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PREFACE 

T h i s  conference  publ icat ion  contains   the  proceedings  of   the  Workshop  on 
High Resolution  Infrared  Spectroscopy  Techniques  for Upper Atmospheric  Measure- 
ments  held a t  Si lver thorne,   Colorado,  J u l y  31 t o  August 2, 1979. The workshop 
w a s  sponsored by NASA and  chaired by D r .  David G .  Murcray  of  the  University  of 
Denver.  These  proceedings  were  edited by D r .  Murcray  and  by M r .  J O S ~  M .  Alvarez 
of  Langley  Research  Center. 

The major  objectives  of t h i s  workshop  were to   cons ide r   t he   fu tu re   ro l e  of 
h igh   reso lu t ion   in f ra red   techniques  i n  performing  measurements i n  t h e   s t r a t o -  
sphere and to   cons ider   the   ro le   o f   l aser   he te rodyne   techniques  i n  t he  NASA 
Upper Atmospheric  Research  Program  Plan i n  s a t e l l i t e ,  Space  Shut t le ,  and balloon 
borne  invest igat ions.  The workshop was organized  into  four  working  groups: 
Measurements  and  Data  Base  group,  Spectral  Scanning  Instrumentation  group, 
Laboratory  Spectroscopy  group,  and  Species-specific  Instrumentation  group. 

The findings  and  recommendations of each  working  group  are  presented 
sequen t i a l ly .  The general  workshop d i scuss ion   fo l lows   a s  a separa te   sec t ion .  
The Laboratory  Spectroscopy  working  group  decided  to  follow up on i t s  recom- 
mendations and it met once more a t  Langley  Research  Center on October  29-30, 
1979. The r e s u l t s  of tha t   addi t iona l   sess ion   a re   g iven  i n  appendix 4 and a r e  
publ i shed   as  NASA CP-2136. 
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I. EXECUTIVE SUMMARY 

The  "Workshop on High  Resolution  Infrared  Spectroscopy  Techniques  for 
Upper  Atmospheric  Measurements"  held at  Silverthorne,  Colorado,  July  31  to 
August 2, 1979,  was  convened to assess  the  role of high  resolution  techniques 
in  measurements of trace  gases  in  the  stratosphere.  The  Workshop  brought 
together  scientists  engaged  in  laboratory  and  upper  atmosphere,  high  resolution 
infrared  spectroscopy  to  review  and  determine  the  capabilities of  proposed 
infrared  instruments  for  measurements of stratospheric  trace  constituents,  with 
particular.emphasis  on laser  heterodyne  techniques. 

High  resolution  infrared  heterodyne  techniques  offer  high  potential  in 
improving  the  current  measurement  sensitivity  of  stratospheric  constituents  by 
extending  the  spectral  resolution of infrared  measurements  to  values  equal  to 
or  less  than  the  width  of  Doppler  broadened  lines  in  the  stratosphere.  In  order 
to  determine  the  optimum  scientific  investigations  involving  several  instrument 
techniques  from  satellite,  Spacelab,  and  balloon  platforms  for  the  NASA  Upper 
Atmospheric  Research  Program  (UARP),  the  capability  of  high  resolution  tech- 
niques (Av 5 0.001 cm-l)  must  be  assessed  with  the  capability  of  moderate 
resolution  techniques (Av 2 0.02  crn-l),  including  interferometers,  gas  filter 
correlation  radiometers,  and  grating  spectrometers.  A  major  criterion  involved 
in  future  development  of  heterodyne  techniques  in  UARP  involves  the  broader 
question of the  role  of  high  resolution  techniques  in  providing  improved  mea- 
surements  of  source, sink, and  radical  gas  molecules  in  the  stratosphere, 
beyond  for  example  the  currently  projected  spectral  resolution of 0.02  cm-l 
proposed  for  the  ATMOS  Spacelab  experiment. 

An  output  of  the  Workshop  was  a  series  of  recommendations  on  the  use  of 
heterodyne  techniques  in  future  scientific  investigations of the  stratosphere. 
These  recommendations  were  based  upon a Measurement  and  Data  Base  strategy 
recommended  by  the  report of  one of the  Working  Groups.  Stratospheric  mole- 
cules  were  categorized  by  available  stratospheric  measurements as follows: 

Priority I - Molecules  predicted  to  be  present  in  the  upper  atmosphere  but 
not  yet  detected  (N2O5,  HOC1,  H02,  H202)  or  those  with  very  limited  detection 
(ClON02,  OH).  Careful  measurements of these  molecules  at  any  time  or  place  are 
of significant  scientific  value. 

Priority I1 - Molecules  which  have  been  measured  a  few  times  by  one  or  more 
instruments  but  with  as-yet-unresolved  interpretation  problems  including  C10, 
NO,  N02,  HNO3,  H20,  HC1,  HF, 0, NO3,  and C 1 .  For  such  molecules,  individual 
measurements  were  determined  to  be of less  scientific  value  except  as  a  demon- 
stration  of new technology.  Therefore,  crucial  measurements  for  these  molecules 
need  to  be  designed  to  answer  specific  scientific  questions,  through  carefully 
coordinated  experiments  which  may  consist of simultaneous  measurements of other 
species  in  the  same  volume  element at the  same  time,  or  of  some  unique  spatial 
and/or  temporal  organization of  the  measurements. 

Priority  I11 - Molecules  which  have  been  well  measured  (or  thought  to  be) 
in  the  upper  atmosphere  including 03, N20,  CF2C12,  CFC13, and  CH4.  These  mole- 
cules  are  candidates  for  long  term  monitoring  to  detect  trends  in  their  concen- 



trations  and  a  need  exists  for  the  development of accurate  measurement  tech- 
niques  that  can  be  routinely  operated  over  long  periods  of  time. 

The  Workshop  participants  were  not  able  to  quantify  the  role of high  reso- 
lution  techniques  in  improving  current  measurements  of  the  various  classes  of 
molecules  due  to  the  combined  uncertainty of future  requirements  in  measurement 
sensitivity  and  due  to  the  uncertainty of  proposed  satellite  and  Spacelab 
instruments  to  achieve  their  experiment  objectives.  However,  the  Full  Workshop 
was  able  to  arrive  at  several  recommendations: 

1. Infrared  heterodyne  techniques  should  be  considered  primarily  for 
Priority  I  molecules  since  they  may  represent  a  unique  infrared  measurement 
technology  for  this  class of stratospheric  molecules. 

2. The  laboratory  data  base  for  molecular  species  needs  to  be  increased 
and  focused  toward  high  priority  molecules  proposed or  currently  measured  by 
infrared  instruments  (i-e.,  ATMOS,  LHS) - 

3. Development  of  tunable  semiconductor  lasers  from 3-30 pm  to  be  used  in 
LHS  investigations  should  be  continued  in  view  of  the  need  for  measurements  of 
stratospheric  species  not as  yet  detected  or  predicted by  the  photochemical 
models. 

4. Scientific  investigations  by  an  LHS-type  instrument  should  be  conducted 
first  from  balloons  to  help  obtain  at  least  localized  measurements of strato- 
spheric  source,  sink,  and  radical  species  of  the  three  major  chemical  families. 

No general  agreement  of  the  Workshop  was  reached  on  the  role  of  high  reso- 
lution  techniques  in  satellite  investigations,  but  the  participants  emphasized 
that  great  potential  scientific  benefit  could  be  obtained  in  collaborative 
investigations  of  LHS  with  ATMOS-  or  HALOE-type  instruments.  Because  of  this 
potential,  the  Workshop  participants  emphasized  that  LHS-type  instruments  pro- 
posed  for  space  investigations  should  be  developed  for  long-duration,  free 
flyer  applications.  Spacelab  instruments  should  have  sufficient  scientific 
value on their own  in  this  field,  and  the  value of putting  an  LHS  with ATMOS, 
for  example,  could  provide  significant  scientific  measurements  for  improving 
interpretation of ATMOS  measurements  where  limitations of resolution  lead  to 
questions  in  the  interpretation  of  scientifically  important  species.  However, 
it  is  conceivable  that  the  LHS-type  technology  can  be  demonstrated  successfully 
on  aircraft  or  balloons,  leading  directly  to  free  flyer  applications. 

11.  INTRODUCTION 

Infrared  techniques  have  been  used  extensively  for  many  years  to  obtain 
information on  the  physical  state  and  composition  of  the  Earth’s  atmosphere  by 
performing  measurements  from  satellite,  aircraft,  balloon,  and  ground-based 
platforms.  Infrared  techniques  play  a  dominant  role  in  atmospheric  sensing of 
the  upper  atmosphere  since  most  of  the  major  molecules  contain  strong 
vibrational-rotational  lines  in  the 1-30 pm region,  with  sharp  spectral  features 
throughout  most  of  the  stratosphere.  Emission or absorption  spectroscopic  tech- 
niques  can  be  used  to  measure  the  vertical  profiles of stratospheric  molecules 

2 



using  a  variety of  infrared  instruments,  including  grating  spectrometers,  inter- 
ferometers,  and  gas  filter  correlation  techniques.  With  the  current  interest 
in  the  stratospheric  ozone  layer,  increased  emphasis  has  been  placed  upon 
obtaining  information on the  composition  of  the  stratosphere,  in  particular 
with  respect  to  the  measurements of the  source,  sink,  and  radical  species  of 
the  chlorine,  hydrogen,  nitrogen,  and  sulfur  families.  This  interest  is 
reflected  in  the  number of satellite  and  Spacelab  investigations  which  have 
been  proposed or will  be  flown  to  obtain  such  data on a  global  basis,  and  in 
the  number of balloon  and  aircraft  investigations  currently  being  performed  to 
study  the  chemistry of the  upper  atmosphere. 

Functionally,  infrared  instruments  can  be  divided  into  two  categories, 
species  specific  instruments  and  spectrally  scanning  survey  instruments. In 
the  first  category  lie  such  instruments  as  gas  filter  correlation  radiometers, 
certain  classes of grating  spectrometers,  Fabry-Perot  interferometers,  and 
laser  heterodyne  spectrometers. In  general,  for  species  specific  instruments, 
the  radiometric  signal on  the  infrared  detector  contains  information  to  deter- 
mine  the  concentration  of  stratospheric  molecules  through  detection of one  or 
more  spectroscopic  lines of the  species of interest,  and  to  some  degree,  inter- 
fering  lines  from  other  gases  in  the  atmosphere. To obtain  the  concentration 
of the  target  molecule,  knowledge  of  the  spectroscopic  parameters  of  the  gas 
molecule  to  be  measured  and  interfering  gases  are  needed  in  the  data  inversion 
algorithm  to  convert  the  radiometric  signal-to-gas  concentrations. 

A second  functional  class of instruments  are  spectrally  surveying  instru- 
ments  which  generate  the  spectra of atmospheric  molecules  over  a  relatively 
broad  spectral  range  and  directly  obtain  spectroscopic  information  on  a  number 
of  upper  atmospheric  constituents  simultaneously.  Instruments  falling  in  this 
functional  class  include  scanning  Michelson  interferometers  and  grating  spec- 
trometers.  Development of this  functional  class  of  instruments  for  measuring 
stratospheric  trace  constituents  historically  has  attempted  to  operate  at  maxi- 
mum  spectral  resolution  in  order  to  unambiguously  discriminate  the  spectra  of 
tenuous  gas  molecules  from  interfering  gas  lines  of  more  abundant  species  in 
the  stratosphere.  However,  since  spectral  resolution is often  compromised  by 
signal-to-noise  considerations,  specific  scientific  investigations  using  these 
techniques  (especially  for  space  platforms)  must  properly  assess  scientific 
objectives  against  available  signal.  Due  to  the  relatively  bright  radiometric 
signal  obtained  from  the  Sun  contrasted  to  emission of the  atmospheric  limb, 
high  resolution  techniques  falling  in  this  functional  class  have  been  primarily 
proposed  for  solar  occultation  measurements  in  contrast  to  limb  emission  mea- 
surements,  although  recent  advances  in  the  technology  of  infrared  detectors  and 
cryogenic  cooling of optical  receivers  have  made  possible  increases  in  the 
spectral  resolving  power  of  limb  emission  techniques.  In  general,  interfero- 
metric  techniques  in  the  solar  occultation  mode  such  as  ATMOS  currently  pro- 
posed or under  development  for  satellite  and  Shuttle  applications  have  the  cap- 
ability  to  generate  spectral  resolutions 50.02 cm-l,  and  therefore  should  have 
the  capability  to  resolve  the  spectra  of  a  large  number  of  source  and  sink 
molecules  which  significantly  impact  the  chemistry  of  the  stratosphere.  The 
capability of  moderate  resolution  instruments  to  measure  some  of  the  radical 
species  (e.g., C10, H02) is at  the  present  less  certain. 
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Recent  advances in   t he   t echno logy  of tunable   and  f ixed  f requency lasers i n  
the   in f ra red   por t ion   o f   the   spec t rum  have  made p o s s i b l e  improvements i n   t h e  
spec t r a l   r e so lu t ion   o f   i n f r a red   t echn iques  by several o r d e r s  of magnitude 
through  the  development  of  infrared  heterodyne  techniques  in  the 3 to 30 pm 
spectral range. The pr inc ip les   o f   he te rodyne   rad iometry   and   the i r   appl ica t ions  
to  atmospheric  measurements are discussed  by  Menzies  (ref.  1). Inhe ren t ly ,  
heterodyne  detect ion  techniques are l imi t ed   by   t he  quantum no i se  l i m i t  o f   the  
laser l o c a l   o s c i l l a t o r  and   therefore   have   the   po ten t ia l   to   improve   the   sens i -  
t i v i t y   t o  measurements   of   tenuous  gas   molecules   in   the  s t ra tosphere  having 
extremely  narrow  spectral   features .   These  improvements   in   spectral   resolut ion 
and s e n s i t i v i t y   t o   s h a r p   s p e c t r a l   f e a t u r e s   i n   t h e   s t r a t o s p h e r e   a p p e a r  t o  be 
impor tan t   in   de tec t ing  some of the  radical   molecules   such as C 1 0 ,  C1ON02 ,  HOC1, 
H02, Hz02 and   o thers   which   a re   d i f f icu l t   to   measure   wi th   modera te   reso lu t ion ,  
interferometr ic   techniques.   Recent   measurements   of   s t ra tospheric  C 1 0  using 
laser heterodyne  techniques  from a bal loon  platform  have  been  recent ly   reported 
by  Menzies ( r e f .  2 )  and  demonstrate  the  maturity of t h i s  measurement  technique. 
These  measurements w e r e  performed  using a f i x e d   t r a n s i t i o n   o f   t h e  l 4 C l 2 O 2  gas 
laser. Development  of  widely  tunable  semiconductor laser l o c a l   o s c i l l a t o r s   i n  
t he  3 t o  30 pm region  has  been a major NASA technology  program  over  the  past  
8 years .   This   research   has   y ie lded   the   t echnology  to   bu i ld   ins t ruments  which 
can  provide  measurements of a l a r g e  number of i m p o r t a n t   s c i e n t i f i c   g a s e s   i n   t h e  
s t ra tosphere.   This   technology is ,  however, less mature   for   space   appl ica t ions ,  
although  significant  measurements  of  the  Earth 's   atmosphere  (e.g. ,   03,  HNO3, 
N H 3 )  have  been  reported  in  ground-based  measurements  with  semiconductor  laser 
heterodyne  techniques. A major  issue  facing  the  upper  atmospheric  research com- 
munity a t  t h e  p r e s e n t  t i m e  i s  t h e   r o l e  which infrared  heterodyne  techniques 
s h o u l d   p l a y   i n   f u t u r e   s c i e n t i f i c   i n v e s t i g a t i o n s  of t h e   E a r t h ' s   s t r a t o s p h e r e .  
In   o rde r   t o   add res s   t h i s   ques t ion ,   t he  Workshop on High Resolut ion  Infrared 
Spectroscopy  Techniques  for Upper Atmospheric  Measurements w a s  sponsored by 
NASA and  convened a t  Si lver thorne,   Colorado,   July  31  to   August  2 ,  1979, by 
D r .  David G.  Murcray  under  the  auspices of the  University  of  Denver.  

The major   ob jec t ives  of t h i s  Workshop w e r e  t o   c o n s i d e r   t h e   f u t u r e   r o l e  of 
h igh   reso lu t ion   in f ra red   techniques   in   per forming   measurements   . in   the   s t ra to-  
sphe re ,   and   i n   pa r t i cu la r   t o   cons ide r   t he   ro l e   o f  laser heterodyne  techniques  in 
t h e  NASA Upper Atmospheric  Research  Program  Plan i n  sa te l l i t e ,  Space  Shut t le ,  
and  bal loon  borne  invest igat ions.   In   order   to   achieve  meaningful   discussion 
and  recommendations  from  the Workshop p a r t i c i p a n t s ,  it w a s  recognized  that   sev- 
e ra l   a spec t s   o f   t he   p rob lem had t o  be considered  simultaneously,   including: 

(1) The sc i en t i f i c   r equ i r emen t s   o f   t he  Upper  Atmospheric  Research  Program 
(UARP)  i n   t h e  immediate  future (1 t o  5 yea r s )  and  long  range 
(>5 years)  

( 2 )  The requi rements   in   spec t ra l   reso lu t ion   to   per form  measurements  of 
atmospheric trace cons t i tuents   and   the   requi rements   and   s ta tus  of 
supporting  laboratory  measurements 

( 3 )  The cur ren t   and   pro jec ted   capabi l i t i es   o f   modera te   reso lu t ion   tech-  
niques  in   meet ing  major   object ives   of   the  Upper  Atmospheric  Research 
Program 
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(4 )  The  current  and  projected  capabilities of high  resolution  heterodyne 
techniques  in  performing  measurements  in  the  stratosphere 

In  order  to  fully  consider  all  of  these  aspects,  the  Workshop  was  organized 
into  four  working  groups:  Measurements  and  Data  Base  working  group  whose  chair- 
man was Dr. R. s. Stolarski of the  Goddard  Space  Flight  Center,  a  Laboratory 
Spectroscopy  working  group  whose  chairman  was  Dr. A. Goldman  of  the  University 
of  Denver,  a  Spectral  Scanning  Instrumentation  working  group  whose  chairman  was 
Dr.  H.  Buijs of BOMEN, Inc.,  and a Species-specific  Instrumentation  working 
group  whose  chairman was  Dr. R. T. Menzies of the  Jet  Propulsion  Laboratory. 
The  address  list  for  the  attendees  and  the  makeup  of  each  working  group  are 
contained  in  appendix 1. 

