMS measurements until the recent launches of new TOMS instruments



aboard the US Earth Probe spacecraft on 2 July 1996 and the Japanese ADEOS spacecraft on
17 August 1996. An additional SBUV/2 instrument was launched in December 1994, and the
European Space Agency launched its GOME instrument in mid-1995. The SBUV/2 instrument
aboard the NOAA 11 spacecraft failed during this time. There have been three flights of the
Shuttle Solar Backscatter Ultraviolet Instrument (March 1994, November 1994, J anuary 1996)
since the last report. A highlight over the past three years has been the development of a new
TOMS dataset (Version 7), which includes several important corrections over the previous
version. These TOMS data have also been shown to provide information on the distribution of
ultraviolet radiation reaching the Earth’s surface, and global trend studies have been carried out
for this new data product, which has been validated by comparison with ground-based
instruments.

. Dramatic increase in availability of space-based atmospheric chemistry
datasets. There are now more than five years of data available from UARS (launched in
September 1991), which include information on the distribution of most important upper
atmospheric trace constituents, as well as top-of-the-atmosphere total solar irradiance and
spectrally-resolved solar irradiance, and information on upper atmospheric winds and particle
input into the atmosphere. The final flight of the ATLAS payload took place in November
1994. These data have been extensively analyzed, especially in regards to their information
about the distribution of halogen-containing species in the stratosphere. Conclusive evidence
was obtained indicating that the major portion of stratospheric halogens (chlorine, fluorine) is
derived from industrially produced halocarbons, and that the increase in the stratospheric
burden of these compounds over nearly a decade is consistent with the increase in halogen-
containing source gases measured at the Earth’s surface.

. Significant increase in knowledge of the global distribution of stratospheric
aerosols and their effects on ozone distributions. There has been a significant
decrease in the abundance of stratospheric aerosols since the issuance of the last report, as the
enhanced aerosol due largely to the June 1991 eruption of Mt. Pinatubo in the Philippines has
decayed. Concentrations of stratospheric aerosols are now getting close to their pre-Pinatubo
levels. During the last few years, continued monitoring of stratospheric aerosol levels through
the SAGE II instrument, balloon-borne instruments, and ground-based lidar networks has
provided significant information on aerosol distributions, and aircraft and balloon measure-
ments have provided important information on the size distributions of stratospheric aerosol
particles. Space-based infrared measurements from ATLAS and UARS provided information
on the distribution and composition of stratospheric aerosols. High-latitude measurements of
polar stratospheric clouds (PSCs) are being continued by the Polar Ozone and Aerosol Monitor
(POAM II) instrument built for the US Department of Defense. POAM II helps to fill the gap
created by the inability of the Stratospheric Aerosol Monitor (SAM II) instrument to observe
high latitudes due to degradation of the Nimbus 7 orbit. Numerical calculations have shown
clearly that the year-to-year variation in aerosol distributions can have a significant effect on
ozone amounts. TOMS data were also shown to have information about stratospheric aerosol
distributions during times of high volcanic aerosol loading, as well as information about the
distribution of ultraviolet-absorbing tropospheric aerosols.



9. Participation in International Assessments. The ‘most recent version of the
international Scientific Assessment of Ozone Depletion was completed in 1994 and issued in
1995. This effort was coordinated by NASA and the National Oceanic and Atmospheric
Administration (NOAA) and co-sponsored by the United Nations Environment Program, the
World Meteorological Organization, and the United Kingdom Department of the Environment.
UARP and ACMAP investigators also participated in updating the report to the Inter-
governmental Panel on Climate Change (IPCC), including both the 1994 interim assessment on
radiative forcing and the full 1995 assessment (Working Group I). UARP and ACMAP
investigators contributed heavily to the recent 1995 Scientific Assessment of the Atmospheric
Effects of Stratospheric Aircraft, led by NASA’s Office of Aeronautics.

While the material in this report focuses on the work supported by UARP and ACMARP, it should
be noted that there is a significant amount of effort carried out by NASA related to atmospheric
ozone which is not directly addressed in this report. This includes work supported through the
following programs:

e Earth Observing System (EOS) - Both instrument development and theory and data analysis
work are supported through this program. A major augmentation was made to this program in
1996 to allow for better consideration of the interaction between atmospheric chemistry and
climate issues.

e Mission Operations and Data Analysis (MO&DA) - This includes support for spacecraft
operations, data reduction, and science analysis for data from UARS, SAGE, TOMS, and
SBUYV instruments. Science data analysis is supported through Guest Investigator Programs
and/or Science Teams through the Science Division of NASA’s Office of Mission to Planet
Earth.

e Flight Systems - This includes support for the development of instruments to fly aboard US
and other spacecraft, including the recently launched TOMS instruments (the final TOMS
instrument is scheduled to fly in 2000 aboard a Russian spacecraft), the planned SAGE
instruments (1998 on a Russian spacecraft, approximately 2001 aboard the International Space
Station, and an additional flight to be determined), and several atmospheric chemistry and solar
irradiance instruments to be flown as part of NASA’s EOS program.
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Balloon-Borne In Situ Measurements

Lightweight Airborne Chromatograph Experiment (LACE)

Principal Investigators: James W. Elkins David W. Fahey
Organizations: R/E/CG1 R/E/AL6
Climate Monitoring and Aeronomy Laboratory (AL)
Diagnostics Lab (CMDL) National Oceanic and
National Oceanic and Atmospheric Administration
Atmospheric Administration 325 Broadway
325 Broadway Boulder, CO 80303
Boulder, CO 80303
303/497-6224 303/497-5277
303/497-6290 (fax) 303/497-5373 (fax)
jelkins @cmdl.noaa.gov fahey @al.noaa.gov
Co-Investigators: Fred L. Moore, Raymond E. Dunn, and Geoffrey S. Dutton

Cooperative Institute for Research in Environmental Sciences
(CIRES), University of Colorado, and NOAA CMDL)

Richard C. Myers
NOAA CMDL

Thomas L. Thompson and Richard J. McLaughlin
NOAA AL

Research Objectives

The Lightweight Airborne Chromatograph Experiment (LACE), a new instrument for the
Observations of the Middle Stratosphere (OMS) component of the Stratospheric Tracers for
Atmospheric Transport (STRAT) mission, is designed to measure chlorofluorocarbon-11
(CFC-11), CFC-113, and sulfur hexafluoride (SF,) from a balloon platform. CFC-11 represents
about 25% of the total organic chlorine budget. The remainder can be estimated from the
correlation of CFC-11 with other organic species, as found in recent ACATS-IV stratospheric
datasets or as computed in 2-D models of the atmosphere [Woodbridge et al., 1995]. The
measurement of sulfur hexafluoride (SFs) permits the calculation of the mean age of the air mass
because of its long atmospheric lifetime (~3200 yr) and linear growth with time (~6.7 % yr!)
[Geller et al., 1996]. LACE is a smaller version of the ACATS-IV instrument flown on the ER-2
aircraft [Elkins et al., 1996]. The key differences are more frequent sampling (one sample every
70 seconds), higher altitude sampling (up to 32 km or higher), less weight and space (less than 50
kg), and at the expense of fewer molecules measured than the ER-2 version. The instrument
comprises two separate gas chromatographic (GC) channels, each incorporating an elzctron capture
detector (ECD). On channel 1, CFC-11 and CFC-113 are separated from air using a silicone
column and, similarly, SF; is separated from air on a molecular sieve column on channel 2. A
sampling period of 70 seconds is made possible with the use of a 2-position, 10-port gas sampling
valve that allows the last half of the chromatogram to be folded back into the next one. Otherwise,
the chromatographic separation of the peak of interest from air takes 120 seconds. We have had
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two successful balloon flights: one test flight in May 1996 and one science-ready flight in
September 1996.

Summary of Progress and Results

The first LACE balloon flight did not acquire science quality data due to a small technical problem
with the pumps. On the second flight, all instrument functions were satisfactory. Figure 1 shows
vertical profiles of CFC-11 and SF¢ from this flight over Ft. Sumner, New Mexico on
21 September 1996. For the most part, the mixing ratios of both tracers for the ascent and descent
agree indicating that balloon outgassing is not a serious problem. The oldest air sampled is about
5.5 to 6 years old using the growth of SF in the troposphere. Another interesting feature is that
the mixing ratios at tropopause yield about 0.5 to 0.7 year older air than the global tropospheric
mean values at the ground. This difference may be the result of the large interhemispheric
difference in mixing ratios observed at ground levels. As an additional benefit of this research,

-|Sept. 21, 1996
New Mexico, USA

Figure 1. Altitude (km) versus time (s), altitude versus mixing ratios of CFC-11 (ppt), and altitude versus
mixing ratios of SF, for the OMS balloon flight of 21 September 1996. Darker circles indicate ascent and
lighter circles indicate descent. Note that mixing ratios of CFC-11 approach zero at 32 km, while mixing
ratios of SF, do not come close to zero and shows its growth in the atmosphere. Data presented here are
preliminary.

we will probably be able to calculate tropospheric mixing times from the data if we use precise
ground base station data.
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In the tropical lower stratosphere, the correlation slopes between CFC-11 and N,O, CFC-11 and
CH, are different from that observed in polar or mid-latitudes. This difference indicates the failure
of the ‘global diffuser’ model [Plumb and Ko, 1992] for transport in the lower tropical
stratosphere and suggests that the ‘tropical pipe’ model is more representative [Plumb 1995]. Volk
et al. [1996] used ER-2 measurements up to altitudes of 20 km to determine that the tropical pipe is
leaky with about 45% of the tropical stratospheric air originating from the mid-latitudes. LACE
measurements will allow this difference to be studied at higher altitudes. Reproducing the latitude-
height distribution of the mean age for air parcels in the lower stratosphere, as determined from
SF, measurements, will be a strong test of atmospheric models and will clarify further how
representative ‘diffuser’ and ‘pipe’ transport models are. Establishing the details of transport
between mid-latitudes and the tropics is an essential component in the environmental assessment of
future aircraft operations. LACE was configured first on a balloon platform and can be modified at
a later date for use on remotely piloted aircraft.
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Balloon-Borne Ozone Measurements at Hilo, Hawaii during MLO,
Principal Investigator: DavidJ. Hofmann

Organization: Climate Monitoring and Diagnostics Laboratory (CMDL)
National Oceanic and Atmospheric Administration
325 Broadway
Boulder, CO 80303
303/497-6966
303/497-6975
dhofmann@cmdl.noaa.gov

Co-Investigators: Samuel J. Oltmans
NOAA/CMDL

Bryan Johnson
Cooperative Institute for Research in the Environmental Sciences
(CIRES), University of Colorado, and NOAA/CMDL

Research Objectives

At the Network for Detection of Stratospheric Change (NDSC) site at Mauna Loa, Hawaii (MLO)
several measurement systems are being used to measure the ozone profile in various atmospheric
altitude ranges. The balloon-borne ozone sonde has been added to the complement of instruments
measuring the ozone profile at MLO primarily focusing on observing the lower stratosphere and
troposphere. The objective of this research is to compare the ozone profile obtained from the
electrochemical ozonesonde with that obtained from ground-based lidar, microwave, and Dobson
spectrophotometer instrumentation. The sondes were also intercompared with the Upper
Atmosphere Research Satellite (UARS) and Stratospheric Aerosol and Gas Experiment (SAGE) II
ozone profiling sensors.

Summary of Progress and Results

Eighteen successful balloon launches were carried out during August 1996 from Hilo, Hawaii.
Six of these soundings included “triple” packages in which three individual ozone sensors were
flown on a single balloon. The “triple” packages and the accompanying telemetry and processing
computer hardware and software were developed specifically for this campaign. The results from
the “triple” sondes showed that the ozone sondes were able to achieve a high degree of precision in
both the stratosphere and troposphere with an average deviation of the triples of 5% of the mean.
In the altitude region above 35 km the precision was somewhat worse with the average standard
deviation rising to about 10% of the mean.

Each of the balloon soundings was carried out with a concurrent lidar and microwave ozone
profile. It was found in the region at and above the ozone partial pressure maximum (~25 km)
that the ozonesonde gave ozone amounts about 10% higher than the other observations. At the
time of the intercomparison the cause of this difference was unknown. Subsequent tests carried
out in the laboratory showed that the sensitivity of the reactant in the sensor (potassium iodide
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solution) depends somewhat on the solution concentration. The original solution concentration
(1%) appears to be slightly too concentrated based on comparisons of sensors using different
concentrations with a calibrated ultraviolet absorption ozone monitor. As a result of the
intercomparison and the related laboratory work, it will be possible to correct ozonesonde data
obtained over the past 10 years and in the future to obtain data with greater accuracy.

In addition to the balloon ozone soundings, the work of the intercomparison referee was also
carried out as part of this research effort. Each day all the ozone vertical profile information was
submitted to the referee such that each group did not have a knowledge of the other groups’
results. The preliminary results of the intercomparison were presented at the NDSC meeting and
the American Geophysical Union meeting in Fall 1995. Final results are being prepared for
publication and presentation at the 1996 Quadrennial Ozone Symposium.

Publications

None
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Argus: A CH4 and N0 Dual-Channel Tracer Instrument for Stratospheric
Dynamics Studies

Principal Investigator: Max Loewenstein

Organization: Mail Stop 245-5
Ames Research Center
National Aeronautics and Space Administration
Moffett Field, CA 94035-1000
415/604 5504
415/604 3625 (fax)
loewen @argus.arc.nasa.gov

Research Objectives

The Argus instrument, a tunable-laser, infrared spectrometer, was designed to measure the long-
lived tracers methane and nitrous oxide in the stratosphere up to altitudes of 30 km. The ratio of
these two tracers as a function of altitude provides important information on the dynamics of
different regions of the stratosphere: the surf zone, the tropical pipe region, and the polar region
distinguished by its strong winter vortex isolation.