During  the  first  day  of  the  Workshop,  tutorial  presentations  were  made  by 
the  chairman of each  of  the  four  groups.  Presentations  were  given  by 
Dr.  Stolarski as  chairman of the  measurement  requirements  group;  Dr.  Goldman, 
chairman  of  the  resolution  group;  Dr.  Buijs as  chairman  of  the  conventional 
instrumentation  group;  and  Dr.  Menzies on Laser  Heterodyne  Spectrometry  (LHS). 
In  addition,  presentations  were  given  by  Dr.  Maki  on  theoretical  molecular 
spectroscopy,  Dr.  Allario  on  tunable  diode  lasers  for  LHS  applications,  and 
finally  by  Dr.  Boughner on the  interpretation  of  solar  occultation  data  in  the 
case of rapidly  varying  photochemical  species  (such  as NO). The  presentation 
by  Dr.  Boughner  was  a  summary of  a  paper  since  accepted  for  publication  by  the 
Journal  of  Geophysical  Research  Letters  (JGRL)  and  the  talk  by  Dr.  Allario  was 
first  presented  at  the 4th  International  Conference on Laser  Spectroscopy 
(FICOLS),  June  1979  in  Rottarch-Egern,  West  Germany.  These  papers  are 
reprinted  in  appendices 2 and 3, respectively,  with  the  kind  permission  of 
JGRL  and  Applied  Physics. 

After  the  first  morning  session,  the  Workshop  broke  into  its  working 
groups.  These  working  groups  convened as  a  single  body  twice  more  during  the 
Workshop,  once  to  present  progress  reports  on  each  group,  and  finally  in  a 
general  workshop  discussion  session  to  assess  the  overall  workshop  findings. 

In what  follows,  the  findings  and  recommendations of each  working  group 
are  presented  sequentially.  The  general  workshop  discussion  follows as a 
separate  section.  One  additional  fact  must  be  noted.  The  Laboratory  Spectro- 
scopy  working  group  decided  to  follow  up on its  recommendations  and  it  met  once 
more  at  Langley  Research  Center on October  29-30,  1979.  The  results  of  that 
additional  session  are  given  in  appendix 4 ,  entitled  "Review  of  Spectroscopic 
Data  for  Measurement  of  Stratospheric Species.." (Also  available as NASA  CP-2136.) 

Due  to  the  limited  duration  of  the  Workshop  and  the  highly  focused  approach 
to  consideration of  high  resolution  techniques  in  the  infrared  (1-30  pm),  sev- 
eral  significant  instrument  and  measurement  techniques  were  not  considered  in 
depth  at  this  Workshop.  For  example,  most  of  the  Workshop  discussion  concen- 
trated on solar  occultation  measurements  because  the  Sun  is  a  brighter  source 
than  the  natural  emission of the  atmosphere,  and  high  resolution  in  instruments 
is usually  obtained at the  expense  of  signal-to-noise  ratio.  However,  this 
emphasis  should  not  be  interpreted  as  endorsement of solar  occultation  versus 
emission  spectroscopy,  although  many  of  the  considerations  developed  in  the 
discussion  apply  to  both  measurement  techniques. 
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Other  instrument  techniques  recognized at the  Workshop  important  to 
measurement  in  the  stratosphere  but  not  discussed in detail  include  rnf-crowave 
limb  sounding  techniques,  far  infrared,  submillimeter  and  millimeter  inter- 
ferometry,  and  heterodyne  radiometry  and  lidar  techniques.  Furtherrdore,  the 
application of high  resolution  heterodyne  techniques  to  stratospheric  and 
mesospheric  winds  was  not  discussed,  although  this  appears  to  be  another 
important  application of laser  heterodyne  spectroscopy  from  space  platforms. 

I I  I.  ACRONYMS 

ATNOS  Atmospheric  Trace  Molecules  Observed  by  Spectroscopy 

GFC  Gas  Filter  Correlation 

HALOE  Halogen  Occultation  Experiment 

LHS  Laser  Heterodyne  Spectrometer 

PMR  Pressure  Modulated  Radiometer 

TDL  Tunable  Diode  Laser 

UARF' Upper  Atmospheric  Research  Program 

UARS  Upper  Atmospheric  Research  Satellite 

IV.  MEASUREMENTS  AND  DATA  BASE  WORKING  GROUP 

REPORT  AND  RECOMMENDATION 

A. Measurement  Requirements 

The  photochemistry of  the  stratosphere,  particularly  possible  perturba- 
tions of the  ozone  layer  by  man's  activities,  is  one of the  major  scientific 
problems  which  will  be  addressed  by  NASA's  satellite  programs  in  the  next 
decade.  This  problem  has  been  studied  extensively in  the  last  few  years  and is 
the  subject  of  numerous  reports  including  several  workshops  held  by  NASA.  One 
of  these,  "Chlorofluoromethanes  and  the  Stratosphere"  (Hudson,  ref. 3 ) ,  summa- 
rized  our  current  state of  knowledge  concerning  the  problem,  including  a  listing 
of molecular  species of interest  in  the  photochemistry  and  their  current  mea- 
surement  status.  This  report  will  be  updated  in  the  next  few  months  to  include 
measurements  available  through  June  1979. A report  issued  by  the  Upper  Atmo- 
spheric  Research  Satellite  Study  Group  (ref. 4) addresses  the  measurement 
requirements  in  the  mid-1980  time  frame  in  great  detail,  addressing  the 
requirements  on  a  species  by  species  basis.  These  reports  group  the  atmospheric 
species  into  three  broad  categories:  sources,  radicals,  and  sinks.  Measurement 
requirements  are  then  addressed on the  basis  of  category,  i.e.,  source  and  sink 
species  require  global  measurements  while  data on a  global  basis  are  not  neces- 
sarily  required  for  the  radicals.  The  measurement  requirements  group of  this 
Workshop  approached  the  measurement  criteria  according  to  the  measurement 
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strategy  first  postulated  by J. C. Gille, J. Anderson,  and S. C.  Wofsy.  This 
strategy  points out  that  measurement  knowledge  progresses  through  stages. 

1. Molecules  predicted  to  be  present  in  the  lower  stratosphere  but  never 
before (or almost  never)  measured:,  Molecules o f  this  type  include  N2O5,  HOCl, 
C10N02,  H02N02,  H202,  H02,  and  OH. In this  case,  any  careful  measurement  at  any 
time or  place  is  of  significant  scientific  value. 

2. Molecules  measured  a  few'  times  by  one or  more  instruments: Also 
included  in  this  group  are  molecules  which  have  been  measured  many  times  but  for 
which  there  are  outstanding  interpretation  problems.  Molecules  of  this  type 
include  C10, NO, N02,  HNO3,  H20,  HC1,  HF,  OH, 0, NO3, and  C1. For  such  mole- 
cules,  individual  measurements  are  of  significantly  less  scientific  value  except 
as  an  instrument  test. The  crucial  measurements  for  these  molecules  are  those 
designed  to  answer  specific  outstanding  questions  through  a  carefully  coordi- 
nated  experiment  which  may  consist  of  simultaneous  measurement  of  other  species 
in  the  same  volume at  the  same  time  or  of  some  unique  spatial  and/or  temporal 
organization  of  the  measurements. 

3.  Well  measured  molecules:  Some  would  argue  that  these  are  nonexistent. 
However,  the  most  likely  candidates  include 03, N20,  F-11,  F-12, and CH4. All 
of  the  above  statements  concerning  carefully  planned  experiments  apply  more 
strongly  for  these  molecules. In  addition,  these  are  candidates  for  long-term 
monitoring  for  trends  due  to  natural  and/or  man-made  causes  and  there is, there- 
fore,  a  need  for  development of accurate  measurement  techniques  that  can  be 
routinely  operated  over  a  long  period of time  (tens  of  years). 

The  measurement  requirements  group  did  not  feel  that  it  was  their  function 
to  address  specific  accuracy  and  data  base  requirements  for  each  species.  These 
aspects  are  closely  tied  to  the  specific  scientific  questions  to  be  solved  and 
are  therefore  inherently  dependent  upon  the  scientific  investigation.  The  group 
recommended  formation of an  Instrument  Science  Team  with  a  major  responsibility 
to  resolve  the  requirements  of  the  measurements  in  terms  of  spectral  resolution, 
measurement  accuracy,  and  scientific  validity  of  the  data  base. 

In  order to  select  a  list  of  potential  candidate  species,  the  measurement 
requirements  group  compared  moderately  high  resolution  instruments  (of  the 
ATMOS  type)  with  ultrahigh  resolution  instruments  (of  the  LHS  type).  The  dis- 
cussion  was  limited  to  a  comparison  of  occultation  instruments  since  these  are 
the  currently  proposed  mission  investigations.  However,  there  are  some  funda- 
mental  limitations  associated  with  solar  occultation  measurements  that  should  be 
considered  which  are  briefly  discussed  in  a  following  section. Two types  of 
platforms  were  considered,  balloons  and  Spacelab.  Balloon  platforms  are  espe- 
cially  useful  for  first  time  measurements of species  (although  ground-based, 
aircraft,  and  rockets  may  also  be  applicable).  Satellite  platforms,  in  general, 
are  most  useful  for  global  coverage  but  should  not  be  used  to  measure  a  species 
for  the  first  time  primarily  because of  funding  considerations  for  space  inves- 
tigations  and  the  long  developmental  lead-times  involved. A balloon  measure- 
ment is  particularly  useful  for  first  establishing  the  importance  of  a  pre- 
dicted  stratospheric  species, or if  it  is  even  present,  and  for  providing  criti- 
cal  information  needed to  improve  our  theoretical  modeling  capability. 
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The  complexities of stratospheric  photochemistry  are  now  fully  appreciated. 
The  emphasis  in  future  measurement  activities  should  be on coordinated,  simul- 
taneous  measurements of several  species  and  physical  parameters  (e.g.,  tempera- 
ture,  winds, etc.) to  verify  the  photochemistry or to  understand  better  the 
interaction  between  dynamics,  radiation,  and  photochemistry.  With  these 
requirements,  measurements of only  a  few  species (e.g.,  2)  by an  LHS  spacelab 
instrument  would  have  limited  scientific  justification. A possible  exception 
to  this  statement  would  be an improved  measurement of key  chemical  ratios,  such 
as  ClO/ClON02,  that  would  enable  photochemists  to  verify  the  important  kinetic 
steps  within  the  major  chemical  chains. In order  to  increase  the  scientific 
return  from  a  given  mission,  the  LHS  instrument  should  be  flown  simultaneously 
with  a  survey  type of instrument  such  as  ATMOS. The  species  to  be  measured by 
LHS  should  be  selected  to  complement  and  extend  the  survey  instruments.  To 
provide  a  guide  to  species  choice,  the  measurement  requirements  group  compared 
the  ATMOS  estimated  performance  (Farmer,  ref. 5)  with  the  LHS  estimated  per- 
formance  (see  appendix  3). This  comparison  is  shown  below: 

ATMOS 

Can  measure - 03, H20,  N20,  HC1,  HF,  F-11,  F-12, C H ~ C ~ ,  ccl4, C ~ O N O ~ ,  ~ ~ 0 3 ,  
CH4r C2H6,  CH20,  CO,  NO,  and  NO2 

Can  measure  but  spectroscopic  constants not  available  or  maybe  LHS  can  do 
better - HOC1,  C10,  N2O5,  H02N02,  and  H202 

Can  measure - C10,  H02,  ClON02, 0 3 ,  HNO3,  N02,  H2O5,  HOC1,  H202,  and  H20 

(The  measurements  group  did not  consider  each  molecule  in  detail  as  to  whether 
ATMOS or LHS  had  higher  measurement  sensitivity.)  A  comparison of these  two 
lists  shows  that  the  differential  between  LHS  and  ATMOS,  i.e.,  what  LHS  can  do 
better  than  ATMOS,  reduces  to  the  following  species: 

C10,  H02,  N2O5,  HOC1,  and  H202 

The  first  two  species  (C10,  H02)  fall  into  category  2  and  would  be  appro- 
priate  for  a  Spacelab  mission  in  conjunction  with  an  ATMOS  type  instrument. 
The  last  three  species  (N2O5,  HOC1,  H202)  have  never  been  measured  in  the  atmo- 
sphere  (category 1) and  are  more  appropriately  measured  first  from  a  balloon 
platform. 

The  group  also  discussed  whether  LHS  was  better  suited  to  measure  ClON02 
but  could  not  reach  any  definite  conclusions  due  to  the  inadequacy of  present 
spectroscopic  data.  Based on  present  knowledge,  it  was  not  clear  that  the 
enhanced  spectral  resolution  capability of LHS  would  yield  significantly  better 
results  than  could  be  obtained  from  the  moderate  resolution  capability of ATMOS. 
The  group  felt  that  higher  resolution  measurements on  ClON02  were  needed  to 
resolve  this  question. 
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B. Limitations  of  a  Spacelab  Instrument 

The  measurement  requirements  group  also  briefly  considered  some  of  the 
limitations  associated  with  Spacelab  occultation  measurements  which  may  influ- 
ence  its  selection.  The  major  objections  were: 

1. Limited  coverage,  especially  the  inability  to  obtain  nighttime  measure- 
ments  such  as  in  the  polar  night 

2. Difficulty  in  interpretation  of  the  measurements  for  species  which 
change  rapidly  at  sunrise  or  sunset  (see  appendix 2). On  the  posi- 
tive  side,  inversions  are  generally  easier  for  occultation  measure- 
ments  than  for  emission  measurements. 

3. Severe  scientific  limitations  due  to  the  short  time  frame  of  a  Spacelab 
mission,  particularly  with  regard  to  answering  questions  concerning 
the  interaction  between  dynamics  and  chemistry.  The  group  felt  that 
Spacelab  should  only  be  considered  a  test  platform  for a free-flyer 
experiment. 

C.  Possible  Mesospheric  Applications 

Most of the  above  considerations  have  been  oriented  toward  stratospheric 
applications.  There  are  also  interesting  mesospheric  problems,  requiring  focus 
on  a  somewhat  different  set  of  atoms  and  molecules  which  can  best  (or  only)  be 
obtained  by  an  LHS  instrument  with  its  high  spectral  resolution.  These  include 
NO, 0 3 ,  H20,  OH,  H02, C1, 0, N, HF, HC1,  CH4,  H2, H, C02, CO, NO+,  and 
OH ( V  > 0). Problems  that  might be  studied  include  the  odd  nitrogen  budget, 
determination  of K, profiles,  ozone-hydrogen  chemistry  at  and  above  the 
stratopause,  the  total C1 and  F  family  concentrations,  and  the  flux  of  NO  into 
the  stratosphere. 

V. LABORATORY  SPECTROSCOPY  WORKING  GROUP  REPORT  AND  RECOMMENDATIONS 

A. Role  of  Resolution  in  Constituent  Measurements 

In  order  to  use  infrared  techniques  to  obtain  information  concerning  the 
distribution  of  a  constituent  in  the  atmosphere,  it  is  necessary  teat  the  tech- 
nique  give  rise  to  an  observable  signal  uniquely  associated  with  that  constitu- 
ent. In  the  case  of  spectral  data,  it  is  evident  that  spectral  resolution  is 
an  important  characteristic  in  determining  whether  a  constituent  is  giving  rise 
to an  observable  signal. Thus,  the  infrared  solar  spectrum  given  in  figure 1, 
obtained at  a  resolution  of -10 cm-l,  contains  absorption  features  due  to  a 
number  of  constituents;  however,  only  a  few  of  the  species  contributing  to  this 
spectrum  could  be  measured  from  such  data.  Figure 2 shows  a  portion of an 
infrared  solar  spectrum  obtained  from  the  ground  at  a  resolution of ~ 0 . 0 6  cm-l. 
Absorption  features  due  to  HN03,  F-11,  and  NH3  are  all  identifiable  in  the 
spectrum.  None of these  species  could  be  measured  from  the  spectrum  given  in 
figure 1. Figure  3  illustrates  that  even  higher  spectral  resolution  may  be 
needed  to  identify  some  absorption  features. The  HNO3  features  shown  in  this 
figure  were  obtained  from  a  ground-based  heterodyne  radiometer  (ref. 6) having 
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Figure 1.- Near-infrared solar  spectrum  (bottom  curve).  Other 
curves  are  laboratory  spectra of molecules indicated. 

10 



C 

c 

1 
I -FI I -  [ 

850 855 860 865 870 a 
WAVENUMBER (cm") 

Figure 2 . -  I den t i f i ca t ion  of V 2  NH3 band i n  ground-based so lar   spec t ra  
obtained  during  sunrise and sunset from  Denver,  Colorado,  Feb. 24,  1978. 
Optical   paths   are  1 5 . 2  and 15.9 air-masses  for  sunrise and sunset 
spectra,   respectively.  The N H 3  laboratory  spectrum was obtained  with 
ce l l   l eng th  of 1 0  cm a t  a pressure  of 0.5 mm Hg.  The zero   l eve l  of the  
NH3 spectrum i s  s h i f t e d   f o r   c l a r i t y .  
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a spec t r a l   r e so lu t ion   o f  -0.007 cm'l. In   add i t ion   t o   t he   advan tage   t ha t  
i n c r e a s e d   r e s o l u t i o n   g i v e s   i n   t h e   i d e n t i f i c a t i o n  of abso rp t ion   f ea tu re s  i s  t h e  
advantage it g i v e s   i n   s e p a r a t i n g   f e a t u r e s  due t o  two d i f f e ren t   abso rbe r s .   Th i s  
i s  i l l u s t r a t e d   i n   f i g u r e  4 ,  which shows var ious  HC1 l i n e s   a s   o b s e r v e d   i n   s u n s e t  
s o l a r   s p e c t r a  a t  a r e s o l u t i o n  of ~ 0 . 2 0  cm-1 ( r e f .  5) versus a r e so lu t ion   o f  
0.02 cm-l by  Henry  Bui j s .  Note p a r t i c u l a r l y   t h e   s e p a r a t i o n  of t h e  2942.74 cm-l 
l i n e  from t h e   i n t e r f e r i n g  CH4 l i n e s .   T h i s   s e p a r a t i o n   r e s u l t s   i n   g r e a t e r   e a s e  
i n  removing t h e   e f f e c t s   o f   t h e  CH4 when ana lyz ing   t he   spec t r a   t o   de t e rmine  
HC1 amounts. 

While r e s o l u t i o n  i s  cer ta inly  advantageous,  it does   no t   fo l low  tha t  
i n c r e a s e d   r e s o l u t i o n   n e c e s s a r i l y   r e s u l t s   i n  more accurate  measurements  of 
molecular   concentrat ions.   Increased  resolut ion is  g e n e r a l l y   a c h i e v e d   a t   t h e  
expense  of some o the r   pa rame te r ,   i . e . ,   s igna l - to -no i se   r a t io ,   spec t r a l   cove rage ,  
e t c .  I n  a d d i t i o n ,   t h e   a b s o r p t i o n   l i n e s  which a r e  of i n t e re s t   i n   t he   a tmosphe re  
a re   no t   i n f in i t e ly   na r row,   bu t   r a the r  have   wid ths   tha t   a re   de te rmined   to  a l a r g e  
degree by their   environment.  I n  the   lower   s t ra tosphere   the   l ine   wid th   can  
become wide  enough t h a t   i n c r e a s e d   r e s o l u t i o n  i n  t h e  measurement may not   increase  
the  information  avai lable   regarding  the  absorpt ion  feature .   These  constraints  
on the  advantages  of  increased  resolution  along  with  the  cost   of  achieving 
increased   reso lu t ion   requi re   de ta i led   examinat ion   of   the   ro le   o f   spec t ra l  
r e so lu t ion  i n  measurements  of s t r a tosphe r i c   cons t i t uen t s .   Thus ,  one  seeks 
answers   to   quest ions  such  as :  

(1) What m i n i m u m  r e s o l u t i o n  i s  r e q u i r e d   t o   d e t e c t  a c o n s t i t u e n t   p r e d i c t e d  
t o  be p r e s e n t   a t  a p a r t i c u l a r   c o n c e n t r a t i o n   a t  a c e r t a i n   a l t i t u d e ?  

( 2 )  What i nc rease  i n  absolute   accuracy of t he  measurement of a c o n s t i t u e n t  
w i l l  r e s u l t   i f   t h e  measurement is made a t  a r e s o l u t i o n  of 0.001 cm-l 
r a the r   t han  0 .01  cm-l o r  even 0 . 1  cm-l? 

( 3 )  What a r e   t h e   i n t e r f e r i n g   s p e c i e s  and  what spec t r a l   r eg ion  and  resolu- 
t i o n  i s  needed t o  minimize t h e i r   e f f e c t s ?  

I n   p r i n c i p l e  it should  be  possible   to   answer  these  quest ions  theoret ical ly  by 
c a l c u l a t i n g   s p e c t r a  which  s imulate   the  condi t ions of observa t ion  and varying 
( a )   t he   r e so lu t ion  and  (b)  the amount o f   cons t i t uen t  of i n t e r e s t   f o r   e a c h   i n s t r u -  
ment. I n   p r a c t i c e  it i s  o f t en   no t   poss ib l e   t o   pe r fo rm  such   ca l cu la t ions   fo r  many 
t race  species   with  any  confidence i n  t h e   r e s u l t s .   T h i s  i s  due t o   t h e   c u r r e n t  
incomplete   knowledge  of   the  spectral   l ine   parameters   for   const i tuents   of  atmo- 
s p h e r i c   i n t e r e s t .  A grea t   dea l   o f   d i scuss ion  a t  the  Workshop concerned  such 
ques t ions   and   ca lcu la t ions .  The d e t a i l ?  of t he   d i scuss ion   a r e   a s   fo l lows .  

Calcu la t ions  of h igh   reso lu t ion   a tmospher ic   spec t ra   a re   no t  a t r i v i a l  
opera t ion .  The ca l cu la t ions   i nvo lve   t housands   o f   spec t r a l   l i nes  and a r e  compli- 
ca t ed   i n   t he   ca se   o f   s l an t   pa ths  by the   f ac t   t ha t   t he   abso rp t ion   depends  on 
p res su re  and  temperature,  both  of  which  vary  along  the  path. Computer  programs 
for  performing  such  calculations  have  been  developed by severa l   g roups   in   the  
U . S .  and  abroad. The h e a r t  of  any  such  calculation i s  the   input   da ta   concern ing  
the  var ious  absorpt ion  spectral   parameters   of   a tmospheric   gases .   During  the 
1960's and e a r l y  1970's,  a group of i nves t iga to r s   w i th   t he   suppor t  and co l labora-  
t i o n  of s e v e r a l   s c i e n t i s t s   a t   t h e  A i r  Force  Cambridge  Research  Laboratories (now 
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Figure 4.- Spectra of various H C 1  l ines   observed a t  a resolution of 
0 . 2  cm-l and 0.02 cm-l. 



Air Force  Geophysics  Laboratory)  compiled  a  data  base  containing  spectroscopic 
parameters  for  many  atmospheric  spaces.  This  data  base,  often  referred  to  as 
the  AFGL  Tape,  has  become  the  source  for  most  synthetic  spectral  calculations. 
While  the  Air  Force  has  maintained  an  interest  in  this  data  base,  there  cur- 
rently  is  no  extensive  effort at any  single-  facility  to  upgrade  the  data on the 
tape  and  provide  interested  scientists  with  an  up-to-date  version. Thus, as 
the  state  of  the  art  advances,  the  tape  has  become  deficient  for  performing 
many  of  the  calculations  required  today.  As  part  of  their  current  research, 
various  groups  kept  updating  the  tape  for  their  own  use.  Updating  the  tape  is 
expensive,  mainly  because  most  new  laboratory  data  becoming  available  for  addi- 
tions  and  corrections  are  not  in  the  form  required  for  inclusion on the  tape 
and,  therefore,  require  additional  analysis. A more  difficult  problem  is  the 
evaluation  of  new  laboratory  results  that  differ  significantly  from  the  results 
of  previous  investigators. It is  here  that  the  comparison  between  the  field 
results  and  theoretical  results  becomes  essential  since  in  many  cases  the  field 
data  can  be  used  to  determine  which  of  the  conflicting  results  are  correct. 

Current  status  of  atmospheric  spectral  parameters  is  evident  by  considering 
recent  high  resolution  infrared  solar  spectra.  The  complexity  of  the  spectrum 
is  obvious  and  will  increase  as  the  resolution  increases.  Identification of the 
absorption  features  starts  by  examining  the  listings  of  available  line  positions, 
identifications,  and  strengths.  Three  major  deficiencies  in  the  current  line 
listings  are: 

(1) The  inaccuracy  in  many  line  positions  exceeds  one  or  more  resolution 
elements of present  instruments.  Thus,  a  close  doublet  may  be  com- 
pletely  misidentified  on  the  basis  of  the  reference  line  positions. 
It is important  that  line  positions  be  known  to  better  than ~ 0 . 1  of 
resolution.  This is feasible  for  numerous  lines. 

(2) Numerous  medium  and  weak  lines  of  already  known  atmospheric  molecules, 
which  appear  as  background  absorptions,  are  not  included  in  the 
compilations.  Thus,  a  newly  observed line  in  long  path  solar 
absorption  measurements  could  be  just  another  line  of a  known 
molecule,  not  yet  cataloged. 

( 3 )  Intensities  and  line-shape  data  are  only  approximate  in  many  cases,  and 
their  temperature  dependence  is  not  always  available. It is  expected 
that  this  type  of  data  €or  selected  lines  can  be  measured  in  the 
laboratory  to  better  than sO.5  percent.  The  experimental  data 
coupled  with  theoretical  calculations  of  the  corresponding  parameters 
should  result  in  an  overall  accuracy  of -5 percent  for  a  wide  spec- 
tral  region - 

It should  be  noted  that  even  for  simple  molecules,  say C02, which  has  been 
studied  extensively,  recent  laboratory  results  have  shown  that  many  of  the  weak 
lines  differ  by  more  than 0.05 cm-I  from  the  predicted  positions.  For H20, 
deviations of 0.1 cm-l  in  line  positions  are  quite  common. No estimate  of  the 
precision  of  the  intensities  of  widths  are  usually  available. 
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The  importance of accurate  line  positions  is  apparent  in  the  identifica- 
tion of single  absorption  lines  in  the  stratosphere,  which  relies  heavily on the 
exact  line  position.  However,  without  a  comparable  spectrum of potential  inter- 
ferences,  one  cannot  conclude  that  the  molecule  claimed is the  major  contributor 
to  the  observed  line. 

As indicated  in  the  discussion  above,  a  major  part  of  our  knowledge  in 
atmospheric  spectroscopy  is  contained  in  the  data  which  are  incorporated  in  the 
molecular  parameters  compilations.  Much  additional  research  is  required  to 
increase  the  amount  and  absolute  accuracy  of  the  molecular  line  parameters. 

It should  be  realized  that, as  higher  resolution  field  data  become  avail- 
able,  identification of the  increased  number of lines  present  in  the  spectra 
will  require  a  significant  amount  of  dedicated  effort.  Identification  of  the 
"unidentified"  features  in  current  spectra  requires  that,  as  laboratory  data 
become  available  for  "candidatell  species  (i.e.,  those known  or  thought  to be 
present  in  the  atmosphere),  they  be  compared  with  the  field  data  in an  attempt 
to  identify  these  features.  Once  the  identification  of  new  atmospheric  molecu- 
lar  bands  has  been  established,  further  laboratory  and  theoretical  programs 
will  be  required  for  the  generation of.the proper  spectral  parameters. 

B. Recommendations 

From  the  above  discussion  the  following  recommendations  are  made: 

(1) Additional  and  improved  measurements of frequency,  intensity,  line 
shape,  temperature,  and  pressure  effects  are  needed on many  spectral 
lines of many  atmospheric  species.  These  measurements  should 
improve  the  measurement  accuracy of many  infrared  instruments  being 
used  for  constituent  measurements of the  upper  atmosphere. 

(2) A method of setting  priorities  for  future  work  in  spectroscopy  is 
needed. This  includes  the  specification of molecular  bands  of  atmo- 
spheric  interest  and  their  feasible  quantitative  analysis  for  spec- 
tral  parameters. It should  be  noted  that  although  a  knowledge  of 
abundances  of  some  trace  gases  to k50 percent  is  adequate  today, 
25 percent  will  be  required  eventually. 

( 3 )  Improved  means  of  archiving  and  disseminating  spectroscopic  information 
on a national  and  international  level  is  needed. 

(4) Greater  coordination  of  efforts  in  various  laboratories  is  needed in 
order to  ensure  that  appropriate  priorities  are  observed  and  to 
minimize  duplication  of  efforts. 

(5) Interaction  between  instrument  builders  and  laboratory  spectroscopists 
should  be  encouraged  and  improved  wherever  possible. 

For  the  support  of  these  recommendations,  it  is  recommended  that  a  study 
group  consisting of users  and  generators  of  the  required  data  be  convened  to 
formulate  a  program  (possibly  at  a NASA center or a  University)  to  consolidate 
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existing  information,  to  disseminate it to  interested  users,  to  identify  addi- 
tional  information  needed,  and  to  coordinate  experimental  and  theoretical  pro- 
grams  to  provide  the  necessary  data. 

VI.  INSTRUMENTATION  ASPECTS OF VERY  HIGH  RESOLUTION 

SPECTROSCOPY IN THE UPPER  ATMOSPHERE 

A  large  amount  of  effort  has  been  expended to  develop  spectrometers  for  use 
in  atmospheric  solar  absorption  measurements.  This  development is  responsible 
for  instrumentation  achieving  a  very  wide  range  of  operational  characteristics 
such  as  resolution  and  spectral  coverage. It is  useful  to  characterize  these 
instruments  and  place  them  into  different  classes  in  order to  compare  them  and 
determine  where  the  strengths  and  weaknesses  of  each  class  lie.  This  compari- 
son,  however,  is  restricted  to  instruments  which  obtain  spectral  intensities  as 
a  function  of  wavelength  in  such  a  way  that  composition  is  deduced  from  specific 
variation  in  intensity. 

Atmospheric  measurement  via  solar  absorption  has  yielded  higher  sensitivity 
than  measurement  via  thermal  emission.  This  arises  from  the  large  difference  in 
available  signal  strength  over  a  wide  spectral  band  despite  the  limitation  of 
observation  time  in  solar  occultation.  Comparison  is  made  between  various 
instrument  classes  both  for  solar  occultation  as  well  as  for  thermal  emission 
(see  tables 1 and 2, respectively).  Aspects  of  instrumentation  for  solar 
occultation  are  emphasized,  however. 

The  instruments  under  discussion  can be  placed  in  three  classes of  spectro- 
scopic  devices: (1) spectroscopic  devices  where  individual  spectral  elements 
are  registered  on  the  detector, (2) devices  where  spectral  information  is  multi- 
plexed on  the  detector, and ( 3 )  heterodyne  devices.  The  first  class  of  devices 
is  comprised  of  grating  spectrometers  and  Fabry-Perot  interferometers.  The 
second  class  includes  Fourier  and  Hadamard  spectrometers,  and  the  third  class 
is  comprised  of  laser  heterodyne  radiometers  and  spectrometers. 

The  comparison  is  performed  by  identifying  a  series  of  attributes  and  then 
determining  a  numerical  value  for  that  attribute or  how  well  that  class  ful- 
fills  that  attribute.  A  comparison  of  the  list  of  attributes  permits  an  objec- 
tive  evaluation of merit  of  each  class  of  instrumentation  even  though  the  list 
is  probably  incomplete.  The  comparison is  given  in  table 1. The  following  are 
remarks  regarding  table  1: 

(a)  Wavelength  Coverage 

Class  1:  Grating  instruments  operate  over  a  wide  wavelength  range  because 
no  transmitting  elements  such  as  prisms  are  needed.  By  appropriate  selection of 
line  spacing,  very  effective  operation  can  be  achieved  in  the W and Vuv as  well 
as  in  the  IR.  However,  since  second-order  diffraction  occurs at  one-half  the 
first-order  wavelength,  order  separation  becomes  increasingly  difficult at 
longer  wavelengths. 
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TABLE 1.- COMPARISON  OF  THREE  CLASSES OF INSTRUMENTATION  FOR 

~~ ~~ ~~~ ~~~~~ 

Attribute 

davelength  (frequency) 
coverage 

Wavelength  (frequencies) 
per  setup 

Limiting  resolution 

Noise  Equivalent- 
Equivalent  Width - 
(NEEW) 

Number of features  per 
sec  obs.  per 
detector 

Multidetector  array 
implementation 

Frequency  accuracy 

Instrument  Line  Width 
Function (ILWF) 

Relative  photometric 
precision 

ATMOSPHERIC  MEASUREMENT  VIA  SOLAR  OCCULTATION 

~~ ~ ~~ 

Grating (10 - 10,000 cm-’) 
Fabry-Perot ( 1 - 2 0  pm, >50 pm: 

0.01  cm-1 

F.P. 103 
GR. 100 to 1000 

Very  good 

0.1  to 0.01 cm-’ 

Fair 

10-3 

Class 2 

(50 - 5000  cm-l) 
Generally  large 

0.01 cm-1  at  presen. 
>o.  001  cm-1 
(Near  term  dev. ) 

lo-4  cm-l (obs. 1 
10-5  cm-1 (poss.) 