Summary of Progress and Results

The NASA Ames Research Center Argus instrument was flown on the ER-2 aircraft in October
1995 in a test mode preparatory to its deployment on a balloon in 1996. The information gleaned
from two flights allowed us to design the thermal control system for the instrument in its balloon
version.

In June 1996, the Argus instrument was flown to 32 km altitude on a balloon from Ft. Sumner,
New Mexico (34°N) the site of the NASA National Scientific Balloon Facility. The instrument
performed well and returned a reasonable profile of N,O over much of the balloon altitude range
sampled on that flight. The methane channel was not operational on this first flight.

The data acquired in the Ft. Sumner June balloon flight pointed the direction for several instrument
improvements that have been incorporated into Argus preparatory to a September balloon science
mission in Ft. Sumner, followed by a tropical tracer mission in Brazil in November 1996.

Publications

None
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Balloon-Borne In Situ Ozone Measurements
Principal Investigator: James J. Margitan

Organization: Mail Stop 183-301
Jet Propulsion Laboratory
National Aeronautics and Space Administration
Pasadena, CA 91109
818/354-2170
818/393-4445 (fax)
james.margitan @jpl.nasa.gov

Co-Investigator: Michael. H. Proffitt
NOAA Aeronomy Laboratory, and Cooperative Institute for
Research in the Environmental Sciences (CIRES), University of
Colorado

Research Objectives

The research conducted under this RTOP obtains profiles of ozone in the Earth’s stratosphere and
troposphere using a dual channel UV photometer flown aboard balloons. The high accuracy and
precision ozone measurements address a number of objectives, in addition to simply providing
ozone profiles: (1) validation measurements for other instruments aboard balloons and satellites;
(2) measurements at high spatial resolution complement the other predominantly remote sensing
instruments; (3) a comprehensive suite of data for testing photochemical models is provided by the
combined instruments; and (4) ozone is one of a number of tracer measurements for studying
transport. Balloon flights are supported by the JPL Balloon Flight Support Group.

Summary of Progress and Results

Since the launch of UARS in Fall 1991, a major activity for the Ozone Photometer has been
participation in the UARS Correlative Measurements Program, making 11 flights in the just over 3
years of the CMP. In the CMP, the balloon instruments of the UARP have been combined in a
number of configurations, and have provided correlative profile data for all of the chemical species
measured by UARS. The Ozone Photometer has flown, during the CMP, with all of the UARP
remote sensing instruments, providing a useful cross check among them. During this reporting
period, the Photometer flew from Ft. Sumner, New Mexico in Fall 1993 with
Toon/Stachnik/Pickett; in Spring 1994 with Toon/Traub; and in Fall 1994 with the Murcray
emission FTIR. In addition, two flights were made from Kiruna, Sweden, as part of the European
SESAME campaign (although the Ozone Photometer was not an official participant) in February
1994 with Stachnik’s Submillimeter Limb Sounder and the KFA-Julich whole air sampler and in
February 1995 with the University of California, Irvine (Toohey) CIO instrument and the KFA-
Julich whole air sampler.

The Fall 1993 flight included measurements of the full suite of radicals, precursors, reservoirs and
tracers, and a detailed analysis of that data is being carried out in conjunction with the
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photochemical modeling of Salawitch and co-workers. It also provides one of the most
comprehensive sets of ozone measurements we have, including the photometer, MkIV, and SLS
on the balloon, and UARS MLS and HALOE, as well as SAGE II. The comparisons show
generally excellent agreement, albeit somewhat complicated by measurements across different
airmasses. Also, with the decline of the Pinatubo aerosol, and the cloud-free conditions, the MKIV
was able to make measurements extending well into the troposphere (within a few km of the
surface). The agreement of MKIV and in situ ozone is excellent (much better than expected) and is
helping to determine the extent to which the MKIV can provide other tropospheric measurements,
for example, nitrogen oxides.

The Kiruna flights provide a valuable augmentation to our ER-2 datasets, using a virtually identical
instrument to get ozone profiles to much higher altitudes (near 15 mb). The two winter profiles
clearly show the ozone mixing ratio continuing to increase with altitude. In the polar ozone ER-2
campaigns, the descended air encountered within the vortex (lower N,0), did not show significant
increases in ozone, with one plausible explanation being that the air was from “above” the ozone
maximum. That seems less likely in view of the balloon data. The second Kiruna flight was even
more dramatic, finding air with high levels of C1O (1200 pptv) and reduced ozone (about 20% less
than surrounding air) at an altitude just above that typically sampled by the ER-2, providing the
first direct in situ observation in the Arctic of the ClO-O, anti-correlation that had been seen in the
Antarctic. Further analysis of the data from that flight is underway.

The UV Photometer was flown as part of the OMS in situ tracer gondola, with a flight from Ft.
Sumner in June and another planned for September 1996, prior to the Brazil deployment in
November. Comparison of O, with ALIAS II N,O for the June flight shows good agreement with
the ER-2 data in May 1995 and July 1996 in the overlap region, but varying agreement with
several MKIV remote-sensing datasets from earlier flights (May 1994 sunset, and September 1993
sunset and sunrise), emphasizing the need for close coincidence in such intercomparisons. The
OMS data overlay the ER-2 rather well, and of course, don’t show the large spread that’s in the
wide latitude range of the May 1995 ER-2 data. The MKIV comparisons show reasonable
agreement at ER-2 altitudes but significant differences at higher altitudes. The MKIV September
1993 data show dramatically different relationships for the sunset and sunrise observations (12
hours, and about 1000 km apart): at N,O = 175 ppbv, O, changes from 3 to 7 ppmv in the two.
Interestingly, the OMS data seem to fit the sunrise curve up to about O, = 3.5 ppm and then fit the
sunset curve better for the higher altitude portion: perhaps the different airmasses indicated by the
2 MKIV profiles were encountered by the OMS flight at different altitudes. The OMS dataset
provides several important observations relevant to the ER-2 data: (1) the ER-2 samples a very
small portion of “parameter space;” (2) the fairly tight, linear correlations seen in the ER-2 data
cannot be simply extrapolated outside that range (without great care, and appropriate caveats); and
(3) ozone is not simply a tracer, and its relatively short photochemical lifetime needs to be
considered. The OMS flight ozone data are also being provided to the ESA ERS-2 GOME team,
as our first opportunity for a validation flight since the ERS-2 launch.

This RTOP also supports the participation of Margitan as co-PI for the ER-2 ozone instrument (see
Proffitt’s Aircraft Ozone Photometer summary). In this period, that included the Fall 1993
SPADE follow-on mission, the 1994 ASHOE/MAESA deployments, and the 1995-1996 STRAT
campaigns.
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During this time, Margitan also served as the Balloon Measurements Manager for the UARS CMP.
Additionally, under a NASA Small Business Innovative Research activity, Physical Sciences, Inc.
is building a next generation version of the ozone photometer, approximately one-third the weight
of the present balloon instrument, for delivery in 1997.
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Water Vapor Measurements of the Middle Stratosphere Using a Balloon-Borne,
Frost-Point Hygrometer

Principal Investigator: Samuel J. Oltmans

Organization: Climate Monitoring and Diagnostics Laboratory (CMDL)
National Oceanic and Atmospheric Administration
325 Broadway
Boulder, CO 80303
303/497-6676
303/497-6290 (fax)
soltmans@cmdl.noaa.gov

Co-Investigator: Holger Vomel
Cooperative Institute for Research in the Environmental Sciences
(CIRES), University of Colorado, and NOAA/CMDL

Research Objectives

In order to understand the dynamics and chemistry of the middle stratosphere above the region
generally accessible by high flying aircraft, the Observation of the Middle Stratosphere (OMS) balloon
package is being developed to measure key atmospheric constituents in the 20 to 30 km altitude range.
The complement of instruments being deployed for the OMS campaigns includes an in situ water vapor
sensor being developed and built under this task. The sensor is of the chilled mirror design, which has
been extensively used in stratospheric applications. Water vapor plays a significant role in the
chemistry of this region and is likely changing as a result of increasing levels of methane in the
atmosphere [Oltmans and Hofmann, 1995]. In addition, the water vapor distribution in the lower
stratosphere reflects the processes that exchange material between the troposphere and stratosphere,
particularly in the tropics, and is sensitive to the tropopause temperature at which water vapor enters
the stratosphere [Vomel et al., 1995]. Campaigns are to be carried out at a mid-latitude (Ft. Sumner,
New Mexico) and tropical location (Brazil) in September and November 1996, respectively.

Summary of Progress and Results

Funding for this project was received during the first quarter of 1996. Design of the OMS instrument
was done based on the concept successfully used in smaller balloon packages on which the water
vapor instrument was the sole component. The chilled mirror technique measures the temperature of a
mirror, which is controlled such that the mirror maintains a small and constant layer of frost coverage.
Under these conditions the mirror temperature is the frost-point temperature of the air passing over the
mirror and is a unique measurement of the water vapor content of the air. A heater controlled by an
optical-electronic circuit heats the mirror against a cryogenic bath to maintain the mirror temperature.

The instrument that has been built for the OMS balloon package is mounted on arm extending
approximately 3 m from the main gondola. This is necessary to minimize the contamination from the
gondola since in situ water vapor measurements are easily compromised by outgassing from the
instrument itself or surrounding materials. Credible water vapor measurements can be obtained in the
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stratosphere from a balloon package only on balloon descent. Because of the exposed position of the
water vapor instrument on the outrigger, all of the key components have been duplicated in a second
instrument so that a second balloon flight can be accomplished within a short period of time. The
water vapor package includes an onboard data logger, a feed to the gondola telemetry, and several
commands for activating the instrument and providing control of various test functions.

A test flight was carried out in Ft. Sumner, New Mexico in June 1996. Several shortcomings in the
data system were found and these have been corrected. Several adjustments to the balloon descent
profile characteristics are also being made to help avoid contamination of the air sample.
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Measurements of ClO and BrO in Support of the SESAME Campaign
Principal Investigator: Darin W. Toohey

Organization: Department of Earth Systems Science
Physical Sciences Building, Room 216
University of California
Irvine, CA 92697-3100
714/824-2987
714/824-3256 (fax)
toohey @bro.ps.uci.edu

Research Objectives

A new instrument to measure ClO and BrO in the lower-to-middle stratosphere was deployed on
scientific balloons during the Second European Stratospheric Arctic and Mid-latitude Expedition,
(SESAME) in February and March 1995. Two launches took place from Kiruna, Sweden, with
the objectives of (a) characterizing the performance of a low-cost, lightweight design for balloons
and autonomous aircraft, and (b) obtaining a high-accuracy, high-resolution profile of CIO and
BrO for intercomparison with other instruments simultaneously deployed on the ground, satellite,
and by balloons and aircraft. All of the proposed objectives were met, including the first high-
altitude (above 20 km) in situ profile of BrO and near-coincident measurement for the MLS
instrument on the UARS satellite. The instrument performed flawlessly on the first flight, and
during the second, extensive diagnostics proved that the instrument is robust for future
measurements from aircraft and balloons.

Summary of Progress and Results

A new instrument designed to measure CIO and BrO with part-per-trillion (10"'?) precision and
high accuracy (20-25%) was built at UCI with funding from the University of California, The
Methyl Bromide Global Coalition, and the National Science Foundation. This instrument is
lightweight (less than 40 kg) and uses many commercial parts in an effort to keep the equipment
costs below $100,000. Funds from NASA under this grant were used to support travel to Sweden
for key personnel to participate in the SESAME campaign, organized by the EC, and for extensive
post-flight data analysis efforts, Several broad objectives were met by two balloon flights of the
instrument in February and March 1995.

e The thermal, optical, mechanical, and electrical performance was near-perfect on the first flight
of the instrument. The only issue was frost buildup on the photomultiplier tube window
during ascent on account of excess water vapor in the ultra-zero air used to keep the optics dry
during flight. This problem was the result of a contaminated regulator used to fill the on-board
air supply bottle, and was alleviated by in situ warming of the instrument following ascent into
the warmer middle stratosphere.
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o The precision of the BrO measurement was improved ten-fold over the most precise previous
design that had been demonstrated by the PI on the NASA ER-2 during the AASE II campaign.
This was achieved by improving the spectral characteristics of the absorption cell used to
isolate bromine atom resonance in the detection cell.

e An intercomparison with the ClO measurement on UARS was obtained with high spatial and
temporal coincidence. This represents the first intercomparison of the microwave emission
(remote) and chemical conversion (in situ) techniques over the altitude range where both
instruments have high signal-to-noise ratios. The preliminary results indicate that the shape of
the two profiles agree well, but the absolute abundance measured by UARS is greater at 46
hPa, perhaps due to lack of a constraint in the CIO abundance at lower altitudes (100 hPa).
Further analysis is pending.

e The simultaneous measurements of ClO, BrO, ozone, particles, and source gases on the first
flight will significantly improve our understanding of the photochemistry governing ozone loss
at high latitudes in wintertime. A manuscript reporting the first results has been submitted for
publication in a special issue of the Journal of Atmospheric Chemistry. This work shows that
production of Cl, and OCIO at night might occur at some altitudes where air has warmed above
225 K as a result of the disproportionation of CIO. These results have great implications for
interpretations of the BrO abundance from slant-column measurements of OCIO.
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Electrochemical Concentration Cell (ECC) Ozonesonde Calibration and Launch
Principal Investigator: Arnold L. Torres

Organization: Code 830
Wallops Flight Facility
Goddard Space Flight Center
National Aeronautics and Space Administration
Wallops Island, VA 23337
757/824-1553
757/824-1332 (fax)
arnold.torres@ccmail.gsfc.nasa.gov

Research Objectives

The vertical distribution of ozone concentration is studied for a number of sites through the use of
well calibrated electrochemical concentration cell (ECC) ozonesonde instruments. Computer-
controlled simulations of ozone concentration vs. atmospheric pressure are performed to examine
characteristics of the ECC instrument prior to actual flight. Simulations and well-controlled
preflight preparation of the ECC enable reasonable estimates of instrument error to be determined
to the higher altitudes, where the ECC reaches its measurement limit, and to be removed. These
calibrated and well understood instruments have been used in obtaining vertical ozone
measurements from Antarctica, Wallops Island, Brazil, and other locations as required. Because
of the advancing nature of new technology new tests are constantly being contrived that have led to
improved measurement capability. It is important that comparisons with other instruments, in situ
and remote, be periodically conducted and results made known to the science community. Only in
this manner can the future of atmospheric contamination be accurately predicted and relieved as the
situation demands.