Fair 

Good 

10-2 to 

~ _ _ _ _ _ ~ ~  ~~ ~~ ~ 

Class  3 

Current: 7.0 - 13.0  pm 
Possible:  3 - 30 pm 
Development  R’QT: >30 pm 

(0.05  cm-l) 

0.0001  cm-1 
(5  MHz) 

10-6  to  10-7  cm-1 
(Observed  when  applicable 

<loo 

Fair 

Excellent 

10-3 



TABLE 1.- Concluded 

I Attribute 

’ Throughput AS2 
@ resolution 
(for R = 105 at 10 pm) 

Physical  size of system 

Complexity 

Reliability 

cost 
I 

Data  manipulation 
complexity 

Data  interpretation 
complexity 

Problems  best  suited 
to  class 

Problem  areas  in 
technique 

Class 1 

GR. At #/R Cm2  sterad.) 
F .P.  AIT/R (210-3  cm2  sterad. 1 

GR.  large 
F.P. compact 

Simple 

Excellent 

Moderate 

Simple 

Calibration  depends  on 
mechanical  configuration 

Multispecies  specific 
(multiline) 

Very  large  gratings 
Many  detectors 
Curved  slit  geometry 
Calibration  requirement 

Class 2 

AT/R 
(-10-3 cm2  sterad.) 

Compact  to 0.01 cm-1 
resolution,  large 
to 0.001 cm-1 
resolution 

Average 

Limited  life  laser 
and  mirror  slide 

Mod.  high 

High  volume 

Good  basic  spectral 
quality 

Scanning 
(survey-multiple 
species) 

High  technology  in 
mirror  servos 

High  technology  for 
data  processing 

Reference  laser 

Class 3 

x2 
cm2  sterad. ) 

Zompact;  depends on local 
oscillator  size 

Depends  on 1.0. 

Depends on 1.0. 
reliability 

Mod.  high 

Simple 

Direct/simple 

Multispecies  specific 
(single-line) 

L.o.  technology 
beam  missing’ 

Speed  and  efficiency of 
detectors 

Prior  spectroscopy 
requirement 



TABLE 2.- COMPARISON OF INSTRUMENT PERFORMANCE I N  SOLAR 

OCCULTATION AND THERMAL EMISSION  APPLICATION 

A t t r i b u t e s  
~~ 

Observation  time 

Resolution 

Cryogenic  requirements 

Spatial   coverage/t ime 

Spectral   coverage 

Spectral  coverage/scan 

Zomplexity 

S e n s i t i v i t y  
(NEEW) 

Emission 

<lo0   sec  

-0.1 cm-1 p resen t  
0.01 cm-1 fu tu re  
0.001 cm-l LHS wi th   a r r ays  

Limited  to  "short"  missions 

15  t i m e s   f a s t e r  

>4 um 

Depends  on s e n s i t i v i t y  
required;  must  exclude 
regions of s t rong  
emission 

A l l  o p t i c a l  components seen 
by d e t e c t o r  must  be main- 
t a ined  a t  low temperature 

Invers ion   process   to   ob ta in  
d e n s i t y   p r o f i l e  is  more 
d i f f i c u l t  and l e s s  
r e l i a b l e   t h a n  i n  
o c c u l t a t i o n  

Depends NESR 
[lo8 - 10-9 w a t t s /  
cm2 s t e r .  (cm-11-J 

0.1 cm-1 5 pm 
10-4 cm-1 10 u m  

Occul ta t ion  

-1 t o  2 sec  

Very high 

None 

1 

Not r e s t r i c t e d  

See  table  1 

High information  density 
because of b r i e f  
observat ion t i m e  with 
very  intense  source 

Needs very   accura te  
p o i n t i n g   o p t i c s  
e s p e c i a l l y   a t   h i g h  
a l t i t u d e  

See t a b l e  1 
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The  Fabry-Perot  depends  on  very  precisely  figured  transmitting  elements 
and  efficient  high  reflection  coatings.  Both  these  requirements  restrict  the 
usable  wavelength  range of this  device. 

Class 2: The  Fourier  transform  spectrometer  requires  an  optically  flat 
beam  splitter  that  must  transmit  radiation of interest. By  selection of sub- 
strate  material  and  partial  reflection  coatings  operation  has  been  achieved 
from W to  FIR. 

The  Hadamard  spectrometer  is  basically  a  grating  spectrometer  subject  to 
the  same  restrictions  as  stated  above. 

Class " 3: The  principle  of IR heterodyne  spectroscopy  is  applicable  from 
about 300 to 3000 cm-1  by  virtue of diode  laser  local  oscillator  availability. 
These  diode  lasers  are  currently  under  development.  Operational  airborne 
instruments  to  date  have  used C02 lasers,  which  are  in  the 800 to 1100 cm-l 
region.  High-speed  photomixers  can  be  found  over  the 700 to 3000 cm-l  region. 

(b)  Wavelength  Coverage  for  a  Single  Instrument  Setup 

Class 1: Because  of  simple  sequential  scanning  of  wavelength,  gratings  are 
highly  flexible  in  selection  of  wavelength  coverage  and  are  only  restricted  to 
order-overlap  considerations. It must  be kept  in mind  that  there is a  direct 
trade-off  between  spectral  element  observation  time  and  spectral  coverage, 
except  for  instruments  having  detector  arrays. 

-___ 

The  Fabry-Perot  is  restricted  to  a  frequency  coverage of about 100 times 
the  resolution  (Finesse).  When  the  Fabry-Perot  is  used  in  conjunction  with  a 
synchronously  scanned  monochromator,  the  frequency  coverage  is  vastly  extended. 

Class 2: For the  Fourier  Transform  Spectrometer  (FTS)  the  wavelength 
coverage  is  fixed  once  the  instrument  is  set  up  because of scanning  in  the 
Fourier  domain.  The  FTS  handles  large  wavelength  intervals  most  efficiently 
since  spectral  components  are  multiplexed.  The  multiplex  feature  may  not  be 
advantageous  in  a  source  noise  limited  situation  and  optical  bandwidth  limiting 
may  be  employed to  improve  the  signal-to-noise  ratio. 

Class 3: The  only  practical  option  to  date  appears  to  be  to  use  the  local 
oscillator  to  generate  a  fixed  frequency.  This  limits  the  frequency  coverage 
to  the  bandwidth of  the  photomixer.  This  is  currently  about 0.05 cm-l.  Gener- 
ally  such an  interval  implies  observation  of  one  spectral  line  only.  However, 
more  than  one  spectral  line  may  be  studied  by  utilizing  the  double  side  band 
nature of the  receiver. 

(c)  Resolution  Limits 

Class  1:  The  Fabry-Perot  achieves  a  0.01  cm-I  resolution  relatively 
easily. A grating  can  also  achieve  this  resolution  but  the  grating  must  be 
greater  than 50 cm  wide  and  must  be  operated  at  a  large  angle.  Furthermore, 
the  input  and  output  optics  must  be  of  high  quality. 
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Class 2: Fourier  transform  spectrometers  routinely  achieve 0.01 cm-' 
resolution  even in balloon  and  aircraft  environments. It is  technologically 
feasible  to  achieve 0.001 cm-l  resolution  but  a  relatively  bulky  instrument 
will  be  required. 

Class 3:  The  resolution  in  heterodyne  spectroscopy  is  limited to the  sta- 
bility of  the  local  oscillator  which  is  about 0.00017 cm-l (5 MHz). 

(d)  Noise  Equivalent-Equivalent  Width  (NEEW) 

This  attribute  is  a  measure  of  simultaneous  spectral  signal-to-noise  ratio 
and  resolution. This is  also a  useful  scientific  attribute  since  it  translates 
directly  to  minimum  measurable  column  density of  a  given  molecule via  the  line 
strength of the  spectral  feature. 

The  given  value of this  attribute  is  degraded  by  a  factor  equal  to  the  true 
line  width  to  resolution  ratio  when  the  actual  line  width is greater  than  the 
resolution  line  width (i-e., too  high  resolution is not an  inherent  advantage). 

Class 1: At  the  stated  limiting  resolution of 0.01 cm-l,  a  spectral 
signal-to-noise  ratio  of 100 to 1000 is  required  to  achieve  the  stated  NEEW. 
To  achieve  this  in  short  observation  times,  such  as  occur in solar  occultation, 
the  wavelength  coverage  may  have  to  be  limited  considerably  in  class 1 
instruments. 

Class 2: Because  of the  multiplex  feature, NEEW of 10-4 to 10-5 cm-1  can 
be  achieved  over a  wider  frequency  interval  than  is  possible  with  class 1 
instruments. 

Class 3: Source  photon  statistics  is  the  predominant  listing  factor  in 
signal-to-noise  ratio  achievement.  In  solar  occultation,  this  leads  to  achiev- 
able  NEEW of to cm-l  even  for  relatively  short  observation  time. 
Photomixer  efficiency  is,  however,  a  sensitive  factor  in  achieving 1ow.NEEW. 
Furthermore,  the  NEEW  is  low  in  heterodyne  spectroscopy  by  virtue of the  high 
resolving  power.  NEEW  can  therefore  be  rapidly  degraded  when  the  line  width  is 
greater  than  resolution  width.  Hence,  use of the  technique  in  lower  stratoz 
spheric  measurement  may  not  be  as  advantageous  as  suggested  by  NEEW  attribute 
because  of  pressure  broadening  of  spectral  lines  in  the  lower  atmosphere. 

(e)'Number  of  Features  Per  Second  Observation  Time  for  One  Detector 

This  attribute  is  intended  to  reflect  the  rate  of  information  gathering 
€or  each  class  of  instrument.  This  may  be  the  frequency at which a  single  fea- 
ture  can  be  uniquely  remeasured  or  the  rate at  which  new  features  can be 
recorded. 

Class 1: These  devices  are  relatively  flexible  with  respect  to  selection 
of  repeated  short  scans or infrequency  long  scans. 

Class 2: The FTS by  virtue  of  scanning  in  the  Fourier  domain  is  essen- 
tially  restricted to measuring  many  features  in  a  relatively  long  observation 
time. 
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" Class 3:  The LHS is  restricted  to  frequent  measurements  of  few  resolution 
elements  essentially  covering  one  spectral  line. 

(f)  Frequency  Accuracy 

Class 1: The  value  given to this  attribute  reflects  the  inherent  frequency 
accuracy  of  these  devices  independent  of  the  spectral  content  of  the  measure- 
ment.  Hence, it  relates  to  the  accuracy  of  grating  angle  settings, etc. 

Class 2: The  inherent  frequency  accuracy  in the FTS is  given  by  the  mono- 
chromatic  reference  source  and is nearly  independent  of  mechanical  tolerances. 

-~ Class 3 :  The  frequency  accuracy is related  to  the  ability  to  select  the 
local  oscillator  frequency  and  its  subsequent  stability. 

(g)  'Instrument  Line  Width  Function 

This  is  a  measure  of  how  well  the  intensity  response  at  the  level of one 
resolution  element  can  be  established. 

Class 1: For  this  class  of  instruments  the  instrument  line  shape  func- 
tion  is  affected  by  mechanical  tolerances  such  as  slits  for a  grating  and 
achievable  Finesse  for a  Fabry-Perot. 

-____ 

Class 2: For  the FTS, the  instrument  line  shape  function  is  to  first 
order  not  dependent  on  mechanical  tolerances.  The  instrument  line  shape  func- 
tion  is  principally  determined  by  the  constancy  of  source  intensity  and  spectral 
distribution,  and  by  the  constancy of the  response  of  the  interferometer (i-e., 
alignment  variation  with  scale  affects  line  shape  function). 

Class 3: The  instrument  line  shape  function  is  determined  by  the  frequency 
response  of  the  photomixer  and  the  subsequent  discrimination  electronics. 

(h)  Relative  Photometric  Precision 

Class 1: Relative  photometric  precision  is  only  affected  by  variation  in 
stray  light  and  ghost  features,  both of which  can  be  held  relatively  small. 

Class 2: The  photometric  precision  in  Fourier  transform  spectroscopy  is  a 
sensitive  function  of  very  few  critical  measurements  near  zero  retardation  in 
the  Fourier  domain  and  the  ability  to  precisely  symmetrize  interferograms. 

Class 3 :  Relative  photometric  precision  is  related  to  intensity  stability 
of the  local  oscillator  and  beam  alignment  between  local  oscillator  and  source. 

(i) Throughput at Resolution (A'd) 

Class 1: The  grating  has  a  dispersion  of  approximately l/x. Hence, the 
angle  subtended  by  the  slit  width at the  collimator  is  about 1/R  (the  inverse 
of  resolving  power x /Ax) .  The  slit  height is expressed  as  the  ratio  of  height 
to  collimator  focal  length (E#). The  solid  angle  subtended  by  the  slit  is 



!?#/R. The  throughput is then  given  by  the  projected  grating  area  Ag  multi- 
plied  by !?#/R, and  Throughput = Ag!?#/R (best  value of !?# 2 1/30, i.e., 
8 = Ag/30R). 

Interferometric  devices  have  a  throughput  limited  by  the  optics  cross  sec- 
tion  and  the  solid  angle  subtended  by  the  smallest  central  fringe.  This is 

Aoptics 
match  the  throughput  of an  interferometer  even  with  the  difficulty  of  handling 
large  slit  aspect  and  very  large  gratings. 

(n /R) .  It is  seen  that  at  high  resolving  power,  the  grating  cannot 

A. Summary 

(1) Reduced  NEEW  implies  increased  sensitivity. 

(2) When  lowest  achievable NEEW of conventional  techniques  is  insufficient, 
it  is  useful  to go  to  laser  heterodyne  techniques to pick  up  another  factor  of 
100 but  only  when  observed  line  width is less  than or equal  to  resolution. 

B. Applications  of  Heterodyne  Technique 

(1) Extension  of  profiles  beyond 40 km of selected  species 

(2)  Improvement  in  accuracy of  currently  measured  species  which  is  needed 
in  cases  where  current  measurements  are  tenuous,  or  to  establish 
accurate  concentration  ratios  which  have  significance  in  the  under- 
standing of chemical  mechanisms  controlling  the  measured  species 

(3)  Detection  of  new  species  when  these  are  proposed  and  when  lab  spectra 
are  established 

NEEW  is  a  measure  of  the  performance  of  a  spectroscopic  device  which 
includes  simultaneously  signal-to-noise  ratio  and  resolution.  NEEW  also is 
directly  proportional  to  minimum  detectable  number  of  molecules  in  the  path  of 
the  radiation. 

The  sensitivity  of an  instrument  with  low  NEEW  is  fully  realized  for  mole- 
cules  having  sharp  spectral  features in  the  stratosphere.  These  may  be  lines 
of simple  diatomic  molecules  like C 1 0  or  a  multiplicity  of  lines,  i.e.,  a  com- 
plex  molecule  like  ClON02.  However,  the  importance of prior  lab  spectroscopy 
for  complex  molecules  must  be  emphasized  in  order  to  select  the  most  appropriate 
features  in  the  best  wavelength  region. 

The  application of heterodyne  techniques  also  requires  careful  prior  labo- 
ratory  spectroscopy'  in  restrictive  wavelength  regions in  order  to  qualify  inter- 
ferences,  if  any,  due  to  other  molecules  present  in  the  stratosphere.  This  is 
an  important  aspect in the  process  of  selecting  the  most  suitable  wavelength 

'Prior laboratory  spectroscopy  means  measurement  of  spectra and parameteri- 
zation  of  molecular  bands  in  sufficient  detail  to  characterize  fully  the  spec- 
tral  features  used  in  the  field  experiments. 
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region  for  field  measurements.  Furthermore,  balloon  measurements  with  simul- 
taneous  Class  I1  and  111  instruments  to  identify  potential  interferences  in  the 
real  atmosphere  may  be  required  prior to  a  dedicated  Spacelab mission. 

C. Recommendations 

(l).Utilize  Class I11 instruments  to  extend  profiles  to  higher  altitudes 
than  currently  achievable  with  Class I and I1 instruments.  Caveat:  Spacelab 
required  to  extend  balloon  measurements  beyond 40 km. 

(2) Utilize  Class  111  instruments  to  detect  atmospheric  molecules  previ- 
ously  undetected. 

( 3 )  Interferometer - LHS balloon  investigation  is  required  to  identify 
interferences  from  atmospheric  molecules  and  identify  spectra  of  molecules 
under  stratospheric  conditions. 

(4) Formation  of  Science  Team  to  address  the  following  tasks: 

(b)  Examine  improvements  in  chemical  ratios  (e.g.,  ClO/ClON02) or 
other  significant  ratios  for  studying  chemical  mechanisms  in  models.  Here 
relatively  small  improvements  (factor of 2) may  provide  significant  scien- 
tific  payoff. 

(5) Perform  high  resolution  broadband  solar  spectroscopy  in  support  of LHS 
applications  with  current  resolution  of  0.0001  cm-1  in  order  to  identify  poten- 
tial  interferences  in  solar  spectra. 

VII.  SPECIES-SPECIFIC  INSTRUMENTATION  WORKING  GROUP 

REPORT  AND  RECOMMENDATION 

The  Species-specific  Instrumentation  Group  focused  its  activities  also on 
capabilities  of  heterodyne  techniques  and  its  potential  contributions  to  strato- 
spheric  measurements  in  view  of  the  other  instruments  of  the  Class I1 category. 
Several  methods  of  comparing  the  performance of Class  I1 and Class  I11  instru- 
ments  were  discussed;  however,  because  most of the  comparison  details  have  been 
highlighted  in  the  previous  Working  Group  report,  they  will  not  be  covered  again 
here. A  comparison  of  heterodyne  radiometer  and  scanning  Michelson  interferom- 
eter  spectrometer  capabilities is also  discussed  by  Menzies  (ref. 1). A  con- 
clusion of this  group  was  that  species  specific  instruments  should  have  a 
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s p e c t r a l   r e s o l u t i o n  which is less than t h e  Doppler l i n e  widths   of   the   species ,  
pe rmi t t i ng   t he   u l t ima te  i n  s e n s i t i v i t y  and spec i f ic i ty   for   remote   sens ing   of  
these   spec ies  i n  the  stratosphere.   Heterodyne  techniques  normally  used i n  the  
o c c u l t a t i o n  mode measure   smal l ,   ca refu l ly   se lec ted   por t ions   o f   the   spec t ra  which 
con ta in   abso rp t ion   f ea tu re s  of   the   spec ies   o f   in te res t .  

One impor tan t   c r i te r ion   appl ied   to   the   spec t ra l   reg ions   chosen   for   obser -  
va t ion  i s  tha t   t hey  be f r e e  f rom  b lending   or   in te r fe rence  by l i n e s  of o the r  
atmospheric  species  which  could  cause  interpretational  problems.  Using  the 
equivalent   width  concept   to   descr ibe weak a tmospher ic   absorp t ion   l ines ,   the  
m i n i m u m  de tec t ab le   w id th   fo r  a laser   heterodyne  radiometer  i n  t he  7 t O  1 4  u m  
wavelength  region is  about 50 t imes   smal le r   than   tha t   for  ATMOS. The species  
s p e c i f i c  GFC and PMR t y p e s   o f   i n s t r u m e n t s   a r e   e f f i c i e n t  i n  maximizing  response 
t o  a s p e c t r a l  band o f   a   gas ,   s ince   t he   t o t a l i t y   o f   t he   spec t r a l   l i nes  i n  t h a t  
band  produces  a  signal. However, interpretat ional   problems  are   sometimes 
encountered when severe  blending  occurs  i n  reg ions   o f   the   spec t ra l  band which 
are  being  observed. The different   temperature   dependences  of   the   var ious  l ines  
i n  a band  might  also l i m i t  the   usefulness   of  t h i s  technique i n  obtaining  accu- 
r a t e   v e r t i c a l   c o n c e n t r a t i o n   p r o f i l e s  w i t h  h i g h   v e r t i c a l   r e s o l u t i o n .  Many reac- 
t ive   spec ies ,   such   as   the   f ree   rad ica ls ,   cannot   be   conf ined  i n  t h e   s e a l e d   c e l l s  
which a re  a p a r t  of  these  instruments.  These  drawbacks l i m i t  the   usefulness   of  
t he   co r re l a t ion   t echn iques   t o  a few species;   however,   for  these  species,  t h i s  
technique is v e r y   e f f i c i e n t .  

The act ive  laser   system  has   the  advantage  of   day/night   operat ion,   and,  
w i t h  two-sa t e l l i t e   ope ra t ion ,  it can  have  a s e n s i t i v i t y   e q u a l   t o  any  of t he  
o the r   t echn iques   cons ide red   a t  t h i s  Workshop.  However, our main i n t e r e s t   a t  
t h i s  time i s  t o  compare the   pass ive   sensors   (ac t ive   l aser   sys tems do requi re  
more s a t e l l i t e  power, g e n e r a l l y ) .  

The laser  heterodyne  spectrometer  approach  permits  high  resolution and 
high  sensit ivity  without  the  disadvantages  mentioned  above  for  the PMR and GFC. 
Spec i f i c   spec ie s  which are   under   considerat ion  for   remote  sensing  using LHS a r e  
l i s t e d  i n  t a b l e  3, along  with  a  rough  indication  of  the  status  of  knowledge 
about   the   impor tan t   l ine   parameters   re levant   to  t h i s  measurement  technique. 

These  species   have  different   levels   of   importance  for   understanding 
s t ra tospheric   chemistry.  They a l s o  have d i f f e r e n t   d e g r e e s   o f   d e t e c t a b i l i t y  
using  the LHS technique. I n  g e n e r a l ,   t h e   a b i l i t y   t o  make a s c i e n t i f i c a l l y  
meaningful  measurement  depends on seve ra l   f ac to r s :  

(1) High r e so lu t ion   spec t roscop ic   da t a   ( t ab le  3) (knowledge  of  spectro- 
scopic   l ine   parameters  g@ i n t e r f e rences )  

( 2 )  Sui table   local-osci l la tor   laser   (wavelength,   power,  mode s t r u c t u r e ,  
and s t a b i l i t y )  

(3)  Sui table   infrared  detector   (wavelength,   speed,   and  eff ic iency)  
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jpecies 

H02 

*202 
HOC1 

c10 

CH3C1 

ClON02 

NH3 

N2°5 
ocs 
co 

TABLE 3.- STATUS OF SPECTRAL  KNOWLEDGE  ABOUT  CERTAIN  SPECIES 

Lesend  for  table 3 :  

'Good measurements  available  for  LHS  measurement. 
2Few  measurements  available. 
3Essentially  no  measurements  made. 

(5) Understanding of diurnal  variability  and  its  effect  on  measurement 

The  laser  heterodyne  spectrometer  can  be  used  to  measure  some  of  these 
species  (e.g., C10, ClON02,  NH3, and  CH3C1)  with  instruments  which  are  now 
operational.  At  the  present  time,  the  ability of the  laser  heterodyne  spectrom- 
eter  to  accurately  measure  vertical  profiles of stratospheric C10 and H02  is 
unique  among  infrared  instruments.  For  other  species  (e.g.,  H02),  the  tech- 
nology  exists  to  make  the  measurement,  but  spectral  line  strength  measurements 
must  be  completed  in  order  to  quantify  the  measurement  for  a  desired  accuracy. 

VIII. GENERAL  WORKSHOP  DISCUSSION 

A. Role of  Increased  Spectral  Resolution  in  Stratospheric  Measurements 

One  of  the  first  issues  discussed  by  the  Full  Workshop  participants  was 
the  role  of  increased  spectral  resolution  upon  detection  and  measurement of 
upper  atmospheric  constituents.  For  purposes of discussion,  moderate  resolution 
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was  defined  to  be  of  the  order  of 0.02 cm-l,  representative  of  current  capa- 
bilities  of  field-type,  interferometric  techniques;  high  resolution  was defined. 
to  be  -<O.OOl  cm-l,  representative  of  heterodyne  technology. A major  objective 
of  the  discussion  was  to  determine  quantitatively  advantages  in  increased 
spectral  resolution  of  current  interferometric  techniques  and/or  advantages  in 
utilizing  the  inherent  high  spectral  resolution of  heterodyne  techniques. 

The  general  Workshop  agreed  in  general  with  the  report  of  Working  Group I1 
that  increased  spectral  resolution  was  required  to  improve  the  detection  capa- 
bility  of  certain  species  but  not of  others  since  the  current  capability  appears 
to  be  adequate  for  some  of  the  major  species. In  general,  it  was  difficult  to 
quantify  the  optimum  spectral  resolution  pertaining  to  all  stratospheric  mole- 
cules,  but it was  agreed  that  the  optimum  spectral  resolution  must  be  estab- 
lished  on a  molecule  by  molecule  basis,  and  must  be  determined  by  objectives  of 
the  scientific  investigation.  However,  several  general  conclusions  were  drawn: 

1. For  relatively  simple  molecules  with  sharp  spectral  features  in  the 
stratosphere  (e.g.,  C10, H02), the  high  resolution  capability of heterodyne 
techniques  may  be  necessary  for  detection  and  measurement  in  the  stratosphere. 

2. For  molecules  with  relatively  complex  spectral  structure  and  broad  spec- 
tral  features  (i.  e. , HNO3 or ClON02) , current  or  proposed  measurements are  prob- 
ably  adequate  with  moderate  resolution  instruments,  based  upon  measurement 
requirements  reported  by  Working  Group I. For such  molecules,  therefore,  high 
resolution  measurements  should  be  assessed  on  the  basis  of  substantial  improve- 
ment  in  measurement  sensitivity  through  reduction  of  spectral  interferences 
and  improved  signal-to-noise  ratios.  For  example,  heterodyne  techniques  should 
be considered  for  those  molecules  where  current  measurement  uncertainty  is  high 
(50 to 100 percent),  and  improvements  by  factors of 5 to 10 improve  scientific 
interpretation.  Heterodyne  techniques  should  also  be  considered  when  improve- 
ments  in  factors of 1.5  to  2.0  can  be  achieved  in  improving  the  measurements  of 
important  chemical  ratios  (i.e.,  ClO/ClON02). 

The  Workshop  participants,  recognizing  that  scientific  benefits  could  be 
obtained  by  increasing  the  spectral  resolution  of  infrared  instruments  to  better 
than 0.02 cm-I  for  certain  species,  subsequently  attempted  to  quantify  this 
improvement  for at least  the  molecules  with  relatively  sharp  spectral  features 
in  the  upper  stratosphere.  Based  upon  the  report of Working  Group 111, the 
detectability  of a  constituent  in  the  stratosphere  depends  upon  the  ratio of 
% / S I  where  is  defined  as  the  minimum  detectable  absorption of a  spectral 
feature  measured  with  an  infrared  receiver,  and S is  the  strength  of  the 
absorption  feature  detected.  This  parameter,  defined as the  Noise  Equivalent- 
Equivalent  Width  (NEEW), is  a  figure of merit  which  should  be  minimized  for  opti- 
mum  detection  capability  of  high  resolution  instruments.  For  heterodyne  tech- 
niques,  NEEW  was  estimated  to  be  one  to  two  orders of magnitude  smaller  than 
interferometric  techniques,  thereby  increasing  the  potential  detection  capa- 
bility  by  comparable  amounts. 

Based  upon  this  estimate  of  sensitivity  and  the  reduction  in  spectral 
interferences  with  high  resolution  capability,  the  Workshop  participants  agreed 
that  heterodyne  techniques  may  be  necessary  for  the  detection  of  atmospheric 
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molecules  previously  unobserved  but  predicted  in  the  stratosphere  (Priority I 
molecules), or for  those  molecules  for  which  current  measurements  lead to inter- 
pretation  problems in the  photochemical  models  (Priority I1 molecules). 

Based  upon  this  series of discussions,  a  recommendation  of  the  Workshop  was 
that  infrared  heterodyne  techniques  be  considered  primarily  for  Priority I 
molecules  since  they  may  represent  a  unique  infrared ( 3  to 30 pm)  measurement 
technology  for  this  class of  stratospheric  molecules.  Furthermore,  cost  con- 
siderations  led  the  workshop  to  an  additional  conclusion:  the  search  for 
Priority I molecules  is  best  accomplished  initially  by  balloon  platforms.  LHS 
flights  aboard  Shuttle  were  viewed as probably  being  needed  for  no  firm  con- 
viction  was  evident.  Therefore,  the  resulting  Workshop  recommendation  was  that 
LHS  investigations  be  conducted  at  least  from  balloons  to  obtain  measurements 
of stratospheric  sonic,  sink,  and  radical  gas  molecules. 

Also,  based  upon  this  series of discussions  involving  the  role of  high 
resolution  in  measurements of stratospheric  species,  the  Workshop  recommended 
that  the  laboratory  data  base  for  molecular  species  be  increased  and  focused 
toward  high  priority  molecules  proposed  or  currently  measured  by  infrared 
instruments (i-e.,  ATMOS,  HALOE, and  LHS). 

B. Fixed-Frequency  and  Tunable  Semiconductor  Local  Oscillators 

The  Full  Workshop  participants  also  addressed  the  issue  of  the  importance 
of  continued  development of  widely  tunable  local  oscillators ( 3  to 3 0  um)  for 
obtaining  scientific  measurements  of  trace  gases  in  the  stratosphere,  particu- 
larly  for  Priority I molecules.  Based  upon  the  report of Working  Group IV, 
fixed  frequency  C02  lasers  currently  have  the  capability  to  detect  stratospheric 
C10 and H 0 2  in  heterodyne  measurements.  The  vertical  profile  of C10 in  the 
stratosphere  has  been  measured  and  reported  from  a  balloon  platform  with an LHS 
technique  using  the  14C0212  isotope of  a  C02  laser.  Current  estimates  of  C02 
laser  transitions  and  H02  line  positions  lead  one  to  expect  that  a  similar 
measurement  is  possible  for  H02.  However,  spectroscopic  data  for  H02  is  cur- 
rently  incomplete  (appendix 4) so that  minimum  measurement  sensitivities  for 
H02  can  only  be  speculative,  with  the  current  status of high  resolution  spectro- 
scopy of H02. 

Tunable  semiconductor  lasers  with  wavelength  tunability  from 3 to 30 um 
overlap  absorption  bands of all  infrared  active  gases of  Priority I, 11, and I11 
molecules.  However,  due  to  the  fact  that  semiconductor  lasers  are  tunable  and 
that  the  technology of the  semiconductor  lasers  is  not  as  mature  as  C02  laser 
technology,  development of an LHS Tunable  Diode  Laser (TDL)  instrument  for  bal- 
loon  or  space  applications  requires  a  higher  degree  of  complexity  in  the  optical 
receiver  and  related  subsystems  (appendix 3 ) .  Furthermore,  due  to  the  lack of 
high  resolution  spectroscopic  data on stratospheric  molecules,  it is  difficult 
to  assess  the  magnitude  of  improvements  in  sensitivity  of  a  tunable  local  oscil- 
lator  over  a  fixed  frequency  local  oscillator,  although  improvements  are 
expected  in  reduction of spectral  interference  and  increased  sensitivity. 

Because of the  immediate  importance  to  increase  measurements  of C10 and 
H02  in  the  stratosphere  for  interpretation  and  validation  of  photochemical 
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models,  the  Full  Workshop  encouraged  continued  measurements  and  laboratory 
spectroscopy  in  support of the  LHS  investigations.  Further,  the  Full  Workshop 
recognized  that  the  current  complement of Priority I gases  reported  by  Working 
Group I is  incomplete,  and  that  the  future  requirements  to  measure  other  mole- 
cules  on  a  Priority I basis  will  arise (i-e., HOCI,  HONO,  bromines, 
iodines,  etc. ) . 

Therefore,  the  Full  Workshop  recommended  that  in  view  of  the  need  for 
techniques  to  measure  a  number'of  stratospheric  species  not  as  yet  detected, 
the  development of tunable  semiconductor  lasers to be used  in LHS YnTe- 
gations  be  continued. 

C. Role  of  High  Resolution  Heterodyne  Techniques  in  Satellite  Investigations 

The  Full  Workshop  also  considered  the  role of high  resolution  techniques 
(e.g.,  LHS)  in  performing  scientific  investigations  from  satellites  and  Spacelab. 
Again,  adopting  the  measurement  strategy  reported  by  Working  Group I, with  the 
assumptions  that  the  ATMOS  instrument  will  fulfill  requirements  €or  the  gases 
proposed,  high  resolution  techniques  should  be  restricted  to  Priority I and/or 
I1 molecules.  Furthermore,  scientific  investigations  from  satellites  (e.g., 
UARS)  with  long  duration  mission  capability  (12  to 18 months)  should  be  focused 
toward  studies of  transport  and  radiative  balance  as  opposed  to  photochemistry 
since  the  photochemistry of the  stratosphere  should  be  adequately  understood 
from  currently  planned  balloon  and  Spacelab  investigations. 

However,  some of the  Workshop  participants  adopted  the  view  that  measure- 
ment  requirements  for  radical  species  currently  insufficiently  measured  in  the 
stratosphere  (i.e., C10, C10N02,  HOC1,  HO2,  H202,  N2O5, etc.) or undefined 
(bromines,  iodines,  etc.)  will  place  future  measurement  requirements  on 
infrared  instruments  which  are  currently  unforeseen  and  may  require  global 
measurements.  Furthermore,  current  scientific  requirements  for  molecules  with 
a poor  data  base  will  probably  increase  as  new  stratospheric  measurements 
become  available,  requiring  higher  accuracy  and  precision  than  currently  per- 
ceived  in  molecules  previously  measured.  High  resolution  techniques,  through 
improved  detectability  at  higher  altitudes  (Am/S),  could  also  represent  an 
important  contribution  in  measuring  stratospheric  molecules  at  higher  altitudes 
than  balloon  platforms (>40 km). Therefore,  although no  general  agreement  of 
the  Workshop  was  obtained  on  the  role of  high  resolution  heterodyne  techniques 
in  satellite  investigations,  the  Workshop  participants  encouraged  development 
of  tunable  semiconductor  lasers  for  space  investigations,  and  emphasized  the 
potential  scientific  benefit  in  the  future of collaborative  investigations  of 
LHS  with  ATMOS-  or  HALOE-type  instruments.  Further,  LHS-type  instruments 
should  be  developed  for  long-duration,  free  flyer  applications  with  Spacelab 
investigations  serving  as  an  intermediate  step  to  provide  correlative  measure- 
ments  for  satellites (i-e., UARS) or to  provide  complementary  measurements  of 
radical  gas  species  through  corroborative  orbital  flights  if  these  measurements 
are  not  available  from  satellite-borne  instruments. 