Summary of Progress and Results

During FY 1994, ECC ozonesondes were released bi-weekly from Wallops Flight Facility and
during FY 1995, forty vertical ozone measurements were obtained from Palmer Station,
Antarctica, between mid-September and November 1994. The Antarctic data were obtained using
digital ozonesonde instruments, the first of this instrument design to be flown by NASA Wallops.
The lowest ozone value reported from Antarctica was 0.98 mb at the pressure level of 78 hPa. This
measurement coincided with a drop in the total ozone overburden to a value of 128 Dobson Units
reported at Faraday, Antarctica. During July 1995, ozone project management at Wallops Flight
Facility initiated weekly ozonesonde observations. A large number of correlative vertical profiles
were obtained in conjunction with the Halogen Occultation Experiment (HALOE) remote
instrument on the Upper Atmosphere Research Satellite (UARS). During FY 1996, weekly
measurements continued at Wallops Flight Facility along with supplemental special correlative
observations made in conjunction with the HALOE experiment. In a continuing effort to improve
vertical ozone measurements comparisons between various balloon-borme instruments are
important. During May 1996, a special test was carried out between the Brewer-Mast type
ozonesonde in use at the Swiss Meteorological Institute, Payerne, Switzerland and the ECC
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instruments used by NASA. Preliminary results indicate that the integrated ECC measurements
giving total ozone overburden values agreed within less than 2 percent of the Dobson
Spectrophotometer operated by the Swiss. This is slightly better than the comparisons made with
the Dobson at Wallops Flight Facility where agreement within less than 4 percent is usual. The
Brewer-Mast instrument also is believed to estimate lower amounts of ozone concentration at levels
above the ozone peak (~16 hPa).

NASA Wallops Flight Facility, based on the measurements and test made over the past year has
begun a review of ECC calibration procedures that, in combination with the new digital
instruments making data available at 2-second intervals, is hoped to improve the quality of the
NASA ozonesonde measurements even further.
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Balloon-Borne In Situ ALIAS-II Instrument
Principal Investigator: Christopher R. Webster
Co-Investigator: Randy D. May

Organization: Mail Stop 183-401
Jet Propulsion Laboratory
National Aeronautics and Space Administration
4800 Oak Grove Drive
Pasadena, CA 91109
818/354-7478
818/393-4485 (fax)
cwebster@alphal.jpl.nasa.gov
Research Objectives

The Aircraft Laser Infrared Absorption Spectrometer (ALIAS-II) task has as its primary objective
the collection of data on the concentrations, distributions, and variabilities of the minor and trace
species in the stratosphere and troposphere. The in situ laser absorption spectrometers ALIAS
(ER-2) and ALIAS-II (RPV, balloon) provide measurements of several gas concentrations as part
of multi-instrument aircraft and balloon payloads flown for NASA missions, and for satellite
correlative measurements (e.g., Upper Atmospheric Research Satellite (UARS)). The instruments
use tunable diode lasers in the 3-10-um wavelength region to measure gas concentrations in multi-
pass optical cells either contained in a flow vessel (ALIAS) or in an open-path deployed cradle
(ALIAS-II). The instruments have demonstrated capability for: N,O, CH,, HCI, CO, and NO,, at
the tens-of-parts-per-trillion levels, with capability to measure other gases within the 3 to 20-um
wavelength region; ALIAS is a 4-channel instrument, ALIAS-II is a 2-channel instrument.

Summary of Progress and Results

The Aircraft Laser Infrared Absorption Spectrometer (ALIAS-II) instrument is a lightweight (50
lbs.) two-channel version of the ER-2 ALIAS instrument, and was originally built in 1994
specifically for Perseus-type RPV platforms, with an open-path sampling from fuselage to wing.
This instrument was modified in 1995 for its participation in the ballooning component of the
Stratospheric Tracers of Atmospheric Transport (STRAT) mission of 1995/1996. The ALIAS-II
instrument has been configured to measure N,O and CH, simultaneously and, in preparation for
the balloon test flights, successfully underwent a full thermal-vacuum test at JPL in April 1996.

In support of the Observations of the Middle Stratosphere (OMS) component of STRAT, a multi-
instrument balloon payload was integrated and flown for the first time in May 1996 from Ft.
Sumner, New Mexico in what proved to be a highly-successful flight for the ALIAS-II instrument.
High-quality profiles of both N,O and CH,; were obtained on ascent and descent, and no
instrument damage resulting from an excellent landing. The tracer profiles show that the test flight
sampled predominantly mid-latitude air, a situation noticeably different from the May 1993 SPADE
flights. The “fold” in tracer mixing ratios seen by Toon ef al. in the MKIV data was also clearly
visible.

29



Balloon-Borne In Situ Measurements

The ALIAS-II instrument is now ready for deployment to Ft. Sumner in September 1996 and
Brazil in November/December 1996 in a continued contribution to STRAT, and is expected to
participate in the 1997 POLARIS mission. This two-channel spectrometer with its open-path
sampling may readily be used to measure the gas combinations: HCI, NO,, and CHg; or CO and
CH,; or N,O and CH,, depending on the scientific priorities.
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A Lightweight High-Precision Instrument for Atmospheric Carbon Dioxide
Measurements

Principal Investigator: Steven C. Wofsy

Co-Investigators: Kristie A. Boering and Bruce C. Daube

Organization: Department of Earth and Planetary Sciences
Division of Applied Sciences
Harvard University
29 Oxford Street
Cambridge, MA 02138
617/495-4566
617/495-5192 (fax)
scw @jo.harvard.edu

Research Objectives

The objective was to build a lightweight (less than 45 kg) instrument for measuring concentrations
of carbon dioxide in the stratosphere, using observed variations to determine rates of atmospheric
transport on global scales. An airborne instrument with the precision required for such
measurements, better than +/-0.1 ppm, has been deployed by this group of investigators since
1992 on NASA’s ER-2 aircraft. Originally the platform for these observations was intended to be
a Remotely Piloted Aircraft (RPA) as part of the Environmental Research Aircraft and Sensor
Technology (ERAST) program, but the platform did not emerge. However, an urgent need was
identified for this instrument on the small balloon payload planned for high altitude observations
during the Observations of the Middle Stratosphere (OMS) program, hence an instrument was built
for this platform.

Summary of Progress and Results

The lightweight instrument was constructed (weighing less than 35 km) and deployed in an
engineering test flight from Fort Sumner, New Mexico in June 1996. Several modifications were
required from the original ERAST design, including a high compression pump and advanced heat
management to allow operation to 10 mb. Interfaces and software for telemetry control and data
output had to be added.

June/July activities: Instrument performance was excellent in the test flight, including calibration
data at all flight levels, although a valve malfunction limited atmospheric observations to a few
minutes of data. We expect that performance specifications will be surpassed at all flight levels.

Plans for August/September: Science flights for this instrument are scheduled for September 1996
from Fort Sumner, and December 1996 from Juazeiro do Norte, Brazil. Preliminary information
on the first science results should be available after 1 October 1996.
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High-Altitude NO and NO, Measurements Using a New, Lightweight
Chemiluminescence Instrument

Principal Investigator: Steven C. Wofsy
Co-Investigators: Dahv A. V. Kliner, Bruce C. Daube, and Joel D. Burley

Organization: Department of Earth and Planetary Sciences
Division of Applied Sciences
Harvard University
29 Oxford Street
Cambridge, MA 02138
617/495-4566
617/495-5192 (fax)
scw @io.harvard.edu

Research Objectives

Field measurements of NO and NO, were proposed, using a new lightweight dual-channel
NO/NO, instrument to investigate processes regulating NO,, NO, and ozone in the lower and
middle stratosphere. The measurements were intended to be part of the HSRP 1994 field program
and to complement ER-2 measurements planned for the Airborne Southern Hemisphere Ozone
Experiment (ASHOE). Altitudes above the operational envelope of the ER-2 were targeted in the
tropics and middle latitudes. A fully operational 35 kg instrument was planned to be tested in the
stratosphere and incorporated into a lightweight payload with ClO, BrO, ozone, T and P and a
tracer instrument (probably a tunable diode laser spectrometer currently under development) on the
Perseus A.

Summary of Progress and Results

The proposed stratospheric flight instrument was to measure NO using chemiluminescence and
NO, by catalytic conversion to NO followed by chemiluminescence. The instrument was
designed, components and sub-assemblies were extensively tested, but it has not flown because
Perseus A did not emerge, nor did any other RPA platform.

During the development, we performed extensive laboratory studies aimed at optimizing the
detection methods and undertook detailed investigations to characterize the NO, catalytic
conversion process over a broad range of conditions (including those relevant to the current
controversy surrounding tropospheric NO, measurements). We also made significant progress in
developing alternative detection schemes.

NO Chemiluminescence Detection

We fabricated and tested several new designs for the chemiluminescence cell. The final design has
a higher sensitivity, lower zero artifact (in the lab), and lower weight (by a factor of 5) than
previous cells. Kinetic modeling of the chemiluminescence cell was undertaken, allowing
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optimization of the detector performance within the power and gas-consumption constraints
applicable to a range of operational scenarios.

NO, Catalytic Conversion

Using the NO, species NO, NO,, HNO,, and isopropyl nitrate and the potential interferences
HCN, CH sub 3CN, NH sub 3, and N,0 conversion efficiencies as a function of reducing-agent
concentration with both H sub 2 and CO; © the effect of humidity and O, on conversion efficiency;
(d) loss of NO in the catalyst; and (e) the efficacy and suitability as catalytic converters (or inlets)
of 24 k gold, 18 k gold, gold doped with 1% cobalt, silver, platinum, stainless steel, and quartz.
The most significant results were the discovery of a gas-phase process that contributes to the
conversion of HNO, to NO and the identification of conditions that produce oxidizing sites on/in
the catalyst, allowing HCN, CH,CN, and NH sub 3 to be converted to NO with high efficiency.
We have submitted a manuscript for publication that provides a detailed description of these
measurements and discusses their implications for in sifu measurement of atmospheric NO,
(including recommendations for performing measurements using catalytic conversion).

New Directions

Laser-induced fluorescence (LIF) is a highly sensitive and specific spectroscopic technique for
detection of a number of small molecules, including NO. The size, weight, complexity, and power
requirements of existing laser systems used to generate the required UV radiation have prevented
LIF from being widely applied to field measurements. In collaboration with Lew Goldberg of the
Naval Research Laboratory in Washington, DC, we investigated using semiconductor lasers to
power a compact, lightweight, electrically efficient (low power consumption, low heat generation),
solid-state, inexpensive sources of tunable, narrow-bandwidth UV radiation to be used for LIF.
We frequency-quadrupled the output of a high-power diode laser to generate tunable light near 215
nm, the wavelength required for NO LIF. These pilot studies have been published and led to the
submission of a patent application. We recently received a grant from the NSF to continue this
research.
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Balloon-Borne Infrared Measurements

Principal Investigator: Frank J. Murcray

Co-Investigators: David G. Murcray, Aaron Goldman, and Ronald D. Blatherwick
Organization: Department of Physics

University of Denver

2112 East Wesley

Denver, CO 80208-0202
303/871-3557
303/778-0406 (fax)
murcray @ram.phys.du.edu

Research Objectives

The objectives of this program are to measure concentrations of trace gases in the upper
troposphere and stratosphere using infrared instrument, and to improve the instruments and
analysis techniques used for the measurements. Our current instruments include: the very high
spectral resolution solar absorption spectrometer system (0.003 wavenumber resolution); a high
spectral resolution, cryogenically cooled grating spectrometer that observes the infrared emission
from the atmosphere itself, and several Cooled Atmospheric Emission Spectral Radiometers
(CAESRs) which are small, light weight emission spectrometers for piggy-back or hand launched
balloons. Data from these instruments was compared with UARS observations during the
correlative measurements program, and flights will provide current atmospheric measurements
referenced to the UARS era.

Summary of Progress and Results

CAESR instruments were flown piggy-back on three flights from Kiruna, Sweden as part of the
European SESAME (Second European Stratospheric Arctic and Mid-latitude Experiment)
campaign. This provided an opportunity to compare HNO, (nitric acid) altitude profiles from
CAESR and a solar occultation instrument; the profiles were within 10% between 12 and 30 km,
which is well within the combined error bars.

Nine small balloon flights were made from McMurdo, Antarctic with CAESR hand-launched
balloon systems during 1994. The flight operations were very successful, and all payloads were
recovered. Problems with the liquid helium supply prevented flights in mid-winter. We have
HNO, altitude profiles for sunlit summer conditions, spring ozone hole conditions, and late winter
conditions.

Our cooled grating spectrometer was flown from Ft. Sumner, New Mexico on 10 October 1994,
The payload included a JPL (Dr. Margitan) ozone instrument.

Data were obtained during ascent, along with limb scans before and after sunrise. This flight also
studied the horizontal variability in the atmosphere by viewing different directions.
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The very high spectral resolution system was flown from Ft. Sumner, New Mexico on 10 October
1995. This flight was very successful, measuring several compounds during sunrise.
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Far Infrared Measurements of Trace Gases
Principal Investigator: Ira G. Nolt

Organization: Mail Stop 472
Langley Research Center
National Aeronautics and Space Administration
Hampton, VA 23681
804/864-1623
804/864-8818
i.g.nolt@larc.nasa.gov

Co-Investigators: Jae H. Park/NASA Langley Research Center
K. Park/University of Oregon
James M. Russell III/Hampton University
Bruno Carli, Francesco Mencaraglia/Institute for Research on
Elect. Waves, Italy
Massimo Carlotti/University of Bologna, Italy
Peter Ade/Queen Mary and Westfield College, UK

Research Objectives

This program is the main component of an International Cooperative Project with Italian and
British participation to study atmospheric ozone chemistry. The main program objectives are to
provide validation and complementary data correlated with overpass measurements of the Upper
Atmosphere Research Satellite (UARS), and to measure the stratospheric concentration of the
bromine chemistry sink species, HBr. The effort combines Italian-developed high-resolution
Fourier transform spectrometer (FTS) technology, UK-developed sensor system technology, and
NASA launch support to achieve high sensitivity for a number of important stratospheric trace
species. Our final balloon flight as part of the UARS Correlative Measurements program was
made in May 1994. This flight yielded a dataset of outstanding quality, and the retrieval of the
HBr altitude mixing profile has been a high priority in our current analysis efforts.

Summary of Progress and Results

Recent concern has focused on the potential threat to the protective ozone layer posed by bromine-
containing gases, principally the source gas, methyl bromide. The complex nature of stratospheric
chemistry dictates that direct measurements be made in the atmosphere itself as the ultimate check
on the modeling of the bromine-related ozone loss chemistry processes. We focused our major
effort in the 1994 through 1996 period on improving the measurement sensitivity for HBr by
incorporating advanced technology sensors provided to the program by a UK research group.
This joint effort has been funded in part by the involved national governments and the Methyl
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Bromide Global Coalition industry association. The flight program culminated in a very successful
balloon flight from Fort Sumner, New Mexico, in May 1994. This third flight in three successive
years completed the planned balloon flight program. In the last year, priority has been given to the
analysis for stratospheric HBr, and we have a paper ready for publication which reports the most
sensitive measurement obtained to-date of the HBr mixing profile between 20 and 35 km.

Our recent result for the amount of stratospheric HBr agrees with independent measurements by
the Smithsonian Astrophysical Observatory group, and serves to reduce one source of uncertainty
in the calculation of the bromine ozone depletion potential. Additional analyses remain to be
completed using our present datasets for other aspects of the bromine chemistry. The high
resolution and quality of the flight data-especially the 1994 flight-is requiring extensive refinements
of our analysis algorithms. In addition, some laboratory spectroscopic measurements are needed
to refine key line parameters. This supporting spectroscopy effort is conducted with help by the
National Institute for Science and Technology and the European Laboratory for Non-linear
Spectroscopy. Finally, the results of this program are also contributing directly to the upcoming
European-based Airborne Polar Experiment scheduled for deployment in 1997.
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Far Infrared Balloon Radiometer for OH
Principal Investigators: Herbert M. Pickett and Dean B. Peterson

Organization: Mail Stop 183-301
Jet Propulsion Laboratory
National Aeronautics and Space Administration
4800 Oak Grove Drive
Pasadena, CA 91109
818/354-6861
818/393-4445
hmp@spec.jpl.nasa.gov

Research Objectives

A stratospheric hydroxyl radical (OH) radiometer is used for balloon observations in the far
infrared region of the spectrum. The instrument uses three Fabry-Perot resonators to resolve
stratospheric limb emission of OH at 101 cm™ (99 Tm wavelength) and 118 cm’' (85 Tm
wavelength). The spectral resolution of 0.002 cm’ is used to match the width of the stratospheric
OH emission. The instrument is compact and designed to fly jointly with other balloon
measurements. The goal of this task is to determine OH concentrations from 25 to 45 km with
better than 10% accuracy. These concentrations are measured as a function of the diurnal cycle and
can be used to validate odd hydrogen chemistry in conjunction with other measurements.

An equally compact heterodyne OH instrument is now being developed as a breadboard for the
EOS-MLS 2.5 THz OH channel. This new instrument should have 20 times better sensitivity in
the 20 to 30 km altitude range.

Summary of Progress and Results

The results from the last five balloon flights have been compared with a simple photochemical
model using UARS ozone and water in a paper which has appeared in Journal of Geophysical
Research. A list of the flights used in this paper is given in Table 1.

Table 1. Recent FILOS Balloon Flights

Date Place Other Instruments
2/20/92 Daggett, California SLS, Ozone

9/29/92 Ft. Sumner, New Mexico SLS, FIRS, Ozone
5/31/93 Ft. Sumner, New Mexico IBEX, Ozone
9/25/93 Ft. Sumner, New Mexico SLS, MKIV, Ozone
5/15/94 Ft. Sumner, New Mexico IBEX, Ozone

In the last column, SLS is the JPL Submillimeter Limb Sounder, Ozone is the JPL in situ ozone
monitor, FIRS is the Harvard Smithsonian Astrophysical Observatory Far Infrared Spectrometer,
IBEX is the Langley/IROE far infrared spectrometer, and MkIV is the JPL solar occultation
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infrared spectrometer. Both the FIRS and IBEX instruments also measure OH in the far infrared
region and data from these flights will allow intercomparison of the three techniques. Generally
the FILOS data sets comprise four atmospheric levels averaged over one hour during the middle of
the day and half hour averages near sunrise and sunset. The ratios of the observed OH to model
OH are given in Table 2.

Table 2. Ratio of Observed OH / Model OH

Pressure  5/94 9/93 5/94 9/92 2/92 Average

21.5 0.55£0.36  0.80£0.57 0.87+0.10 1.36%0.41 1.47+0.39 0.90%0.18
14.7 0.6910.15  0.95+0.25 0.891+0.11 1.16£0.26 1.64+0.49 0.88+0.17
10.0 0.74£0.12  0.99£0.23  0.78+0.15 1.04£0.24 1.75+0.33  0.87+0.24
4.6 0.8210.11  0.8740.19 0.72£0.22 0.93+0.10 1.24+0.16 0.9610.12
3.2 0.96£0.10  1.02+0.11 0.79£0.29  0.93£0.10 0.9740.13  0.95+0.08
Column 0.92140.10 __1.04+0.11  0.9240.37 _ 0.941+0.10  0.944+0.13  0.96+0.05

The row labeled column shows the ratios for the integrated column in the range of 25 to 85 km.
The other rows show the ratios for the indicated pressure levels.

Since our last flight in May 1994, we have made several hardware improvements in FILOS, which
include installation of a rate gyro to improve pointing, installation of higher efficiency power
supplies, and removing excess structural weight. The instrumentation effort for FY 1996 has been
to prepare for a flight in May 1997 which will compare the Fabry-Perot and heterodyne OH
instruments. This new heterodyne instrument is the breadboard test bed for the 2.5 THz OH band
on the Microwave Limb Sounder instrument for the Earth Observing System CHEM-1 platform
(EOS-MLS), and is being funded by the EOS-MLS project. It is projected to have 20 times more
sensitivity for OH than FILOS in the 20 to 30 km altitude range, but will be comparable to FILOS
in terms of size. In its first flight, the heterodyne OH instrument will use a liquid helium cooled
Nb hot electron superconducting bolometer, which can be replaced with a 65 K high T, bolometer
in later flights. Such a bolometer can be cooled with liquid nitrogen or with a low power
mechanical cooler as requirements dictate. The local oscillator is obtained using a photomixer,
which generates the LO from the difference of two 850 nm laser diodes. While the costs of
development of the heterodyne instrument are paid for by EOS-MLS, the costs of flying the
instruments are funded by the Upper Atmospheric Research Program. The benefits of the May
1997 flight are that (1) we will get an early view of the capabilities of the EOS-MLS OH
measurement, (2) further measurements of OH by FILOS will be made, and (3) OH from the two
instruments can be directly intercompared. We anticipate that the heterodyne instrument would be
available in summer 1997 for an arctic campaign, where the enhanced sensitivity for OH at lower
altitudes will be particularly valuable.

In the analysis area we have been working with the other JPL teams in an integrated assessment of
stratospheric chemistry using the September 1993 balloon flight. We also are working with the
IBEX and FIRS teams to intercompare OH observed in the September 1992 and May 1994 flights.
The first round of intercomparisons has been made and work is in progress to reconcile the
differences. We are also collaborating with the ESA PIRAMYHD team which is studying different
instrument approaches for measuring stratospheric OH in the far infrared.
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Proposed Work for FY 1997: Reduce data from the Fall 1996 flight, complete OH
intercomparison and analysis of the JPL joint balloon flight. Participate in joint balloon flight
using the heterodyne instrument in summer of fall 1997.

Publications

Pickett, H. M., and D. B. Peterson, Comparison of measured stratospheric OH with prediction, J.
Geophys. Res., 101, 16789-16796, 1996.
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Multisensor Measurements
Principal Investigator: OdellF. Raper

Organization: Mail Stop 183-301
Jet Propulsion Laboratory
National Aeronautics and Space Administration
4800 Oak Grove Drive
Pasadena, CA 91109
818/354-2435
818/393-4445 (fax)
odell @atmosmips.jpl.nasa.gov

Research Objectives

The objective of the Multisensor Measurements task is to provide for continuing technical,
logistical, and operational support for stratospheric balloon flights to measure the abundance and
altitude distribution of key chemical constituents in the upper atmosphere. Several gondola
systems are used which carry single- and multi-instrument packages consisting of in situ and
remote sensing instruments from JPL and other institutions in the United States and abroad. Data
are obtained on the altitude profiles for a number of chemically-coupled species from one or more
simultaneous flights in the same airmass which are used for instrument intercomparison purposes
and for validation of atmospheric chemical models.

Summary of Progress and Results

In the spring of 1994, two balloon flights were successfully launched from Ft. Sumner, New
Mexico. The payload on the first flight on 15 May consisted of Bruno Carli’s Infrared Balloon
Experiment (IBEX) which was integrated into the balloon program in a cooperative effort between
the University of Bologna in Italy and NASA Langley Research Center, and the JPL Far Infrared
Limb Observing Spectrometer (FILOS) of Herb Pickett. Four days later, a second flight was
launched carrying aloft JPL’s MKIV infrared interferometer for Geoff Toon, the Smithsonian
Astrophysical Observatory’s Far Infrared Spectrometer (FIRS-II) with Wes Traub as the Principal
Investigator, and Jim Margitan’s JPL OZONE instrument. In the fall of 1994, hardware
preparation and logistical support were provided for the OZONE instrument to fly “piggyback” on
the Murcray gondola launched by the University of Denver.

The year 1995 was intended by Headquarters to be a year for intensive data analysis and
assessment and planning for future campaigns. During this time, the Balloon Support Group did a
conceptual design and some detail design for a water-landing composite shell for the MKIV 52-inch
gondola. A contract was let during the year for the construction of the shell, which is still in
progress. In addition, a conceptual design was put together for a new six-instrument in situ
gondola; concurrently, four of the six instruments which were to fly on this gondola were
themselves being designed and built. The detailed design and fabrication of this gondola and its
flight system were begun later that same year.
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While there were no flights mounted by the Balloon Support Group in 1995, flight preparation and
logistical support were provided for both the Margitan OZONE instrument and the JPL
Submillimeter Limb Sounder (SLS) for a Fall flight of the SLS from France and a winter flight for
both instruments from Kiruna, Sweden. Both of these flights were successful for the JPL
instruments.

In early 1996, the new in situ gondola was completed and preparations were made for an
engineering test flight with all instruments on board in June from Ft. Sumner, New Mexico. All
six instruments were successfully integrated in the field and the flight was launched on June 10.
All of the new instruments collected useful engineering data, and the seasoned JPL OZONE
instrument and Airborne Infrared Absorption Spectrometer (ALIAS) both returned useful science
data. Some RF problems were experienced on this flight between the instruments and the NSBF
Command Receiver and this problem is being worked.

At the time of this writing, the MKIV gondola is in Lynn Lake, Canada, awaiting its first northern
latitude launch. The Balloon Flight Support Group assisted in the integration, shipping, and field
preparations for this flight, then returned to JPL to prepare for continuing operations this fall.

Three more flights are planned for the fall turn-around in Ft. Sumner: a full-up science flight of the
new in situ gondola with all instruments on board and individual flights of the Pickett FILOS
instrument and the Toon MKIV instrument. Current plans call for shipping the in situ gondola and
instruments to Brazil shortly after the Ft. Sumner campaign for flight operations from that location.
Publications

None
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Millimeter and Submillimeterwave Radiometry
Principal Investigator: Robert A. Stachnik

Organization: Mail Stop 183-701
Jet Propulsion Laboratory
National Aeronautics and Space Administration
4800 Oak Grove Drive
Pasadena, CA 91109
818/354-1921
818/393-5065 (fax)
bobs @sublime.jpl.nasa.gov

Research Objectives

The objective of this program is measure abundance and variability of stratospheric trace
constituents that influence stratospheric ozone using balloon and aircraft-borne millimeter and sub-
millimeter wave spectrometers. The present instrumentation uses 3 submillimeterwave mixers at
637 GHz, 604 GHz and 311 GHz to simultaneously measure O, and CIO, a key indicator of Cl-
catalyzed O, destruction, HCI, HO,, HNO,, N,O and H,O in the stratosphere and upper
troposphere.  This program also provides a background for development of satellite
instrumentation that can yield measurements on a global scale. Technology developed by this
program has been used in the Microwave Limb Sounder (MLS) instrument on Upper Atmosphere
Research Satellite (UARS) and will be essential to the development of the proposed MLS
instrument on the Earth Observing System (EOS) platform.