The  inability  of  the  Workshop  to  resolve  the  issue  of  the  role  of  increased 
spectral  resolution  in  improving  measurements  of  constituents  in  the  strato- 
sphere  concerned  the  question  of  measurement  accuracy.  It  is  apparent  that  in 
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many  cases  where  a  constituent  can  be  measured  by  moderate  resolution  tech- 
niques,  a  significant  improvement  in  the  absolute  accuracy  of  the  measurement 
can  be  achieved  by  using  higher  resolution  techniques.  A  number  of  participants 
felt  that  the  improvement in accuracy  would  warrant  development  of  semiconductor 
lasers so that LHS techniques  could  be  used  for  measuring  Priority I, 11, 
and I11  molecules.  Again,  since  the  accuracy  required  could  not  be  specified, 
no  concensus  was  reached on the  need  to  develop LHS techniques  for  improved 
measurement  accuracy.  In  many  respects,  the  differences in opinion  on  the  role 
high  resolution  would  play  in  constituent  measurements  depended  upon  the  opti- 
mism of  the  participant  with  regard  to  the  capability of other  instruments  to 
achieve  their  measurement  objectives.  The  increased  detection  and  measurement 
sensitivity  which  would  be  available  with  a  fully  developed LHS capability 
could  be  important  in  the  event  other  systems  do  not  prove  adequate  to  meet 
stratospheric  measurement  requirements.  Comparison  of  moderate  and  high  reso- 
lution  balloon  data of stratospheric  spectra  appears  invaluable  in  addressing 
the  quantitative  advantages  of  increased  spectral  resolution  through  the  use 
of  LHS-type  techniques. 
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ABSTRACT 

Measurement of   short- l ived  photo-chemical ly   produced 
s p e c i e s   i n   t h e   s t r a t o s p h e r e  by s o l a r   o c c u l t a t i o n  is d i f f i c u l t  
because   t he   r ap id   va r i a t ion   o f   such   spec ie s   nea r   t he   t e rmina to r  
i n t r o d u c e s   a m b i g u i t i e s   i n   i n t e r p r e t i n g   t h e   m e a s u r e d   a b s o r p t i o n  
i n  terms of meaningful  atmospheric  abundances. These va r i a -  
t i ons   p roduce   t angen t   pa th   concen t r a t ions   t ha t  are asymmetric 
r e l a t i v e  t o  t h e  t a n g e n t   p o i n t ,  as opposed t o  the  symmetr ical  
d i s t r i b u t i o n   u s u a l l y  assumed i n  m o s t  i nve r s ion   a lgo r i thms .  
Neglect  of t h i s  asymmetry may y i e l d  an i n v e r t e d   p r o f i l e  t h a t  
d e v i a t e s   s i g n i f i c a n t l y  f r o m  t h e   t r u e   s u n s e t / s u n r i s e   p r o f i l e .  
I n   t h e   p r e s e n t   p a p e r ,   t h e   i n f l u e n c e   o f  t h i s  e f f e c t  on so la r  
occul ta t ion  measurements  of CRO and NO is  examined. Time 
v a r y i n g   a l t i t u d e   p r o f i l e s  of CRO and NO w e r e  c a l c u l a t e d  w i t h  
a time-dependent  photochemical  model t o  s i m u l a t e   t h e   d i s t r i b u -  
t i on   o f  these s p e c i e s   d u r i n g  a solar  occultation  measurement.  
These d i s t r i b u t i o n s  were subsequently  used t o   c a l c u l a t e  
s imula ted   rad iances  for va r ious   t angen t   pa ths  f r o m  which mixing 
ra t ios  w e r e  i n f e r r e d  w i t h  a convent iona l   t echnique  t h a t  assumes 
s p h e r i c a l  symmetry.  These r e s u l t s  show t h a t   n e g l e c t i n g   t h e  
v a r i a t i o n   o f  CRO i n   t h e   r e t r i e v a l   p r o c e s s   p r o d u c e s  less than 
a 1 0  pe rcen t  error between t h e  t r u e  a n d   i n v e r t e d   p r o f i l e  for  
bo th   sun r i se   and   sunse t   above  1 8  km. For NO, errors are less 
than  1 0  p e r c e n t   f o r   t a n g e n t   a l t i t u d e s   a b o v e   a b o u t  35 k m  fo r  
sun r i se   and   sunse t :  a t  lower a l t i t u d e s ,   t h e  error i n c r e a s e s ,  
approaching 1 0 0  p e r c e n t  a t  a l t i t u d e s   n e a r  25 km. The r e s u l t s  
also show tha t  average inhomogeneity  factors,   which  measure  the 
c o n c e n t r a t i o n   v a r i a t i o n   a l o n g  t h e  tangent   path  and  which  can 
be   ca lcu la ted   f rom a photochemical model, can  indicate   which 
s p e c i e s   r e q u i r e  more c a r e f u l   d a t a   a n a l y s i s .  

Determination of s t ra tospher ic   abundances   o f  trace s p e c i e s  
from so la r  occul ta t ion  measurements  i s  a t e c h n i q u e   p a r t i c u l a r l y  
u s e f u l  f o r  measurements of more tenuous  gases   because  of   the 
long   absorp t ion   pa th   involved .  I t  has   been   successfu l ly  
a p p l i e d ,  f o r  example, t o  measurements of HCL, HNO3, N O 2 ,  CH4 
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(see summary g i v e n   i n  Hudson,  1977) , CRO (Menzies, 1 9 7 9 )  , 
and t o  p lace   upper  limits on  the  abundance  of N 2 0 5  (King e t  
a l . ,  19762 based  on  bal loon  borne solar  I R  measurements 
(Murcray e t  a l . ,  1 9 6 9 ) .  Measurement of shor t - l ived   photo-  
chemical ly   produced  species  i s  more d i f f i c u l t   b e c a u s e   r a p i d  
v a r i a t i o n  of such   spec ie s   nea r   t he   t e rmina to r   i n t roduces  
a m b i g u i t i e s   i n t e r p r e t i n g   t h e   m e a s u r e d   a b s o r p t i o n   i n  terms of 
meaningful  atmospheric  abundances. For balloon  measurements,  
t h i s   p rob lem w a s  addressed  by Kerr e t  a l .  ( 1 9 7 7 ) ,  who found a 
small e f f e c t  fo r  N 0 2 ,  and by Goldman e t  a l .  (1978) ,  who 
concluded t h a t  s e r i o u s  errors would arise f o r  NO i n   t h e  lower 
s t r a t o s p h e r e .  The p resen t   pape r   r epor t s   on  a similar s tudy  
t h a t   u s e s   r e s u l t s   o f  a time-dependent  photochemical model i n  
con junc t ion   w i th  a r ad iance   s imula t ion   and   i nve r s ion   a lgo r i thm 
t o  e s t a b l i s h   q u a n t i t a t i v e l y   t h e   i m p a c t   o f   c o n c e n t r a t i o n  
v a r i a t i o n s   n e a r   t h e   t e r m i n a t o r   o n   t h e   i n t e r p r e t a t i o n   o f  
sunr i se / sunse t   occul ta t ion   measurements   o f  CRO and NO from a 
space   p la t form.  

Occu l t a t ion  Geometry 

F igure  1 i l l u s t r a t e s   s c h e m a t i c a l l y   t h e   o c c u l t a t i o n  
geometry.   Solar   radiance Iv of  frequency v received a t  
t h e   i n s t r u m e n t   f o r  a g iven   t angen t   pa th  i s  given by Beer's 
l a w  as 

I 
V 

I T = I  
s ,v  v S I V  

The o p t i c a l   t h i c k n e s s ,  T ~ ,  depends on t h e   t a r g e t   g a s  
d e n s i t y ,  p , as fo l lows  

T V = p ( s ' ) x V ( s ' ) d s '  

"m 

where x, is  t h e  mass a b s o r p t i o n   c o e f f i c i e n t ,  a func t ion  of 
temperature   and  pressure,   and  ds '  i s  the   incrementa l   pa th-  
l eng th   a long   t he  limb measured   re la t ive  t o  t h e   t a n g e n t   p o i n t  
( s '  = 0 ) .  Equation ( 2 )  can   a l so  be expressed  as 
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where 

z and e are d e f i n e d   i n   F i g u r e  1, and ZT i s  t h e   t a n g e n t  
a l t i t u d e .  The term p n ( z )  = p ( z , I T / ~ ) ,  t h e   t a n g e n t   p o i n t  
d e n s i t y  a t  a l t i t u d e  z ,  is  t h e   v a l u e  t o  b e   i n f e r r e d .  

The a s sumpt ion   o f   sphe r i ca l  symmetry is e q u i v a l e n t  t o  
t a k i n g  R ( z , B j  = 1 i n   e q u a t i o n  ( 3 ) .  Consequently, R ( z , B )  
can  be  thought  of as an  inhomogenei ty   factor   because  the 
magnitude  of i t s  d e v i a t i o n  from u n i t y   i n d i c a t e s   t h e   d e g r e e  
t o  which the   concen t r a t ion   va r i e s   a long   t he   l imb .   Equa t ion  
( 3 )  a l s o  shows t h a t   i f   t h e   c o n c e n t r a t i o n   v a r i e s  so t h a t  

R 1, then   one   should   be   ab le  t o  retrieve a concen t r a t ion  
p r o f i l e   t h a t  i s  close t o  p n ( z ) .  The f a c t o r  R may d ive rge  
subs t an t i a l ly   f rom  one   i n  a g iven   reg ion   bu t   have  little 
overa l l   s ign i f i cance   s ince   t he   i nc remen ta l   con t r ibu t ion   f rom 
t h a t   r e g i o n   t o   t h e   t o t a l   o p t i c a l   t h i c k n e s s  i s  small. I n  
o r d e r   t o   a c c o u n t   f o r   t h i s ,  w e  d e f i n e  a mean factor  f o r  a 
t angen t   pa th ,  R ( Z T ) ,  a s   t h e   r a t i o   o f   t h e   a c t u a l  column 
d e n s i t y   a l o n g   t h e   a b s o r p t i o n   p a t h  t o  t h e  column d e n s i t y   t h a t  
would  be  present ,   assuming  spherical   symmetry,   wi th   dis t r ibut ion 
p n ( z ) .  S ince  m o s t  i nve r s ion   a lgo r i thms  _assume s p h e r i c a l  
symmetry, equa t ion  ( 3 )  i m p l i e s   t h a t  if R < 1 (>1) , t h e  
i n f e r r e d   c o n c e n t r a t i o n  i s  smaller ( larger) t h a n   t h e   d e s i r e d  
va lue  p p ( z ) .  The quan t i t i e s   R(z ,B)   and  R can  be  obtained 
f r o m  a t lme-dependent  photochemical  calculation as desc r ibed  
i n   t h e   n e x t   s e c t i o n .  

Photochemical Model 

The c o n c e n t r a t i o n   v a r i a t i o n ,  p ( z , 0 ) ,  o f   t h e   t a r g e t   g a s  
a long  a g iven   tangent   pa th  was c a l c u l a t e d   w i t h  a t i m e -  
dependent  photochemical model us ing  a t w o  s t e p   p r o c e s s  as 
indicated  below.  The chemical scheme used  (Boughner  and 
Nealy, 1 9 7 9 )  i n c l u d e s  a l l  t h e   i m p o r t a n t   r e a c t i o n s   i n v o l v i n g  
t h e  major elements   within  the  oxygen,   ni t rogen,   hydrogen,  
a n d   c h l o r i n e   f a m i l i e s .   A l t i t u d e   p r o f i l e s   o f   t h e   l o n g - l i v e d  
spec ie s   and   chemica l   f ami l i e s  ( 0 3 ,  H 2 0 ,  C H 4 ,  N 2 0 ,  NO,, CRx) 
w e r e  h e l d   f i x e d   i n   t h e  t i m e  vary ing   ca lcu la t ions .   These  
d i s t r i b u t i o n s   a n d   t h e   i n i t i a l   p r o f i l e s   o f   t h e   r e m a i n i n g  
s p e c i e s  w e r e  computed  from 1 6  t o  55 km a t  1.5 km increments 
from a s tea .dy-state   photo-chemical   model   that   incorporates  
c o r r e c t i o n   f a c t o r s  f o r  d i u r n a l  effects  (Boughner  and  Nealy, 
1 9 7 9 ) .  Temperature   and  total   molecular  number d e n s i t y  
d i s t r i b u t i o n s   f r o m   t h e  U. S. Standard  Atmosphere (1976)  
'were used in   t he   pho tochemica l  model  and i n   t h e   s i m u l a t i o n -  
r e t r i e v a l   c a l c u l a t i o n s .  The r e su l t s   p re sen ted   be low 

43 



correspond t o  a CR, mixing r a t i o  which becomes asymptot ic  
t o  4 . 8  ppbv i n  t h e   u p p e r   s t r a t o s p h e r e .   T h i s   c o n c e n t r a t i o n  
w a s  u s e d   i n  order t o  o b t a i n   s u f f i c i e n t  CRO concen t r a t ions  
f o r   t h e  retrievals and t o  emphasize i t s  d i u r n a l   v a r i a b i l i t y .  
O t h e r   c a l c u l a t i o n s ,   n o t   r e p o r t e d   h e r e ,   i n d i c a t e  the conclu- 
s i o n s  are una f fec t ed  i f  a CRx concen t r a t ion  closer t o  t h a t  
which i s  thought  t o  e x i s t   p r e s e n t l y   i n   t h e   s t r a t o s p h e r e  
i s  used. 

Because   the   shor t - l ived   spec ies  are d r i v e n   p r i m a r i l y  
by p h o t o d i s s o c i a t i o n   p r o c e s s e s ,   p h o t o l y s i s  rates were 
c a l c u l a t e d  for  a spher ica l   a tmosphere  a t  the  equinox  and a 
l a t i t u d e  of 45O w i t h   m o l e c u l a r   s c a t t e r i n g   a n d   r e f l e c t i o n  from 
t h e  lower atmosphere  and  surface  included.  Due t o  t h e   i n h e r e n t  
d i f f i c u l t i e s   a s s o c i a t e d   w i t h  making m u l t i p l e   s c a t t e r i n g  
c a l c u l a t i o n s   i n  a spher ica l   a tmosphere   for   g raz ing  sun ang les ,  
on ly   t he   s ing le   s ca t t e r ing   approx ima t ion  w a s  used. However, 
compar i sons   w i th   de t a i l ed   mu l t ip l e   s ca t t e r ing   ca l cu la t ions  
(Luther  e t  a l .  , 19781 a t  zeni th   angles   where   the   p lane-  
pa ra l l e l   app rox ima t ion  i s  v a l i d   i n d i c a t e   t h a t  o u r  s i n g l e  
s c a t t e r i n g  resul ts  account   for   about  70 t o  80 percen t   o f   t he  
e f f e c t s  of s c a t t e r i n g   o n   t h e   p h o t o l y s i s  rates. Back r e f l e c -  
t i o n  f r o m  t h e  lower atmosphere/surface  system,  which  embodies 
t h e   i n f l u e n c e  of cloud  and aerosol s c a t t e r i n g ,  w a s  t r e a t e d  
very  simply as a Lamber t i an   su r f ace   w i th   r e f l ec t iv i ty   0 .25 .  
With the   Lamber t i an   a s sumpt ion ,   t he   pho to lys i s   r a t e s   a r e  
independent of t h e  assumed s u r f a c e   r e f l e c t i v i t y   f o r   h i g h  
so la r  zen i th   ang le s .  

F igu res  2 and 3 i l l u s t r a t e   t h e   v a r i a t i o n s   o f  CRO and NO, 
r e s p e c t i v e l y ,  a t  sunset as a func t ion  of local  zen i th   ang le  
a l o n g   t h e   a b s o r p t i o n   p a t h  fo r  t a n g e n t   a l t i t u d e s  of 1 9  krn 
and 34 k m ,  computed as descr ibed  above.  The v a r i a t i o n   w i t h  
z e n i t h   a n g l e   r e p r e s e n t s   b o t h   a l t i t u d i n a l   a n d   d i u r n a l  
v a r i a t i o n s .  

S imula t ion -Re t r i eva l   Ca lcu la t ions  

A s imula ted   rad iance  w a s  c a l c u l a t e d  for  32 t angen t  
a l t i t u d e s  between 1 6  and 55 km us ing   equa t ions  (1) and ( 3 )  
combined w i t h   t h e  t i m e  v a r y i n g   d e n s i t i e s ,  p ( z ,  e ) ,  from t h e  
photochemical   model   calculat ions.  The mass abso rp t ion  
c o e f f i c i e n t  was modeled  with a Lorentz   o r   Voight   l ine   shape  
depending on a l t i t u d e  and  f requency.   Line  s t rengths   and 
ha l f -wid ths  f o r  CEO (Rogowski e t  a l .  , 1978)  and NO (Abels 
and Shaw, 1966).  complete  the  information  needed t o  s p e c i f y  
x . The re t r ieval  a lgo r i thm i s  an  onion  peel  method 
(yallamaraju,  1975)   adapted   for   use   wi th  a h i g h   s p e c t r a l  
r e s o l u t i o n  laser heterodyne  radiometer  (Menzies,  1 9 7 9 ;  
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Peyton e t  a l . ,  1975) .  I n t e r f e r e n c e  f r o m  o ther   a tmospher ic  
gases wi th   nearb .y   absorp t ion   l ines  w a s  i n c l u d e d   i n   t h e  
c a l c u l a t i o n  of x based on t h e  AETRL compilat ion 
(McClatchey, 1973y ,  b u t   i n  a l l  cases t h e  effect w a s  
n e g l i g i b l e  on t h e   i n f e r r e d   c o n c e n t r a t i o n .  Most onion-peel 
r e t r i e v a l s   u s e   t h e   a s s u m p t i o n   o f   s p h e r i c a l  symmetry t o  reduce 
t h e  number of unknown d e n s i t i e s   a l o n g   t h e   a b s o r p t i o n   p a t h  t o  
t h e   d e n s i t y  a t  t h e   t a n g e n t   p o i n t .  A f t e r  t h i s   d e n s i t y  is 
ob ta ined ,  it becomes available f o r   u s e  a t  lower t angen t  
a l t i t u d e s .  If R ( z , 8 )  = 1, the  assumption of s p h e r i c a l  
symmetry h o l d s ,   a n d   t h e   r e t r i e v a l   p r o c e s s  w i l l  reproduce  the 
v e r t i c a l   c o n c e n t r a t i o n   p r o f i l e .   T h o s e   s p e c i e s  fo r  which 
R ( z ,  8 )  d i f f e r s   g r e a t l y  from 1 are subject t o  error because 
t h e   a v e r a g e   d e n s i t y  [0 .5{p(z ,O)  + p ( z , n  - e ) ) ]  a t  a l t i t u d e  z 
a l o n g   t h e   a b s o r p t i o n   p a t h  w i l l  no longer   match   the   p rev ious ly  
i n f e r r e d   d e n s i t y  a t  t h e   t a n g e n t   p o i n t  p n ( z ) .  The i n a b i l i t y  
o f   t h e  re t r ieval  t o  d e t e c t   t h i s   d e v i a t i o n  f rom  spher ica l  
symmetry w i l l  l e a d  t o  errors i n   t h e   r e t r i e v e d   p r o f i l e  as 
i l l u s t r a t e d   i n   F i g u r e s  4 and 5. Here, t h e   i n v e r t e d   p r o f i l e s  
f o r  CEO and NO a r e   d i s p l a y e d   a t   s u n s e t   a l o n g  w i t h  t h e   i n v e r t e d  
l o c a l   s u n s e t   p r o f i l e  p n ( z ) .  