Summary of Progress and Results

e During 1994-1996, the Submillimeterwave Limb Sounder (SLS) instrument, currently
measuring O, ClO, HCI, HO, near 637 GHz and HNO,, N,O near 604 GHz, participated
series of five successful balloon flights as part of the Second European Stratospheric Arctic and
Mid-latitude Experiment (SESAME) and the UARS Correlative Measurements Program. The
goal of these flights was to obtain measurements within the Arctic vortex to better understand
the processes controlling the partitioning of chlorine between reactive and reservoir forms and
the loss of chlorine-catalyzed loss of O,. In winter 1994, two flights were performed from the
ESRANGE facility near Kiruna, Sweden (68°N). Both flights sampled warm stratospheric
conditions showing only slight indication of chlorine activation. In October 1994, an
instrument intercomparison and baseline flight was performed from Aire sur I’ Adour, France
(45°N). In winter 1995, two flights were made from ESRANGE. The first of these flights,
on 27 January 1995, sampled air which had been sufficiently cold for heterogeneous
conversion of chlorine to occur. This data, shown in Figure 1 (top), indicates complete
conversion of chlorine to reactive ClO in regions of the lower stratosphere. The lower panel
shows data measured during warm conditions a few weeks later and exhibits a chlorine
distribution similar to unperturbed mid-latitude conditions.
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Figure 1. Partitioning of chlorine in the Arctic stratosphere derived from measurements by the bailloon-
borne submillimeterwave limb sounder over Kiruna, Sweden during SESAME, 1995. (top) Jan 1995 data
from within the polar vortex during ‘cold’ conditions; (bottom) March 1995 data taken outside the vortex
during ‘warm’ conditions.

o A lightweight (50 kg) aircraft version of the SLS instrument has been developed. This

instrument, designed for use on the NASA ER-2, will provide continuous vertical profiles for
ClO, HCl, O,, HNO,, N,0 and H,0 above and below the aircraft altitude.
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* Data analysis and publication of results from the UARS Correlative Measurements Program
balloon flights is complete. Publications from SESAME 1994-1995 flights are in press and in
preparation.

Publications

Chance, K., W. Traub, D. Johnson, K. Jucks, P. Ciarpallini, R. A. Stachnik, R. Salawitch, and
H. A. Michelsen, Simultaneous measurements of stratospheric HO,, NO,, and CI:
Comparison with a photochemical model, J. Geophys. Res., 101, 9031-9043, 1996.

Engel, A., U. Schmidt, and R. A. Stachnik, Partitioning between chlorine species deduced from
observations in the Arctic winter stratosphere, SESAME special issue, J. Atm. Chem., in press,
1996.

Froidevaux, L., W. G. Read, T. A. Lungu, R. E. Cofield, E. F. Fishbein, D. A. Flower,
R. F. Jarnot, B. P. Ridenoure, Z. Shippony, J. W. Waters, J. J. Margitan, I. S. McDermid,
R. A. Stachnik, G. E. Peckham, G. Braathen, T. Deshler, J. Fishman, D. J. Hofmann, and
S. J. Oltmans, Validation of UARS Microwave Limb Sounder ozone measurements, J.
Geophys. Res., 101, 10017, 1996.

Johnson, D., W. Traub, K. Chance, K. Jucks, and R. A. Stachnik, Estimating the abundance of
CIO from simultaneous remote sensing measurements of HO,, OH and HOC], Geophys. Res.
Lert., 22, 14, 1869-1871, 1995.

Kumer, J. B., J. L. Mergenthaler, A. E. Roche, R. W. Nightingale, J. C. Gille, S. T. Massie,
P. L. Bailey, M. R. Gunson, M. C. Abrams, G. C. Toon, B. Sen, J.-F. Blavier, R. A.
Stachnik, C. R. Webster, D. G Murcray, F. H. Murcray, A. Goldman, W. A. Traub, K. W.
Jucks, and D. G. Johnson, Comparison of correlative data with nitric acid data version V0007
from the Cryogenic Limb Array Etalon Spectrometer (CLAES) instrument deployed on the
NASA Upper Atmosphere Research Satellite, J. Geophys. Res., 101, 9621, 1996.

Waters, J. W., W. G. Read, L. Froidevaux, T. A. Lungu, V. S. Perun, R. A. Stachnik,
R. F. Jarnot, R. E. Cofield, E. F. Fishbein, D. A. Flower, J. R. Burke, J. C. Hardy,
L. L. Nakamura, B. P. Ridenoure, Z. Shippony, R. P. Thurstans, L. M. Avallone,
D. W. Toohey, R. L. de Zafra, and D. T. Shindell, Validation of UARS Microwave Limb
Sounder ClO measurements, J. Geophys. Res., 101, 10091, 1996.

49



Balloon-Borne Remote Measurements

Stratospheric Fourier Spectrometry
Principal Investigator: Geoffrey C. Toon

Organization: Mail Stop 183-301
Jet Propulsion Laboratory
National Aeronautics and Space Administration
4800 Oak Grove Drive
Pasadena, CA 91109
818/354-8259
818/354-5148 (fax)
toon @mark4sun.jpl.nasa.gov

Research Objectives

This investigation measures the atmospheric abundances of a wide variety of gases which influence
atmospheric chemistry or are tracers of transport. These measurements are made by the JPL MKIV
Interferometer, a high resolution FTIR (Fourier Transform Infra-Red) spectrometer which operates
in the solar absorption mode from the ground, balloons or aircraft. The high resolution (0.01 cm-
1) and broad spectral coverage (650 to 5700 cm™') of the MKIV instrument allow it to measure over
30 different gases simultaneously in the same airmass including CO,, HCN, CH,, N,0, 0OCS,
CHF,C], CF,Cl,, CFCl,, CCl,, CFCL,CF,Cl, 0,, NO, NO,, HNO,, HNO,, N,O,, CINO,,
HOC), HCl, HF, COF,, CF,, SF6, H,0,, HCOOH, H,CO, CO, C,H,, C,H,, HCN, H,0 and
HDO. These observations are then used to evaluate changes and trends, to ground-truth satellite
observations, and to test model predictions over the widest possible range of conditions (latitudes,
seasons, altitudes, and aerosol loading).

Summary of Progress and Results

Two balloon flight have been undertaken so far during this period; from Ft. Sumner, New Mexico,
in May 1994, and from Lynn Lake, Manitoba, in July 1996. Although the latter flight only yielded
ascent spectra up to 23 km altitude due to a balloon failure, these will nevertheless be useful in
comparing with in sifu observations made from the ER-2 aircraft which flew over Lynn Lake two
days earlier. Further balloon flights are planned from Lynn Lake in August 1996 and Ft. Sumner
in September 1996.

Much of our effort has been spent analyzing the spectra from the May 1994 flight, together with
those from the three earlier UARS correlative balloon flights performed in 1992 and 1993. The
large number of related gases measured simultaneously in the same airmass by the MKIV
instrument, allows rigorous testing of models of chemical partitioning and of transport (via tracer-
tracer relationships). Examples of MKIV balloon data can be found in the UARS Correlative
Measurement Atlas (Peterson and Margitan, 1995). More specifically, the MKIV fluorine budget
has been compared with 2-D model predictions and the agreement was found to be excellent {Sen
et al., 1995 and Sen ez al., 1996a]. However, when Jaeglé et al. [1996] examined the chlorine
budget they noted a shortfall of total chlorine between 17 and 20 km, which they speculated may
be due to heterogeneous chemical reactions forming HCIO,. The MKIV balloon profiles have also
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been combined with OH measurements from Pickett & Peterson, and CIO and HO, profiles from
Stachnik, measured simultaneously from the same gondola, to test models of the photochemical
partitioning within the HO,, NO, and Cl, families. These data have also been used by Osterman et
al. [1996] to evaluate production and loss of ozone as a function of altitude. Furthermore,
comparison with earlier MKIV balloon flights, performed before the Pinatubo eruption has
provided tests of heterogeneous chemistry in the model [Sen et al., 1996b].

We have also been evaluating the MKIV measurement capability in the troposphere, using
observations from a September 1993 balloon flight in which high quality sunset spectra were
measured all the way down to the surface. Initial results look very promising, although fits to the
tropospheric spectra have revealed some serious deficiencies in the current HITRAN molecular
spectroscopic compilation (e.g., missing weak bands, inadequate pressure shift and pressure-
broadening parameters), even in spectral regions where the stratospheric spectra are fitted well.

We have also made a number of instrumental improvements over the past year: We are anticipating
delivery, in the near future, of a water-proof shell which will provide a water landing capability for
the MKIV gondola, allowing much greater flexibility in the citing of future field campaigns. The
MKIV power supply has been completely rebuilt using new, high efficiency, DC-DC converters.
This will not only halve our battery usage, but will also eliminate the need for a radiator plate to
dump excess heat, which would otherwise be problematic inside the new waterproof gondola
shell. The MKIV suntracker has also been modified to enhance its tracking sensitivity, reduce its
mass, and minimize the size of the opening that it needs to look through. These modifications to
the MKIV instrument and gondola will reduce the total balloon payload mass to less than 1600 Ibs.,
further improving our deployment flexibility by making it possible to fly on smaller balloons than
those used hitherto.

For the past several years we have been making routine ground-based observations in support of
the NDSC during the 10-11 months of the year that the MKIV instrument is not involved in balloon
or aircraft campaigns. Over the past three years, over 150 days of high quality ground-based
observation have been performed from Southern California. These ground-based observations are
highly synergistic with the balloon flying: The high sun spectra measured from balloon are used to
remove solar and instrumental features from the ground-based spectra, while the ground-based
spectra themselves provide a valuable monitor of the health of the MKIV instrument and hence its
readiness for future balloon flights.

While JPL is an adequate site for O;, HNO,, N,0O, CH,, CO, HCI and HF measurements, it is too
warm and polluted to obtain accurate measurements of NO, NO, and CINO,. For this reason we
took the MKIV Interferometer to the Barcroft Laboratory (3.80 km altitude), White Mountain,
California, in August 1994 to assess the feasibility of making ground-based observations from
there in the future. The site is very dry and sunny and so we proposed in 1995 to the NDSC
Steering Committee to make Mt. Barcroft a complementary NDSC site. This was granted in March
1996, however, the implementation had to be delayed one year due to conflicts with proposed
balloon flights.

In further support of the NDSC, and we successfully participated in the 1994 ESMOS
intercomparison organized by Dr. Rudi Zander in which 17 different investigators performed a
blind analysis of a set of 10 ground-based solar absorption spectra. More recently, we also
participated in the profile retrieval exercise organized by Dr. Aaron Goldman. In both cases the

51



Balloon-Borne Remote Measurements

MKIV algorithm, which is also used for the analysis of our balloon spectra, performed extremely
well. This same algorithm has recently been successfully applied to ATMOS spectra, and forms
the basis of a proposal to re-process the entire ATMOS data-set.

We have also collaborated with Dr. Justus Notholt of the Alfred Wegener Institute, Potsdam,
Germany. Ground-based spectra from McMurdo (78°S) and Ny-.z\lesund (79°N) have been
completely re-analyzed using the MKIV analysis software and computer facility. We believe that it
is essential to re-analyze different spectral data-sets in a consistent fashion when they are to be
compared, otherwise one's conclusions become undermined by any differences in the analysis
approaches. Two papers describing this work are close to submission.

Finally, considerable progress has been made over the past 3 years in the ongoing task of archiving
MKIV data (spectra and raw interferograms) to CD-ROM. All balloon data are now archived,
together with all ground-based data taken during the 1988-1996 period, on a total of 55
CD-ROMs. At the same time that the old interferograms are recovered from tapes, they are
completely reprocessed using the current data reduction software, so that the retrieval results will
be directly comparable with those obtained recently.
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Measurement of HO, and Other Trace Species in the Stratosphere Using a High-
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Research Objectives

Our scientific objective is to improve our knowledge of stratospheric chemistry and transport, by
making simultaneous measurements of the abundances of about 20 species and isotopes, and
interpreting these in terms of current chemical models and transportation processes.

Observations are made continuously, day and night, with a remote-sensing far-infrared Fourier-
transform spectrometer (FIRS-2), from a balloon or aircraft, in the far-infrared and mid-infrared
spectral regions.

Summary of Progress and Results

We published 20 papers on FIRS-2 results during 1994-96 and are now developing new analytical
and experimental tools, as discussed next.

From our 18 flights of the FIRS-2 on board the DC-8, for the 1992 Airborne Arctic Stratospheric
Expedition (AASE II), we published 3 papers on chemical change in the Arctic vortex, subsidence
of the vortex, and an intercomparison of results from 3 instruments.

Using FIRS-2 data from 9 flights on balloon platforms, including a 1994 flight, we published 5
papers on these topics: a method to estimate C1O from our measurements of HO2, OH, and HOC],
which is important because ClO cannot be measured directly in our current spectra; a detection of
HBr and a new upper limit for HOBr, both important for the partitioning of bromine, a strong
ozone depleter; a simultaneous measurement of the HO,, NO,, and ClO, families, the first such
across-the-board observations in the middle and upper stratosphere; a new determination of
CIONO, in a long wavelength band, confirming previous short wavelength data; and an important
paper showing that ozone production and loss do balance in the middle stratosphere, if the
additional chemical paths identified in the previous HO,-NO,-CIO, paper are included in the
analysis.
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With FIRS-2 data obtained on 4 balloon flights for the Upper Atmosphere Research Satellite
(UARS) Correlative Investigation Program, we published 6 papers on UARS validation results for
the species HNO,, N,0, H,O (2 papers), HCI, and HF, all of which were instrumental in
determining the reliability of UARS sensors.

We published 3 papers on data analysis methods for FIRS-2: a database paper containing critical
changes in molecular parameters compared to standard compilations; a long paper on data reduction
methods unique to our system, including a study of error sources; a paper on a new method of
determining linear and non-linear phase variations in Fourier transform spectra.

Another 3 papers were published on instrumentation: an introduction to a special issue of a journal,
which we edited; a paper on a new design for beamsplitters which promises to increase
dramatically our efficiency and spectral range; and another beamsplitter paper with additional
designs.

Recent ongoing work with FIRS-2 data includes: isotope measurements which could help quantify
stratosphere-troposphere exchange; extension of our spectral range toward shorter wavelengths, to
include new species such as ClO; chemical modeling our past balloon flight data to investigate the
issues of photochemical balance and effects of heterogeneous reactions on aerosols; investigations
of intrusion of tropical air into mid-latitudes; and preparations for several Alaskan balloon
campaigns.
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Ground Based Monitoring of Water Vapor in the Earth’s Middle Atmosphere
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Research Objectives

The goal of this task is to provide the first continuous record of water vapor in the middle
atmosphere using ground based radiometers. The instruments are installed at sites of the Network
for the Detection of Stratospheric Change (NDSC) and provide the sole source of middle
atmospheric water vapor data from these sites. Since water vapor is the primary source of the OH
radical and other hydrogen compounds, it is important in controlling ozone chemistry. We are
therefore studying the effect of variations in water vapor mixing ratio on ozone. Given the long
chemical timescales and rapid variation with altitude of water vapor, we can also use water vapor
as a tracer of atmospheric transport.

Summary of Progress and Results

There are now three Water Vapor Millimeter-wave Spectrometer (WVMS) instruments installed at
NDSC sites, providing daily measurements of the water vapor profile from 40 to 80 km. All of the
instruments have provided nearly continuous data records. The measurements from Table
Mountain, California cover the periods January to October 1992, and May 1993 to the present.
The data record from Lauder, New Zealand covers the periods from November 1992 to May 1993
and from January 1994 to the present. A third instrument was installed at Mauna Loa, Hawaii, and
has been providing data since February 1996. The instruments are all operated remotely from the
Naval Research Laboratory, with calibration and emergency support provided by on-site staff.

The WVMS data has undergone a rigorous error analysis, and the 3 instruments have been
validated against each other during extensive validation campaigns. The WVMS dataset has been
used in the validation of UARS water vapor measurements, and has itself been validated in
comparisons with both UARS and ATLAS based instruments. The WVMS validation study
shows not only the consistency of individual retrievals, but also the consistency of the seasonal
variations observed by the WVMS, HALOE, and MLS instruments. The measurements of the
seasonal variation of water vapor in the mesosphere have been shown to be consistent with
transport models dominated by advection, but there is also a secondary semiannual cycle which is
consistent with the expected seasonal variation resulting from diffusive effects. A study of the
effect of seasonal variations in water vapor on ozone is currently underway.
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Stratospheric and Mesospheric Trace Gas Studies Using Ground-Based mm-Wave
Receivers
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Research Objectives

This research deals with field measurements of stratospheric trace gases of importance in the polar
or global stratosphere, and is a continuation of the cycle begun in the spring of 1992 with a mm-
wave spectrometer of greatly improved sensitivity. We have had two portable mm-wave
spectrometers (one older, one improved) in action in Antarctica during the current research period.
Both were at McMurdo Station from late August to early October 1994, allowing simultaneous
measurements of several stratospheric trace gases during an ozone hole event, and one of these
was then moved to the South Pole for an 11-month period of measurements beginning in January
1995. The other spectrometer was again used at McMurdo Station during the spring ozone hole
season, from late August until early October 1995. Antarctic field work will be suspended for the
austral spring of 1996, due to plans to improve and deploy our equipment at Spitzbergen early in
the spring of 1997 for an Arctic intercomparison campaign. New insights have been gained from
our research concerning the accuracy of current knowledge about the diurnal chlorine dimer cycle
(the primary chlorine cycle destroying lower stratospheric ozone in the Antarctic spring), about the
O,/N,0 ratio over Antarctica and its validity as an indicator of chlorine-induced ozone depletion,
about the long-term build-up of active chlorine in the Antarctic stratosphere, about the timing,
degree, and altitude range in which nitric acid (HNO,) is removed from the stratosphere by polar
stratospheric cloud formation; about the rate and time span of downward transport in the polar
winter stratosphere, and about intrusion of mesospheric air into the polar winter stratosphere.
Antarctic field campaigns have been carried out under direct arrangements in the form of nominal
or significant grants from the National Science Foundation’s Division of Polar Programs, which
oversees operations and logistics for all US science carried out on the Antarctic continent; while
NASA funding has been vital for all other phases of this research.

Summary of Progress and Results

In the austral spring of 1994, we were able to set up both of our ground-based mm-wave
spectrometers at McMurdo to make simultaneous measurements of several stratospheric trace gases
during the formation of the 1994 Antarctic ozone hole. One of these, employing an older and less
sensitive receiver, had been used in a very successful pioneering experiment to carry out an 11-
month cycle of stratospheric trace measurements over the South Pole during 1993. We operated it
in tandem with our more sensitive superconducting receiver system. The latter was used to make
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difficult chlorine monoxide (ClO) measurements requiring the utmost sensitivity, while the older
spectrometer was used for daily measurements of nitrous oxide (N,O) and nitric acid (HNO,).
N,O is a useful tracer of vertical transport, and helps distinguish air that has been within the vortex
for a considerable period from air which may have recently entered across the vortex boundary.
Measurements of strongly depleted HNO, are a good indicator of air that has been exposed to very
cold temperatures within the vortex, and is chemically primed, via the removal of nitrogen oxides,
for catalytic ozone destruction by chlorine. ClO is the intermediary product in the catalytic
destruction of ozone by chlorine. This is the first time that vertical profiles for all three species
have been measured using ground-based equipment during an ozone hole event. Our results and
analysis have been written up and accepted for publication [Klein et al., 1996].

The older spectrometer system was up-dated with new and faster computers, improved operating
and analysis software, and minor mechanical improvements, and reshipped to the Pole in January
1995, to follow another annual cycle of trace gas measurements (O,, N,O, HNO,, and NO,). This
time, operations were carried out by cooperative arrangement with Dr. R. Chamberlin, a winter-
over astronomer for the Center for Astrophysics in Antarctica. Dr. Chamberlin was
simultaneously carrying out a program of tests and observation with a new mm-wave astronomical
telescope, and this resulted in fewer measurements, with some longer breaks between, than we had
obtained with our own dedicated observer in 1993. Nevertheless, this allowed us to make
important comparisons and conformations of the behavior of various trace gases observed during
the 1993 cycle (see publications list below). The first in a projected series of papers resulting from
the 1995 observations has been written and submitted for publication [Cheng et al., 1996]. The
1995 observations confirm the patterns of trace gas behavior noted in 1993, and give us a good
basis for confidence in the rate of downward transport derived for the fall and winter polar
stratosphere from NO, and O, observations; in the timing, degree, altitude range, and severity of
HNO, condensation into polar stratospheric clouds near the beginning of polar winter; in the
generation of new HNO, in the middle stratosphere during polar winter; in the timing, duration,
and degree of intrusion of mesospheric and thermospheric NO, into the middle to upper
stratosphere during winter; and the transport of lower latitude air into the center of the vortex at
higher altitudes well before it is brought in at lower altitudes.

Our observations of ClO continued at McMurdo during August through October 1995, and the
consecutive 4-year record established since 1992 showed an interesting 2-year cycle in the average
September amount of ClO, reminiscent of 2-year cycles noted earlier in other Antarctic ozone-
depletion parameters, but now harder to trace, presumably due to saturation effects as the hole
grew larger. All attempts so far (including ours) to tie strong or weak years of Antarctic ozone
depletion to the well known tropical quasi-biennial oscillation cycle have not resulted in any
consistent, long-term relation between the easterly or westerly equatorial wind direction and lesser
vs. greater ozone depletion, however.

During 1994 through 1995, we developed and applied an in-house photochemical model of the
stratosphere, with careful attention to accurate modeling of radiative transfer through the upper
atmosphere at large solar zenith angles, to enable us to analyze in detail our own diurnal
measurements of polar lower stratospheric ClO during an ozone hole event (essentially the only
such measurements existing). This model was the Ph.D. thesis work of D. T. Shindell, who
showed that the recommended 1994 JPL photochemical reaction rates for the key reactions
governing the ClO dimer cycle are in excellent agreement with observations, and that uncertainty in
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some recommended values can indeed be narrowed on the basis of the observed diurnal behavior
[Shindell ef al., 1995; Shindell and de Zafra, 1996a, b]. V. Chan’s Master’s thesis developed a
very powerful constrained matrix inversion package for retrieval of vertical profiles from multiple
lines in one spectrum.

Some improvements are being made to the existing superconducting mm-wave receiver during the
latter part of 1996, and we intend to replace the solid-state diode receiver with an ultra-sensitive
superconducting receiver in our older spectrometer system before reinstall this system at the South
Pole.
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NDSC Ozone Lidar and Instrument Support
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Research Objectives

In earlier stages of this program, the Jet Propulsion Laboratory (JPL) Atmospheric Lidar Team has
developed and established laser remote sensing laboratories at the Table Mountain Facility (TMF)
in Wrightwood, California, and at the Mauna Loa Observatory (MLO), Hawaii. Both of these
sites are stations within the international Network for the Detection of Stratospheric Change
(NDSC). The primary and long-term goal is to make regular measurements, 2 to 3 times per week
at each site, of the atmospheric profiles of ozone, temperature and acrosols to aid in the detection of
changes in the ozone profile and to provide information to assist in the understanding of the
reasons for such changes. The results from the TMF and MLO lidars are archived in the NDSC
database to add to the global perspective of atmospheric change attained by the network. In the
short-term, the results from the ground-based lidars provide correlative and ground-truth
measurements for instruments onboard Earth orbiting satellites, such as the Upper Atmosphere
Research Satellite (UARS), and onboard research aircraft such as NASA's ER-2 and DC-8. Also
in the short-term, we can observe and study the day-to-day variability of these atmospheric
parameters.

Summary of Progress and Results

The stratospheric lidars at TMF and MLO are each averaging about 100 measurements per year for
each of the parameters measured, i.e., approximately 600 individual profiles per year. The TMF
lidar has been operational since February 1988 and the newer lidar was moved to MLO in the
summer of 1993 where it commenced routine measurements shortly thereafter. Archiving of ozone
and temperature profiles in the NDSC database is up to date with more than 850 sets of profiles
from TMF and 350 sets from MLO in the archive.

Recently significant progress has been made in the study of the correlation between aerosol surface
density and ozone density using the results from TMF, MLO, and also Ny-Alesund, obtained since
the eruption of Mt. Pinatubo in 1991. The aerosol and tropospheric ozone lidar systems at TMF
have been redesigned and separated. These two lidars are making measurements while testing and
analysis development continues. An improved analysis for the aerosol lidar measurements at both
MLO and TMF is under development. An analysis and intercomparison of the methods and
algorithms for the derivation of temperature profiles used by different groups within the NDSC is
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being carried out. Ways to improve the analyses applied by JPL and CNRS have been found and
the temperature data will be reanalyzed over the next year.

Some modifications were carried out to the MLO lidar to increase the altitude range over which the
profiles can be measured. The impetus for these changes was the increased importance in
obtaining ozone measurements in the upper troposphere in addition to the stratospheric
measurements. To enable these measurements the field-of-view of the telescope was increased so
that the laser and telescope would overlap at lower altitudes. These changes were carried out just
prior to the MLO3 NDSC intercomparison campaign which was carried out during August 1995.
The results from the campaign are still being evaluated and will be published sometime in the near
future. The preliminary conclusions for the JPL lidar are that from 20 km to the maximum
altitudes reported (i.e., up to 60-km) the JPL lidar results agreed very well with the consensus
profile in this region. However, below 20 km the JPL lidar profile showed a positive deviation
from the correct profile, increasing as the altitude decreased. This was later determined to be due
to a saturation effect caused by increasing the field-of-view of the telescope as discussed above.
Following the campaign this problem was thoroughly investigated and a new, different design,
photomultiplier tube was installed in all of the receiver channels. The correct operation of the
modified system was then verified in several further, informal intercomparisons with the GSFC
lidar and the Millitech-NASA LaRC microwave radiometer over the period up to the end of 1995.
We are now confident that the ozone results from the JPL lidar are accurate over the range from
~13 km to > 55 km.

Also during 1995 and 1996, the lidar results have been used to support and validate several other
NASA programs. These include the UARS Correlative Measurements Program, the STRAT, and
TOTE/VOTE aircraft campaigns as they passed through Hawaii, and the SAGE II program.
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Research Objectives

Two separate mobile lidar instruments are operated by the Atmospheric Chemistry and Dynamics
Branch; a Stratospheric Ozone Lidar, which measures vertical profiles of ozone, temperature and
aerosols from the upper troposphere to the upper stratosphere and above; and the Aerosol and
Temperature (AT) Lidar which measures vertical profiles of aerosols from the upper troposphere
into the stratosphere, and temperature in the upper troposphere to the mesosphere. Both
instruments are housed in their own individual trailers, and are independently transportable and
self-contained. Within the Network for the Detection of Stratospheric Change (NDSC),
Stratospheric Ozone Lidar provides a transfer calibration standard for permanent ground-based
ozone lidars, and is used to validate those instruments at the primary NDSC sites.