D I S C U S S I O N  

The a symmet r i ca l   d i s t r ibu t ions   d i sp l ayed  i n  F i g u r e s  2 and 
3 are ind ica t ions   o f   t he   chemica l   conve r s ions   t ak ing   p l ace  
a long   t he   l imb   i n   r e sponse  t o  v a r i a t i o n s   i n   t h e  amount of 
t r ansmi t t ed   sun l igh t .   Fo r  NO, t h e  symmetry i s  p a r t i c u l a r l y  
pronounced a t  low s t r a t o s p h e r i c   a l t i t u d e s   w h e r e  NO i s  r a p i d l y  
converted t o  NO2 v i a   r e a c t i o n   w i t h  03 as s u n l i g h t   i n   t h e  
wavelength  region of NO2 p h o t o l y s i s   r a p i d l y   d i m i n i s h e s   f o r  
0 > 90°. The asymmetry i s  sma l l e r  for  CEO because i t s  major 
loss a t   " n i g h t "  i s  conversion t o  CRON02 by r e a c t i o n   w i t h  NO2 
which  occurs  on a longe r  t i m e  s ca l e   i n   compar i son   w i th   t he  NO 
t o  NO2 conversion.  A t  1 9  km, t h e  skewed d i s t r i b u t i o n   f o r  NO 
r e s u l t s   i n   a p p r o x i m a t e l y  75 p e r c e n t   o f   t h e  t o t a l  o p t i c a l  
d e p t h   i n   t h e   t a n g e n t   p a t h   o c c u r r i n g   o n   t h e  sun s i d e  of t h e  
t angen t   po in t ,   wh ich   con t r a s t s   sha rp ly   w i th   t he  50-50 s p l i t  
assumed for  s p h e r i c a l  symmetry. In   addi t ion ,   the   inhomogenei ty  
f a c t o r s  are s u b s t a n t i a l l y  smaller than  1. T h i s   f a c t  is  
r e f l e c t e d   i n   t h e  R v a r i a t i o n  shown i n   F i g u r e  6 as a f u n c t i o n  
of t angen t   he igh t .   S ince  R < 1, t h e   r e t r i e v e d   p r o f i l e  w i l l  
f a l l  p r o g r e s s i v e l y   b e l o w   t h e   d e s i r e d   p r o f i l e  p ( z )  as 
t h e   t a n g e n t   a l t i t u d e   d e c r e a s e s ,  a fact  confirme8 by t h e  
s i m u l a t e d   r e t r i e v a l  shown i n   F i g u r e  5. For CEO, the   parameter  

- 
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dev ia t e s   f rom  un i ty  by less than 1 0  p e r c e n t   f o r   a l t i t u d e s  
above 1 6  km so t h a t   t h e   r e t r i e v e d   p r o f i l e  i s  close t o  pn(z )  , 
as shown i n   F i g u r e  4 .  R e s u l t s  for CRO and NO a t  s u n r i s e  are 
similar t o  t h o s e   d i s p l a y e d   i n   F i g u r e s  4 and 5 excep t   t he  
a l t i t u d e  a t  w h i c h   t h e   r e t r i e v e d   p r o f i l e   b e g i n s  t o  d e v i a t e  
f r o m  p n ( z )  i s  moved upward by approximately 4 km for both  
CRO and NO. A l though   t hese   r e su l t s  were obta ined   wi th   one  
s p e c i f i c  re t r ieval  technique ,   any   occul ta t ion   absorp t ion  
t e c h n i q u e   t h a t  assumes s p h e r i c a l  symmetry  and a t t empt s  t o  
i n f e r  a v e r t i c a l   c o n c e n t r a t i o n   p r o f i l e   f r o m   - t h e   d i u r n a l  
v a r i a t i o n   u s e d   i n   t h i s   p a p e r  w i l l  r ep roduce   t he   ove ra l l   t r end  
of   F igures  5 and 6 .  

I n  summary, n e g l e c t  of t h e   t w i l i g h t   v a r i a t i o n   o f  CLO 
r e s u l t s   i n  less than  1 0  pe rcen t   d i f f e rences   be tween   t he  
i n v e r t e d   p r o f i l e   a n d   t h e   t r u e   p r o f i l e   a b o v e  1 8  km. For NO,  
however ,   these  var ia t ions  must  be inc luded  for  a l t i t u d e s  
below approximately 30 t o  35 km. Otherwise ,   the   inver ted  
p r o f i l e  becomes s u b s t a n t i a l l y   s m a l l e r   t h a n   t h e   t r u e  90° 
p r o f i l e .  Time-dependent  photochemical  calculations,   such 
as t h o s e  summarized h e r e ,  are one way t o  i n c o r p o r a t e   t h e s e  
e f f e c t s  i n t o  t h e   i n v e r s i o n   p r o c e s s .  However, t h e   i n f l u e n c e  
of va r ious  model input   parameters   and  assumptions  on  the 
i n v e r t e d   p r o f i l e s   m u s t   b e   c a r e f u l l y   s t u d i e d   i n   o r d e r   t o  
e s t a b l i s h   t h e   f e a s i b i l i t y  of th i s   approach .  
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Figure  1.- Occul ta t ion  geometry. 
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Figure 2 . -  Sunse t   va r i a t ion  of CRO concent ra t ion  as a 
func t ion  of loca l   zen i th   ang le   a long   abso rp t ion  
pa th   €or   t angent   he ights  of 19  and 34 km. 

49 



TANGENT HEIGHT 
19 km 

x io8 "- 34 km 

84 86 88 90 92 94 96 
ZENITH ANGLE, DEG. 

F i g u r e  3 . -  S u n s e t   v a r i a t i o n   o f  NO c o n c e n t r a t i o n  as a 
f u n c t i o n  of local  z e n i t h   a n g l e   a l o n g   a b s o r p t i o n  
p a t h   f o r   t a n g e n t   h e i g h t s   o f  1 9  and 34 km. 
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Figure 4 . -  Retr ieved CRO sunse t   p ro f i l e s   based  on two 
s imulated  radiance  data  sets with R ( z , 8 )  # 1 
(dashed   l ine)  and R ( z , 8 )  = 1 ( s o l i d   l i n e )   i n  
equat ion ( 3 ) .  For  both cases, t h e   r e t r i e v a l  
a lgori thm assumes R ( z , 8 )  = 1. S o l i d   l i n e   a g r e e s  
c l o s e l y   w i t h   a c t u a l   t a n g e n t   h e i g h t   d i s t r i b u t i o n  
pn(z)  (not  shown). 
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ABSTRACT 

Laser Heterodyne  Spectroscopy (LHS) t echniques   wi th  s e m i -  
conductor  laser  local o s c i l l a t o r s  ( L O )  i n   t h e  3-30 pm range 
h a v e   t h e   p o t e n t i a l  t o  measu re   r ad ica l   gas   spec ie s   i n   t he  
s t r a t o s p h e r e .  The goa l   o f   th i s   exper iment  i s  t o  measure 
rad ica l   gases   f rom  Space lab ,   inc luding  CEO, CRON02,  H 0 2 ,  
H 2 0 2 ,  N 2 0 5 ,  and HOCR i n   s o l a r   o c c u l t a t i o n   w i t h   v e r t i c a l  
r e s o l u t l o n  < 2 km and   ve r t i ca l   r ange  from 1 0  t o  70 k m .  
Sensit ivity-analyses  have  been  performed on CEO and 03 t o  
de te rmine   des ign  c r i te r ia  f o r   t h e  LHS ins t rument .   Resul t s  
show t h a t  03 and CRO ve r t i ca l   p ro f i l e s   can   be   measu red   w i th  
an  accuracy 2 95 percent   and > 80 p e r c e n t ,   r e s p e c t i v e l y ,   o v e r  
t h e  t o t a l  p ro f i l e .   These   accu rac i e s   r equ i r e   t he  LO t o  maintain 
t h e   f o l l o w i n g   c h a r a c t e r i s t i c s :   f r e q u e n c y   s t a b i l i t y  ( A f w  < 20 
MHz), s i n g l e  mode power (PLO 500 pW), and minimum frequency 
d r i f t  ( <  5 MHz). Laboratory  heterodyne  measurements  performed 
w i t h   s e z c o n d u c t o r  lasers genera ted  t h e  same shot-noise  
photocurren t  as C 0 2  lasers for   comparable   s ing le  mode power. 
"Excess-noise"   regions were i d e n t i f i e d ,   b u t   c o u l d   b e  wave- 
l e n g t h   c o n t r o l l e d  by f i n e   c o n t r o l  of ope ra t ing   t empera tu re  
a n d   i n j e c t i o n   c u r r e n t .   D o p p l e r   s h i f t   e f f e c t s   a n d   l i m i t e d  
so l a r  occul ta t ion  measurement  times due t o  S p a c e l a b   o r b i t s  
should  pose minimum miss ion   cons t r a in t s  on the experiment.  

I - INTRODUCTION 

The p o s s i b i l i t y   t h a t   a n t h r o p o g e n i c   a c t i v i t y   m i g h t   a f f e c t  
t h e   d e l i c a t e   b a l a n c e  of s t r a tosphe r i c   ozone  became apparent  
i n  1 9 7 1  w i t h   t h e   p o t e n t i a l   t h a t   i n j e c t i o n  of oxides  of 
n i t r o g e n  11 ,2 ]  wou ld   i nc rease   t he  ra te  o f   c a t a l y t i c   d e s t r u c -  
t i o n  of 03. S i n c e   t h e n ,   o t h e r   e f f e c t s  on the   chemis t ry  of 
the   upper   a tmosphere   have   been   ident i f ied   inc luding   ch lor ine  
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from  chlorofluorocarbons  [3],   bromine compounds [ 4 ] ,  and 
pe r tu rba t ions   t o   t he   g loba l   n i t rogen   cyc le   and   a tmosphe r i c  
N 2 0  [ 5 , 6 ] .   S i n c e   , t h a t  t i m e  a number o f   s c i e n t i f i c   m e a s u r e -  
ments  of  the  upper  atmosphere  have  been  performed  from 
ground-based ,   a i rc raf t   and   ba l loon   p la t forms   and   compared   to  
photochemical  models  of  the  atratosphere [ 71. Recently,  a 
s a t e l l i t e   i n v e s t i g a t i o n  of t h e   s t r a t o s p h e r e  (Nimbus-7) w a s  
l aunched   to   measure   aerosols   and   severa l   molecular   spec ies  
of   the   n i t rogen   ox ide   chemica l   fami ly  [ 8 ] .  

I n  1 9 7 7 ,  a science  working  group was sponsored by  t h e  
National  Aeronautics  and  Space  Administration t o  develop a 
sa te l l i t e  program to   pe r fo rm  r e sea rch  on the   chemis t ry ,  
dynamics,   and  energy  balance  of t h e  upper  atmosphere [ 9 ] .  
A major  recommendation  of t h e  working  group w a s  t h a t  
measu remen t s   o f   s eve ra l   f ami l i e s   o f   s t r a tosphe r i c   cons t i t uen t s  
including  oxygen,   ni t rogen,   hydrogen,   and  chlor ine  should be 
c o n d u c t e d   t o   u n d e r s t a n d   t h e   i n t e r a c t i o n   o f   t h e s e   b a s i c  
f a m i l i e s   a n d   t h e i r   e f f e c t s  on t h e   g l o b a l   b u d g e t   o f   s t r a t o s p h e r i c  
0 3 .  These   chemica l   fami l ies   a re   s imi la r  since they   conta in  
th ree   bas i c   t ypes   o f   spec ie s :   sou rce  molecules which a r e  
r e l a t i v e l y   s t a b l e  compounds, r a d i c a l s   t h a t   a r e   s h o r t - l i v e d  
der ivat ives   of   source  molecules ,   and  s ink  molecules   that   are  
chemical ly   evolved  forms  of   the  radicals .   Infrared  measure-  
ments  of  source, s i n k ,  and r a d i c a l   s p e c i e s   r e p r e s e n t  an 
important   technique  for   s t ra tospheric   observat ions,   s i ,nce '   most  
of t h e  impor t an t   spec ie s   con ta in   v ib ra t iona l - ro t a t iona l   spec t r a  
from 3.0 t o  30.0 vm. Two types  of   measurements   avai lable  
f o r   s t r a t o s p h e r i c   o b s e r v a t i o n s   a r e   s o l a r   o c c u l t a t i o n  and 
limb emission [lo] f o r  which s e v e r a l   g e n e r i c   c l a s s e s   o f  
i n s t rumen t s  can be u s e d ,   i n c l u d i n g   g a s   f i l t e r   c o r r e l a t i o n  
radiometry 1113, i n t e r f e romet ry ,  1101 gra t ing   spec t romet ry ,  
and laser heterodyne  spectroscopy 1 2  I .  

For  performing  measurements  of  most  of  the  major  source 
a n d   s i n k   g a s e s   i n   t h e   s t r a t o s p h e r e ,   g a s   f i l t e r   c o r r e l a t i o n  
r ad iomet ry   and   i n t e r f e romet ry   a r e   s chedu led   fo r   s a t e l l i t e  
and   Space lab   i nves t iga t ions .   Fo r   pe r fo rming   i n i t i a l  
detection  and  measurement  of some o f   t h e   r a d i c a l   g a s   s p e c i e s  
(e.g.  CEO, H 0 2 ,  HOCR, H202, N2O5, ...), laser heterodyne 
spectroscopy may be r equ i r ed  du t o  t h e  i n h e r e n t   h i g h   s p e c t r a l  
r e s o l v i n g  power (,Av 0 . 0 0 1  cm-') and   t he   po ten t i a l   ga in  i n  
s igna l   t o   no i se   o f   t he   he t e rodyne   de t ec t ion   sys t em.  A r e c e n t  
measurement  of s t r a t o s p h e r i c  CRO w i t h  he te rodyne   de tec t ion  
from a ba l loon   p la t form u s i n g  a C140212 l a s e r   t r a n s i t i o n   a s  
t h e  l o c a l   o s c i l l a t o r   h a s  been r epor t ed  [13]. Exce l l en t  
reviews  of   the  theory  of   heterodyne  receivers   for  t h e  i n f r a r e d  
have  been  published 1 1 2 , 1 4 1 ,  and  atmospheric measurements of  
t r a n s m i s s i v i t y  L151, s t r a t o s p h e r i c  O 3  [ 1 6 , 1 7 1  and 
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t r o p o s p h e r i c  NH3 1181 have  been  reported  with C02 lasers as 
local oscil lators.  The use of C02 lasers as local 
osci i la tors ,  however, l i m i t s  the species  which  can be 
measured   s ince   the   over lap   o f  C02 laser t r a n s i t i o n s   w i t h  
molecu la r   abso rp t ion   l i nes   i nvo lves  a l imited number of 
atmospheric  molecules. Tunable   Pb-sal t   semiconductor  lasers 
p r o v i d e   t h e   a b i l i t y  t o  measure a v a r i e t y  of s t r a t o s p h e r i c  
molecules, wh i l e  also o p t i m i z i n g   m o l e c u l a r   l i n e   s t r e n g t h s  
and  atmospheric windows in   t he   a tmosphe re  [19]. Measurements 
of s t r a t o s p h e r i c  O3 [20] and HN03 [211 have been   repor ted  
from ground-based so la r  occu l t a t lon   sys t ems   u s ing   i n f r a red  
semiconductor lasers and  demonstrate  the  importance of high 
r e s o l u t i o n   i n   r e s o l v i n g   m o l e c u l a r   a b s o r p t i o n   s p e c t r a  
i n  t h e   s t r a t o s p h e r e .  