The AT lidar will perform the same function for aerosols and temperature and provides wavelength
dependent data for aerosols. Beyond the NDSC functions, these lidars are used for validation of
satellite instruments, participating in both UARS and SAGE II correlative measurement programs.

Summary of Progress and Results

The Ozone Lidar: This transmitter in the ozone lidar was upgraded in the early part of FY 94, A
new excimer laser which operates at a 200 Hz pulse rate was installed in place of the older laser
which was operating at 50 Hz. This reduced the time required for a complete measurement to 83
min., thereby greatly improving the chances to make a complete measurement. After this
modification, the Ozone lidar was shipped to Lauder, New Zealand, a primary NDSC facility, in
February 1994, to support the Airborne Southern Hemisphere Ozone Experiment/Measurements
for Assessing the Effects of Stratospheric Aircraft (ASHOE/MAESA) campaign, a series of ER-2
flights which deployed from Christchurch, New Zealand. The GSFC Ozone lidar was operated
for all four of the ASHOE/MAESA flight periods from March to October 1994. During the four
deployments, 80 independent measurements of vertical profiles of ozone, temperature and aerosol
backscatter ratio were made on 48 different nights. After the ASHOE/MAESA campaigns, an
NDSC intercomparison was held to validate the new Lauder ozone lidar, which was built and
operated by Dutch scientists. This was a blind intercomparison, operated under the protocol of the
NDSC, and included the lidar instruments, balloon sondes, a millimeter-wave ozone instrument,
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and satellite instruments. The results from this intercomparison were presented at the 1995 NDSC
Steering Committee meeting.

The lidar was shipped from New Zealand to the Mauna Loa Observatory (MLO) on the island of
Hawaii, in May 1995 for another NDSC campaign to validate the newly installed ozone lidar at that
site. The lidar was operated from June through August 1995, with the blind intercomparison
taking place during the last fifteen days of August. Preliminary data was presented at the 1995
Steering Committee meeting. The lidar remained at the MLO facility through March 1996, and was
operated on three different time periods in support of two aircraft missions flown from Barber’s
Point on the island of Oahu. All data from these missions have been archived in the NDSC Data
Archive.

The ozone lidar was returned to GSFC in May 1996, and has been undergoing repairs and
maintenance since that time. It will be operated at the GSFC site on clear nights through the end of
the year.

The AT Lidar: The AT lidar was tested against the ozone lidar during early 1994. As a result of
those tests, some hardware and software changes were made. The instrument made measurements
at GSFC for the remainder of the year and in 1995 was shipped to MLO to participate in lengthy
field tests and then to participate in the lidar intercomparison which took place in August 1995.
Temperature and aerosol comparisons with the GSFC Ozone lidar, the MLO Rayleigh Lidar, and
the JPL ozone lidar permanently sited at MLO showed excellent agreement for the GSFC AT lidar.
Temperatures retrieved from both wavelengths transmitted by the lidar were self-consistent. Laser
problems related to the high altitude of the site (3.4 km) developed in the latter stages of the
intercomparison. The trailer was shipped back to GSFC in May 1996 and the lasers have been
repaired. Currently a seed laser is being installed into the Nd-YAG laser to provide a narrow
spectral output. This will be used to extend our temperature and aerosol measurements downward
to near ground level and to provide a better stratospheric temperature measurement during periods
of heavy volcanic aerosol loadings.
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Research Objectives

Hydroxyl is a chemically active atmospheric trace species which responds promptly to changes in
the photochemistry of the nitrogen and chlorine compounds controlling the abundance of
stratospheric ozone, and thus the penetration of solar ultraviolet to the Earth’s surface. In the
research described here, the vertical column abundance of atmospheric hydroxyl (OH) is
determined by measurement of the fractional absorption of sunlight in the P1(1) resonance line of
OH at 308 nm. These measurements provide information on the diurnal, seasonal, long term, and
geographic behavior of column OH. This behavior is, in turn, a useful diagnostic for constructing
and testing atmospheric models used to predict the integrity of stratospheric ozone under changing
conditions resulting from anthropogenic emissions.

Summary of Progress and Results

Ground-based OH absorption measurements using high resolution PEPSIOS instruments (Poly
Etalon Pressure-Scanned Interferometric Optical Spectrometer) have been made at the following
locations:

e Fritz Peak Observatory, Colorado (40°N, 105°'W) 1994 through 1996. This is a continuation
of the 19-year database initiated in 1977.

e National Institute for Water and Atmosphere, Lauder, New Zealand (45°S, 170°E) 1994
through 1995. This was a continuation of the observations initiated in 1991 using a second
instrument of identical design to the Colorado PEPSIOS.

e New Mexico Institute of Mining and Technology, Socorro, New Mexico (34°N, 107 °W) April
through August 1996. These new measurements have been obtained using the instrument
formerly located in New Zealand.

The vertical column OH measurements from all locations since 1980 are highly dependent on solar
zenith angle, with maximum at high sun. Recent Colorado data show the persistence of a new
seasonal regime which began in 1991. The fall minimum has been consistently depressed about 10
to 15% below the 1980 through 1990 average fall values. While the initial onset of depressed fall
abundances occurred a few months after the Pinatubo eruption, there has been no fall OH recovery
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correlating with decreased amounts of volcanic aerosol found since spring 1993. The Colorado
data also continues to exhibit an AM-PM asymmetry which varies seasonally, approximately in
phase with local total ozone.

Comparison of the Colorado database with New Zealand observations has revealed substantial
seasonal differences which are well correlated with the breakup of Arctic and Antarctic winter
circulations, respectively. The polar vortex breakup in Antarctica occurs about 1.5 months later in
season than in the Arctic, and the New Zealand OH perturbation is similarly delayed with respect to
Colorado; in both cases the OH perturbation occurs about 6 weeks after the average time of the
polar vortex breakup.

Ground-based support for the MAHRSI (Middle Atmosphere High Resolution Spectrograph
Investigation) Space Shuttle observations of mesospheric OH in November 1994 was furnished by
column OH measurements at Colorado and New Zealand. The column abundances at that time
were found to be within measurement uncertainties of earlier average seasonal behavior. The
ground-based observations thus indicate the absence of geophysical phenomena which might
produce unusually large or small mesospheric OH values.

The New Zealand instrument has been returned to the United States and is currently located at New
Mexico Tech, Socorro, NM. [Initial comparisons between Colorado (40°N) and New Mexico
(34°N) for April through July 1996 indicate small differences in OH column abundances, with
New Mexico measurements about 10% above Colorado values for comparable solar zenith angles.
Current work at New Mexico Tech involves measurement of P1(1) and QI(3) absorption by the
method of Doppler shift of solar limb spectra. These can be used to infer path weighted
temperatures and for validation studies on the standard method of analysis using the single P1(1)
line.

Our published steady state calculations for OH have demonstrated that with elevated levels of mid-
latitude CIO, in the lower stratosphere, enhanced HO, production from the methane oxidation
sequence is a possible explanation for the large OH abundances at high sun observed in Colorado
since 1980. Attention is currently being given to similar scenarios designed to explain hemispheric
differences in OH seasonal and diurnal behavior.
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Ground-Based Infrared Measurements

Principal Investigator: Frank J. Murcray

Co-Investigators: David G. Murcray, Aaron Goldman, Ronald D. Blatherwick, and
Xu Liu

Organization: Department of Physics
University of Denver
2112 East Wesley

Denver, CO 80208-0202
303/871-3557
303/778-0406 (fax)
murcray @ram.phys.du.edu

Research Objectives

Infrared spectra of the atmosphere contain a wealth of information about the composition and
physical state at the time of the observation. Solar absorption spectra can be obtained with very
high spectral information, and yields quantitative information for many stratospheric gases. At
high latitudes, solar absorption measurements are not possible in the winter, and the spectrum of
the thermal emission from the atmosphere is recorded. Our objectives are to obtain infrared spectra
from several locations, and to extract the maximum information about the stratosphere and upper
troposphere. The derived atmospheric parameters will be studied for evidence of long term change
for the Network for Detection of Stratospheric Change (NDSC), for seasonal and other cycles, and
will be used for validation of satellite measurements.

Summary of Progress and Results

Our main effort has been to obtain data from Mauna Loa, Hawaii, which is a primary NDSC site.
A very high resolution (0.003 wavenumber) solar absorption spectrometer was installed there in
1991, and operated until October 1995. Because this instrument was not completely automatic,
spectra were recorded only once a week at sunrise. In August 1995, we installed a fully automatic
system (except for liquid nitrogen fills for the detectors). The new system is averaging mor= than
4 sunrises and 1 sunset per week. During the two month overlap, the column amounts of gases
derived from both instruments were compared. The values were generally within 1 or 2%.

Column amounts of ozone have been extensively compared to Dobson observations, with very
good agreement. The columns of HCI and HNO, have been used for UARS validation. A
significant effect on the HNO,; from heterogeneous chemistry on Mt. Pinatubo aerosols was
detected.

We have developed an algorithm for recovering altitude profile information from the infrared
spectra for gases with strong enough absorption lines. Ozone profiles derived from Mauna Loa
spectra were submitted to the Mauna Loa ozone intercomparison.
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Solar absorption spectra have been collected from McMurdo, Antarctic since 1980, in collaboration
with New Zealand’s National Institute for Water and Atmospheric research (NTWA). The
McMurdo instrument has only 0.02 wavenumber resolution, and will be upgraded to 0.003 in
December 1996. The higher spectral resolution will allow altitude profiling from McMurdo.

We installed a low resolution atmospheric emission spectrometer system at the South Pole in 1992,
and it ran successfully during 1993 as well. In December 1995, a new high spectral resolution
(0.1 wavenumber) instrument was installed. Samples of data transmitted electronically indicate
that the system is still working well. The higher spectral resolution will permit more accurate
HNO, measurements during the winter when denitrification occurs, and should allow the
measurement of CIONO,. HNO, column amounts decrease rapidly in the early winter due to
formation of polar stratospheric clouds. The 1993 decrease was significantly later than 1992, even
though 1992 had larger amounts of stratospheric aerosols from Mt. Pinatubo. Data from 1996 will
provide more information about the denitrification process.
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NDSC Microwave Ozone Instruments
Principal Investigator: Alan Parrish

Organization: Radio Astronomy
619 I Lederele GRC
University of Massachusetts
Amberst, MA 01003
413/545-0789
413/545-4223 (fax)
parrish@fcraol.phast.umass.edu

Co-Investigators: Brian J. Connor
National Institute of Water and Atmosphere (NIWA), New Zealand

J. J. Tsou
GATS, Inc.

Research Objectives

The research objectives are as follows:

¢ To maintain and calibrate the microwave ozone instruments at Mauna Loa, Hawaii, and
Lauder, New Zealand to obtain high quality spectral data with minimal interruptions.

¢ To retrieve ozone mixing ratio profiles over the range 56-0.04 mbar (20 to 70 km) from the
spectra.

® To evaluate the quality of the data, and archive all good data in the NDSC database.

* To work with other investigators working at those sites to evaluate the quality of all ozone data
being produced at those sites, and attempt to resolve discrepancies

* To assist investigators operating satellite-borne instruments in using our microwave data, as
requested.

¢ To interpret the microwave data scientifically.
Summary of Progress and Results

We have operated a microwave ozone measuring instrument since 1989, first at Table Mountain,
California, and later at Lauder, New Zealand. In 1994, we began operating a second, essentially
identical instrument, purchased by the Naval Research Laboratory from the Millitech Corporation.
Initial operation of the new instrument was at Table Mountain. The original instrument was
shipped from Lauder to Table Mountain and intercompared with the new instrument between
November 1994 and April 1995. The original instrument was returned to New Zealand and
resumed operation at Lauder in April 1995. The new instrument was installed at the Mauna Loa
Observatory, its permanent NDSC site, in July 1995.

We participated in two intercomparison campaigns during the 1994 through 1996 period. The
original instrument was intercompared with two lidars and a series of balloon-borne ECC

79



Ground-Based Measurements

(electrochemical concentration cell) sondes at Lauder in April 1995. The “blind” microwave data
(i.e., that submitted before learning results from other investigators) agreed with the Dutch RIVM
lidar and the sondes within 7% from 21 to 35 km, and with the GSFC (NASA Goddard Space
Flight Center) lidar within 10% up to 42 km. The new instrument was intercompared with GSFC
and JPL lidars and sondes at Mauna Loa in July 1995; there, the microwave profiles lay in the
middle of the group.

We have published the results of a long term intercomparison study between the original
microwave observations at Table Mountain, results from the co-located JPL Table Mountain lidar,
and the satellite-borne SAGE-II (Stratospheric Aerosol and Gas Experiment) measurements [Tsou,
et al., 1995. These results show that the data from these three instruments are highly correlated on
a wide range of time scales. The instruments closely track each other during the seasonal variation
of ozone, and show typically 5% or better agreement regarding interannual differences in ozone
levels.

Microwave ozone measurements have a unique ability among ground-based remote sensing
techniques to measure ozone in the upper stratosphere and mesosphere. We have measured the
night to day ratio of the diurnal variation in mesospheric ozone with an uncertainty of 3%. These
data have been compared to a photochemical model in Siskind, et al. [1995], which has shown that
the combination of mixing ratio and night to day ratio profiles can distinguish among different
proposed changes in chemical reaction rates.

Our last Table Mountain measurements taken with the original instrument in the spring of 1992 are
lower than in the previous two years, by up to 15% for the column density integrated from ZJ to
27 km. In 1992, the aerosols from the eruption of Mt. Pinatubo were increasing over Table
Mountain. These data are consistent with increased ozone destruction at times of high aerosol
loading. However, the 1989 through 1992 Table Mountain record is short, and we are presently
adding the new data taken in 1994 through 1995 and using other measurements to evaluate the
variability of ozone over the site in the absence of aerosols.

Our microwave ozone data have been used in the validation of all four of the instruments primarily
dedicated to stratospheric measurements aboard the Upper Atmosphere Research Satellite. (See the
papers by Bailey, et al., Bruhl, et al., Connor, et al., Cunnold, et al., and Ricaud, ef al. in the
special issue of Journal of Geophysical Research on UARS validation, Volume 101, No. D6,
1996.) Also, the older Table Mountain record has been used as correlative data for the SBUV/2
(Solar Backscatter Ultraviolet) instrument aboard the NOAA 11 satellite (Planet et al., Geophysical
Research Letters, 23, 293-296, 1996).
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Advanced Global Atmospheric Gases Experiment (AGAGE): Coordination,
Scientific Analysis, Mace Head and Barbados Stations, and Mass Spectrometers

Principal Investigator: Ronald G. Prinn

Organization: Room 54-1312
Department of Earth, Atmospheric and Planetary Sciences
Massachusetts Institute of Technology
Cambridge, MA 02139-4307
617/253-2452
617/253-0354 (fax)
rprinn @mit.edu

Research Objectives

Continuous high frequency gas chromatographic measurements of two biogenic/ anthropogenic
gases (CH,, N,0) and five anthropogenic gases (CFCl;, CFCl,, CH,CCl,, CF,CICFCl,, CCl,)
are carried out at five globally distributed sites (Ireland, California, Barbados, Samoa, Tasmania)
in order to determine quantitatively the source and sink strength and circulation of these chemically
and radiatively important long-lived gases. Also, in situ gas chromatograph-mass spectrometer
measurements of a wide range of chlorofluorocarbon replacements and other halocarbons are being
made at one site (Ireland) and will shortly begin at a second site (Tasmania).

Summary of Progress and Results

The data for the seven long-lived gases measured in AGAGE during 1994 through 1996 continue
to be generally of good quality. Five publications have recently appeared or are about to appear
describing and analyzing the data. First, measurements made from 1978 through 1991 of CCLF
and CCLF,, together with analyses of archived air samples from Cape Grim, showed significantly
slowing rates of increase between 1988 and 1991 [Cunnold er al., 1994]. Lifetimes were
estimated to be 44 (+17/-10) years for CCL,F and 180 years (+820/-81) years for CF,Cl,.
Emission estimates for both gases were consistent with industry data and indicated significant
decreases in emissions between 1986 and 1990. Second, global measurements of CH;CCl,
between 1978 and 1994 indicate rising concentrations before and declining concentrations after late
1991. The deduced lifetime of CH,CCl, in the total atmosphere is 4.8 (+0.3/-0.3) years, which is
substantially lower than previously estimated due largely to a new absolute calibration for this gas
[Prinn ef al., 1995). The deduced weighted global average lower atmospheric OH concentration,
which measures the lower atmosphere’s oxidizing capability, is 9.7 (+0.6/-0.6) radical per cm’
and this concentration shows negligible trend between 1978 and 1994. Third, observations of
CCLFCCIF, between 1982 and 1994, together with analyses of the above 1978-1994 archived air,
indicate exponential increases in concentrations up to 1987 and less rapid increases since then
[Fraser et al., 1996). Industry estimates of emissions of this gas exceed those deduced from these
observations by about 10% from 1980 to 1993 suggesting that up to 10% of past production may
not yet be released to the atmosphere. Fourth, 1987-1994 measurements at Mace Head, Ireland of
CCLF, CCLF,, CCLFCCIF,, CCl,, CH,CCl;, CO,, CH,, CO, N,0, and O, have been sorted
using two independent methods into two categories: air from the North Atlantic and air from the
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European continent [Simmonds ez al., 1996]. Concentrations and trends in the two categories
differ and use of a transport model enables estimation of the European source strengths of these
gases. Fifth, GAGE/AGAGE observations of CCLF indicate that its global concentrations reached
a maximum in 1993 and decayed slightly in 1994, while CCLF, concentrations continued to
increase, but only slightly in 1993 and 1994 [Cunnold et al., 1996]. These changes imply that
world emissions of these gases decreased faster in these two years than industry estimates suggest.
Analysis of regional pollution events at Mace Head suggest that industry estimates of the rate of
decline in European emissions are too small.

The transition from the GAGE to the AGAGE program was completed in 1996 with all five
stations now using the new AGAGE SIO gas chromatographic system. With the 1996 installation
of the Finnigan GC-MS system at Cape Grim, Tasmania, we will have one Northern Hemisphere
(Mace Head, Ireland) and one Southern Hemisphere station equipped with this moderately high
frequency analysis system. The AGAGE instruments and calibrations are described in the
companion report from SIO (R. Weiss). See also the companion report for AGAGE: Samoa and
West Coast Stations, Calibration, and New Instrumentation, Ray F. Weiss, Scripps Institution of
Oceanography (SIO), Principal Investigator.
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Latitudinal Distribution of Tropospheric Concentrations of Selected Halocarbons
and Hydrocarbons

Principal Investigators: - F. Sherwood Rowland and Donald R. Blake

Organization: Department of Chemistry
University of California
Irvine, CA 92697
714/824-6016
714/824-2905 (fax)
ROWLAND @uci.edu

Research Objectives

Measurement of the distribution of selected halocarbons, hydrocarbons, and carbon monoxide is
carried out on tropospheric air samples collected at the surface in remote locations over two-week
periods every three months, covering the latitudinal range from 71°N to 47°S. Results for CCl,,
CCL4F, CCLF,, CH3CCl;, and CH, form part of a continuing set of data from January 1978. Two
Halons, CBrF; and CBrCIF,, and methyl bromide (CH3Br) which were added to our regular
analysis in 1991 are the primary tropospheric compounds supporting increasing stratospheric
bromine concentrations. Methyl bromide alone represents half of the stratospheric bromine
burden, but its atmospheric chemistry is particularly complicated because of its multiple reported
sources (oceanic, biomass burning, anthropogenic) and sinks (hydroxyl radical (HO), oceanic,
soil), about which relatively little quantitative data are available. ~Numerous non-methane
hydrocarbons (NMHCs) are measured in this study. The latitudinal distribution and temporal
trends in the concentrations of these and other short -lived gases quantified in this study provide
constraints for computer models and allow for estimating emission strengths and removal
processes.

Summary of Progress and Results

The entirely anthropogenic gas, perchloroethene (C,Cl,), has a strong gradient of decreasing
concentrations from the Northern to Southern Hemisphere, with very low concentrations in the
Southern Hemisphere throughout the year, consistent with its predominant input from the Northern
Hemisphere. The late-winter maximum and late-summer minimum in the Northern Hemisphere
are strongly coupled to the atmospheric abundance of HO, the only important species responsible
for C,Cl, removal. Using our measurements of the global atmospheric burden along with
estimates of its emissions, the lifetime of C,Cl, was calculated to be about 5.4 months. This is in
good agreement with the 4.0 month estimate obtained by comparison of C,Cl, and CH,CCl,
reaction rate constants, assuming an atmospheric lifetime for CH,CCl, of 5.7 years. The fact that
these two methods agree well suggests current global average HO concentrations obtained from the
CH,CC], lifetime calculations are reasonably accurate.

Emissions of the three primary chlorofluorocarbons have slowed markedly during the 1990s in
response to the regulatory restrictions of the Montreal Protocol. September 1995 ambient levels of
CFC-11 and CFC-113 were decreasing. Although yearly emissions of CFC-12 estimated from
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our measurements have decreased by more than 60% from 1988 to 1995, the remaining emissions
were still large enough to sustain a growth rate of about 4 pptv/year at the end of 1995.

Since 1990, there has been considerable short-term variation in the CH, growth rate, particularly in
the Northern Hemisphere. The global growth rate for late 1994/early 1995 was approximately 5
ppbv/year but with indications of further oscillations. The reason for these short and long-term
changes have not been conclusively identified but changing natural gas emissions/leakage have
been reported as a partial cause. :

Our latitudinal and seasonal NMHC data furnish unique information which provides an excellent
record of the effects from seasonal fluctuations in HO concentrations. When combined with the
vertical NMHC distributions measured during the various NASA and NSF aircraft field missions
that we have taken part in since 1988, we can estimate the atmospheric burden of these gases. For
example, average annual burdens have been calculated to be 640 * 60 pptv for ethane; 120 + 30
pptv for ethyne; and 100 + 30 pptv for propane over the period March 1994 through March 1995.
This information allows source strengths and source latitudinal distributions to be derived, which
in turn can provide useful information about sources such as biomass burning, which has a
significant Southern Hemisphere component. Preliminary global flux estimates are 15 Tg/year for
ethane; 9 Tg/year for ethyne; and 17 Tg/year for propane. Our quantitative measurements of a
comprehensive range of hydrocarbons have been validated by our successful participation in a
series of NSF sponsored NMHC intercomparisons.

Methyl bromide, with a remote atmospheric mixing ratio between 9 to 12 pptv, accounts for about
half of the total carbon-bonded bromine in the troposphere. Although these concentrations are
quite low, brominated radicals react very quickly with chlorine monoxide (ClO) and hydroperoxy
radicals (HO,), contributing significantly to stratospheric ozone loss. The quantitative evaluation
of CH,Br is particularly complicated, because of its reported multiple sources (oceanic, biomass
burning, anthropogenic) and sinks (HO, oceanic, soil), but is important for calculation of its ozone
depletion potential (ODP). From 6 air sample collections, it was observed that the seasonal
concentration of CH;Br in Alaska varied sinusoidally with an R2 value of 0.95, an amplitude of
1.3 pptv, and a phase consistent with HO removal. The absence of any pronounced seasonal
variation of CH,Br concentrations in New Zealand implies the Southern Hemisphere must have
one or more seasonal influences in opposition to HO removal. The curve has a maximum at about
1.3410.05 in March and the minimum at 1.07+0.05 in September.
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UV/Visible Interferometery

Principal Investigator: Stanley P. Sander

Organization: Mail Stop 183-901
Chemical Kinetics and Photochemistry Group
Jet Propulsion Laboratory
National Aeronautics and Space Administration
4800 Oak Grove Drive
Pasadena, CA 91109
818/354-2625
818/393-5019 (fax)
ssander@jpl.nasa.gov

Research Objectives

A new high resolution ultraviolet-visible Michelson interferometer, called the FTUVS, is recording
solar and zenith sky spectra in the 300-450 nm spectral region for ground-based studies of
stratospheric trace gas composition. The instrument is located at JPL’s Table Mountain Facility
near Wrightwood, California. The FTUVS measures the diurnal column density of the OH radical
by differential Doppler solar absorption spectroscopy. The column densities of several other
important atmospheric species including O,, NO,, NO, and BrO will be measured by zenith sky
and direct solar spectroscopy. In collaboration with Professor Yuk Yung at Caltech and his
students under joint National Science Foundation funding, the data will be used in studies of the
stratospheric HO, and NO, budgets. The feasibility of using this instrument for measurement of
long-term trends as part of the Network for the Detection of Stratospheric Change (NDSC) will be
assessed.

Summary of Progress and Results

Work continued this FY on the development of the FTUVS at Table Mountain Facility for use in
high resolution solar measurements of the OH column abundance. The work this year was highly
successful. In May 1996, the first OH spectra were obtained with the FTUVS instrument. Six
strong and two weaker absorption lines were identified in ratio spectra of the east and west solar
limbs. The signal-to-noise ratios of the spectra were good, and the resulting spectra were about the
same quality as spectra obtained by the premier solar interferometer at Kitt Peak. Procedures are
currently being developed to retrieve the OH column abundance from the observed spectra in
collaboration with Professor Yuk Yung at Caltech.

Progress was also made in the area of ozone remote sensing. A new method was developed to
detect the tropospheric ozone change at ground based stations using measurements of direct and
diffuse solar radiation in the Huggins bands from 310 nm to 345 nm. Due to larger multiple
scattering effects in the troposphere compared to that in the stratosphere, the optical path of
tropospheric ozone is markedly enhanced (as compared with the stratospheric ozone). Preliminary
measurements of the scattered sky radiation are being made with the FTUVS to assess the validity
of the radiative transfer calculations.
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Ground-Based Measurements of Stratospheric ClO as Part of the NDSC — SUNY,
Stony Brook

Principal Investigator: Philip Solomon

Organization: Astronomy Program

Department of Earth and Space Sciences

State University of New York at Stony Brook
Stony Brook, NY 11794-2100
516-632-8231

516-632-8742 (fax)

psolomon @astro.sunysb.edu

Installations: Mauna Kea, Hawaii and Scott Base (near McMurdo), Antarctica

Research Objectives

Chlorine oxide, ClO, is the principal chemical involved in the catalytic destruction of ozone by chlorine
from CFCs and other man-made chemicals.

The objective of this research is to measure the content and distribution of ClO from ground-based stations
using the technique of millimeter-wave spectroscopy. This is the same technique we previously employed
to make the first measurements of a huge excess of ClO in Antarctica during the National Ozone
Expedition in 1986. This work is in close collaboration with Alan Parrish of Millitech Corporation who
built the instruments. The goals for this project are:

To monitor the ClO content of the atmosphere on a long-term basis using our instruments at Mauna
Kea, Hawaii and Scott Base, Antarctica as part of the Network for the Detection of Stratospheric
Change (NDSC). Data acquisition is monitored and controlled from SUNY at Stony Brook. The data
are downloaded daily to Stony Brook where they are stored and processed.

To obtain altitude profiles of ClO from 16 to 47 km to be used as part of the complete picture of the
stratosphere.

Comparison of ground-based with space-based measu