I n  th . is  paper ,   an   exper iment   concept   and   ana lys i s  of a 
Laser Heterodyne  Spectrometer (.LHS) experiment f r o m  a Space- 
lab p la t fo rm f o r  measuring t h e  v e r t i c a l   p r o f i l e s  of s e v e r a l  
s t r a t o s p h e r i c   t r a c e   g a s e s  w i l l  be described. The goa l  of 
this experiment  i s  t o  develop a m u l t i p l e   g a s ,  laser heterodyne 
r e c e i v e r   w i t h  the c a p a b i l i t y  t o  measure 2 t o  4 gases  
s imul taneous ly   f rom  Space lab   and   u l t imate ly   f ree- f lyer  
p l a t fo rms .   Spec i f i c   t a rge t   gases   fo r   t h i s   expe r imen t  w i l l  be 
determined after co l l abora t ive   expe r imen t s  w i t h  i n t e r f e r o -  
metric a n d   g a s   f i l t e r   c o r r e l a t i o n  radiometers have  been 
ana lyzed .   Sens i t i v i ty   ana lyses  are cur ren t ly   be ing   per formed 
for  tenuous  molecules  such as CRO, C R O N 0 2 ,  HOCR, H02,  H202, 
and N2O5, a l t h o u g h   t h e   c a p a b i l i t y   e x i s t s   w i t h  LHS t o  measure 
more abundant   gases   such  as  03, HNO3, N20,  N02, CH4,  and 
others. The exper iment   opera tes   in  a s o l a r   o c c u l t a t i o n  mode, 
measu r ing   ve r t i ca l   p ro f i l e s   f rom 1 0  t o  70 k m ,  w i t h  v e r t i c a l  
r e s o l u t i o n  < 2 km. I n   t h e   a n a l y s i s  of t h e  experiment  concept,  
tunable  semTconductor lasers are considered as l o c a l  
osc i l la tors  from 7.5 t o  1 3 . 0  pm. Laboratory  measurements 
of some pe r fo rmance   cha rac t e r i s t i c s   o f   t he   l oca l  o sc i l l a to r  
and   he te rodyne   de tec tor  are u s e d   i n   s e n s i t i v i t y   s t u d i e s   o f  
t he   expe r imen t .   These   r e su l t s   p rov ide   t he  basic des ign  
cr i ter ia  for   development  of an LHS ins t rument   for   per forming  
a number o f   s c i e n t i f i c   i n v e s t i g a t i o n s  from  Spacelab  in the 
upper  atmosphere. 

11. EXPERIMENT  CONCEPT 

The experiment   concept  for  t h e  LHS experiment  i s  shown i n  
F igure  1. A detai led d e s c r i p t i o n  of t h e  solar o c c u l t a t i o n  
technique for  measuring t h e  v e r t i c a l   p r o f i l e  of molecular  
gases has   been  presented for  r ad iomet r i c   s enso r s ,   i nc lud ing  
d e t a i l s  of the   on ion-pee l ing   technique  111,221. The major 
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d i f f e r e n c e  of t h e  LHS experiment over o the r   t echn iques  is i n  
t h e   u s e  of h e t e r o d y n e   d e t e c t i o n ,   w i t h   h i g h   s p e c t r a l   r e s o l v i n g  
power of t h e   o p t i c a l  receiver, and   sho t -no i se   l imi t ed   de t ec -  
t i o n  of the   he t e rodyne   p rocess .   In   fo rmula t ing  a s c i e n t i f i c  
i n v e s t i g a t i o n .  for t h e  LHS e x p e r i m e n t ,   s c i e n t i f i c -  gases must 
be  chosen  which  s ignif icant ly  add t o  measurements  of  the 
s t r a tosphe re   cu r ren t ly   p roposed  by o t h e r   t e c h n i q u e s ,   e i t h e r  
through new measurements, i n   s i g n i f i c a n t l y   i m p r o v i n g   t h e  
accuracy of previously  measured  gases ,  or i n   s i g n i f i c a n t l y  
i m p r o v i n g   s p e c i f i c   s c i e n t i f i c   m e a s u r e m e n t s   o f   s t r a t o s p h e r i c  
chemistry,   such as ratios of CRO/C2ONO2. Candidate gases 
which f a l l   i n   t h e s e   c a t e g o r i e s   i n c l u d e  most r a d i c a l   g a s  
spec ie s ,   such  as CEO, C R O N 0 2 ,  H 0 2 ,  H202,  HOCR, and N2O5. 
T h e r e f o r e ,   i n   t h e   d e f i n i t i o n   o f   t h e  LHS experiment ,  it is  
impor tan t  t o  determine estimates o f   t h e   a b i l i t y   o f   t h e   e x p e r i -  
ment t o  g e n e r a t e   t h e   v e r t i c a l   p r o f i l e s   o f   t h e s e  gases wi th  
h igh   prec is ion   and   accuracy .  Also, s i n c e  most of t h e s e  
r a d i c a l  gas s p e c i e s  are d i u r n a l l y   v a r y i n g ,  it is  impor tan t  
t o  a d d r e s s   t h e   q u e s t i o n   o f   i n t e r p r e t a t i o n   o f  solar  o c c u l t a t i o n  
data   in   photochemical   models .  A d i s c u s s i o n  of t h e  la t ter  has  
been  presented 1231 and c u r r e n t l y  does not   appear  t o  
s igni f icant ly   impact   the   measurement   o f  LHS t a rge t   mo lecu le s .  

A s i n g l e  gas LHS ins t rument  is shown i n   F i g u r e  2 .  A 
conven t iona l   he t e rodyne   f ron t - end   r ece ive r  collects t h e  
radiometric s o l a r   s i g n a l   w h i c h   s e r v e s  as a blackbody  continuum 
s o u r c e ,   a t t e n u a t e d   b y   i n d i v i d u a l   v i b r a t i o n a l - r o t a t i o n a l  
abso rp t ion   l i nes   o f   s t r a tosphe r i c   mo lecu le s .  A semiconductor 
laser tuned  t o  t h e   a b s o r p t i o n  maximum of  a v i b r a t i o n a l   l i n e  
serve.s as t h e  local osci l la tor ,  s i m u l t a n e o u s l y   i r r a d i a t i n g   t h e  
su r face   o f  a mercury-cadmium-telluride (Hg-Cd-Te) photomixer 
w i t h   t h e  solar s igna l .   Phase   f ron t s  of the  incoming 
r ad iomet r i c   s igna l   and  local o sc i l l a to r  must be matched a t  
the  photomixer  t o  o b t a i n  maximum mix ing   e f f i c i ency .   In   t he  
photomixing  process,  a range   of   in te rmedia te   f requencies  ( I F )  
i n   bo th   uppe r   and  lower s idebands are g e n e r a t e d ,   w i t h   t h e  
upper l i m i t  o f   th i s   range   de te rmined  by the   f requency  
response   o f   the   photomixer   and   preampl i f ie r   sys tem.  The t w o  
s idebands are fo lded  a t  t h e  I F  so t h a t  a g iven   rad io   f requency  
( R F )  f i l t e r   c o n t a i n s   c o n t r i b u t i o n s  from both  upper  and lower 
s idebands.  A mult iplex  advantage i s  ga ined  by s imul taneous ly  
sampl ing   the  I F  range  with a set of   consecut ive R F  f i l t e r s ,  
and a m a x i m u m  t w o - f o l d   i n c r e a s e   i n   s i g n a l  i s  ob ta ined  by 
t u n i n g   t h e  local  o sc i l l a to r  t o  an absorpt ion  peak.  For 
p h o t o v o l t a i c  Hg-Cd-Te de tec tors ,   f requency   responses  > 1.5 
GHz a t  t h e  3 dB r o l l - o f f   p o i n t ,   w i t h  2 5 %  quantum  eff ic iency,  
have  been  reported 1 2 4 1 ,  a l t h o u g h   s i g n . i f i c a n t l y   h i g h e r  quantum 
eff ic iencies   with  research  photomixers   have  been  measured  in  
o u r   l a b o r a t o r y .  
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The channel ized  I F  s i g n a l s  are p r o p o r t i o n a l  to  the 
a tmospher i c   t r ansmiss iv i ty  a t  a p a r t i c u l a r   s p e c t r a l   l o c a t i o n  
w i t h i n   t h e   a b s o r p t i o n   l i n e ,   a n d  are a measure of t h e   d i s t r i -  
b u t i o n   o f   s p e c t r a l   a b s o r p t i o n  of a molecu la r   t r ans i t i on .  The 
I F  s i g n a l s  are subsequent ly   converted t o  a molecular gas 
Concentrat ion a t  t h e   t a n g e n t   a l t i t u d e  by  an  inversion  a lgori thm. 
u t i l i z i n g  Beer's l a w .  Vertical p r o f i l e s   o f  gas concen t r a t ions  
i n   t h e   s t r a t o s p h e r e  are obta ined   by   locking   the   ins t rument  
po in t ing   sys t em t o  a f i x e d   l o c a t i o n  on the solar d i s c  and 
u s i n g   t h e   o r b i t a l   m o t i o n  of t h e   s p a c e c r a f t  t o  genera te   var ious  
s lan t   pa th   angles   th rough  the   a tmosphere .  The lower a l t i t u d e ,  
l i m i t  i s  determined  by  cloud  cover.  The vertical  r e s o l u t i o n .  
of t h e  measurement i s  d e t e r m i n e d   e s s e n t i a l l y  by t w o  parameters:  
(1) t h e   f i e l d   o f  view ( <  0 .25  mrad) , and ( 2 )  t h e  p o s t  detection 
i n t e g r a t i o n  t i m e  (T) to-achieve s i g n a l - t o - n o i s e   r a t i o s   d e f i n e d  
by t h e  d e s i r e d   s e n s i t i v i t y  of t h e  measurement. I n   t h e  
s i m u l a t i o n   s t u d i e s  t o  be   d i scussed   subsequen t ly ,   i n t eg ra t ion  
times of  1 0 0  t o  500 m s  p r o v i d e   s u f f i c i e n t   s e n s i t i v i t y  for  most 
of t h e   s t r a t o s p h e r i c  gases analyzed,   with a v e r t i c a l  
r e s o l u t i o n  - < 2 km. 

A major subsystem  not shown i n   F i g u r e  2 b u t   c r u c i a l  t o  
t h e  LHS experiment   concept  i s  the wavelength   ident i f ica t ion   and  
con t ro l   sys t em fo r  i d e n t i f y i n g   t h e  local  o s c i l l a t o r   w a v e l e n g t h  
and   con t ro l l i ng  it t o  a s p e c i f i e d   p r e c i s i o n   r e q u i r e d  by t h e  
s c i e n t i f i c  measurement  and t o  account  f o r  Dopp le r   sh i f t s .  
S e n s i t i v i t y   s t u d i e s   p e r f o r m e d   f o r  some of t h e  LHS t a r g e t   g a s e s  
i n d i c a t e   t h a t  a 5 MHz p rec i s ion   i n   wave leng th  i s  r e q u i r e d  t o  
g e n e r a t e   v e r t i c a l   p r o f i l e s   w i t h   a n  rms u n c e r t a i n t y  < 5 8 .  For 
l a r g e r  r m s  u n c e r t a i n t i e s   i n   t h e   r e t r i e v e d   p r o f i l e s ,  rms 
u n c e r t a i n t i e s  of 20  t o  30 MHz are accep tab le .  To meet t h e s e  
s c i e n t i f i c   r e q u i r e m e n t s  a combination of low pressure   gas  
cel ls  w i t h  a p p r o p r i a t e   r e f e r e n c e   g a s e s  ( i .e.  S 0 2 ,  NH3) and 
a Fabry -Pe ro t   e t a lon   shou ld   be   adequa te   fo r   f i na l   des ign  of 
the LHS o p t i c a l   r e c e i v e r .  

- 

111. SENSITIVITY ANALYSIS 

The s e n s i t i v i t y   a n a l y s i s   p e r f o r m e d   f o r  t h e  LHS experiment 
c o n s i s t e d  of t h r e e   b a s i c   c o d e s :  (1) a l i n e - b y - l i n e   r a d i a t i v e  
t r a n s f e r  code t o  ca lcu la te   t ransmiss ion   th rough  the   upper  
a tmosphere   in   nar row  spec t ra l   ranges ,   spanning   the  2 .0  t o  
1 5 . 0  u m  range;  ( 2 )  an   i n s t rumen t   t r ans fe r   code   t o   s imu la t e  
the   i n s t rumen t   r e sponse   func t ion ,   conve r t ing  so la r  i r r a d i a n c e  
t o  d i g i t i z e d  voltages vs .   a l t i t ude ,   and  ( 3 )  an i n v e r s i o n  
a lgor i thm t o  c o n v e r t   t h e   d i g i t i z e d   v o l t a g e s  t o  v e r t i c a l  
p r o f i l e s .  
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I n   t h e   r a d i a t i v e   t r a n s f e r  code, t r a n s m i t t a n c e  of t h e   s o l a r  
s igna l   th rough  the   a tmosphere  i s  governed  by Beer's l a w ,  and 
a spherical ly   symmetr ic   a tmosphere i s  assumed c o n s i s t i n g  of 
1 0 0  s h e l l s   w i t h   d e n s i t y  pg and  absorpt ion cross s e c t i o n  kg 
d e f i n e d   i n   e a c h   s h e l l   f o r   t h e   t a r g e t   g a s  and i n t e r f e r i n g   g a s  
l i n e s .  The a l t i tude   dependence  of kg i s  governed  by  the 
tempera ture   dependence   of   the   l ine   s t rength ,  and t h e   p r e s s u r e  
and  temperature  dependence of the   ha l f   w id ths   o f   t he   l i nes .  
L ine   s t rengths ,   Lorentz   ha l f   wid ths ,   and  lower state e n e r g i e s  
are taken  from t h e  AFCRL compilation  [251  and  supplemented  with 
measurements  using  semiconductor lasers [26,27,28].  

The model f o r   t h e   i n s t r u m e n t   t r a n s f e r  code is  shown i n  
Fig. 3 .  In   t he   he t e rodyne   conve r s ion   p rocess ,   t he   r ece ive r  
i n t e g r a t e s   o v e r   t h e  s o l i d  a n g l e   f i e l d  of view ( a )  , d e t e c t o r  
area (.A) and  intermediate  frequency  channel  bandwidth (BIF) 
t o  genera te   an  I F  c u r r e n t   i n   e a c h   c h a n n e l ,   p r o p o r t i o n a l  
t o  t h e   i n p u t   r a d i a n c e  a t  e a c h   t a n g e n t   a l t i t u d e .   I n t e g r a t i o n  
o v e r   t h e   f i e l d  of view  and  detector area is  ca l cu la t ed   acco rd ing  
t o  Siegman's  antenna  theorem [ 2 9 ]  as 

where  P(v,HT). = s p e c t r a l  power a t  the  photomixer   (ergs/  

sec-cm ') ; B ( v  ,HT)  = solar  r a d i a n c e   a t t e n u a t e d  by t h e  

atmosphere  (ergs/sec-cm -sr-cm ) ;  Q = s o l i d   a n g l e   f i e l d  of 
view (sr) ; A = photomixer area ( c m 2 )  ; X = wavelength ( c m )  . 
The e x p r e s s i o n   f o r   t h e   d c   c u r r e n t   s i g n a l   g e n e r a t e d   i n   e a c h  
channel  i, i s  g iven  by 

c 

-1 2 

where e = e lec t ron ic   cha rge ;  q = e f f e c t i v e   d e t e c t o r  quantum 
e f f i c i e n c y ;  PLo = l oca l   o sc i l l a to r  power (watts) ; h = Planck ' s  
c o n s t a n t ;  v = wavenumber. [ H O ( I F )  1 2 ;  ( H p A ( I F )  l 2  = power 
s p e c t r a l   d e n s i t y   t r a n s f e r   f u n c t i o n  of the  photomixer  and 
p r e a m p l i f i e r ,   r e s p e c t i v e l y .  The d c   s i g n a l   c u r r e n t s  are 
then  assumed t o  be d i g i t i z e d   w i t h  a d i g i t i z a t i o n  error of 
- +0.1%, and are s u b s e q u e n t l y   u t i l i z e d   w i t h   t h e   i n v e r s i o n  
a lgor i thm t o  o b t a i n   t h e   r e t r i e v e d   g a s   c o n c e n t r a t i o n  as a 
func t ion  of a l t i t u d e .  
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The i n s t r u m e n t   t r a n s f e r  code has  been  developed t o  
allow pa rame t r i c   s tud ie s   o f   va r ious   no i se   e f f ec t s   i nduced  
by t h e   o p t i c a l ,   e l e c t r o n i c ,  and local o s c i l l a t o r   s u b s y s t e m s .  
Variable p a r a m e t e r s   i n   , t h e  model inc lude  local  oscil lator 
power, e f f e c t i v e  detector quantum e f f i c i e n c y ,   d e t e c t o r   h a l f  
power frequency, l o w  pass   bandwidth,   and  opt ical  power losses. 
Noise  sources of t h e   d e t e c t o r   i n c l u d e   s h o t   n o i s e   o f   t h e  local 
oscil lator,  broadband  shot   noise   induced by t h e   s i g n a l ,  
l eakage   cu r ren t   o f   t he   de t ec to r ,   Johnson   no i se   o f   t he  
detector and   p reampl i f i e r ,  and. noise   induced by photomixing 
t h e  local osci l la tor  and t h e   s o l a r   s i g n a l .  The o v e r a l l  
o p t i c a l   e f f i c i e n c y  due t o   t h e   b e a m s p l i t t e r ,   o p t i c a l   c h o p p e r ,  
a n d   p o l a r i z a t i o n   e f f e c t s  are assumed t o  be 0.125 for  t h e  
s e n s i t i v i t y   a n a l y s i s .  

The invers ion   a lgor i thm  uses   the   s tandard   "onion   pee l ing"  
t e c h n i q u e   i l l u s t r a t e d   i n   F i g u r e  1 and  d i scussed   in   re fe rence  
1221 t o  conver t  t h e  d i g i t i z e d   v o l t a g e s  t o  molecular  concen- 
t r a t i o n s .  A n  important   advantage  of   the LHS t echn ique   i n  
r educ ing   t he   r ad iance  data is  t h e   a b i l i t y  of LHS t o  view a 
r e l a t i v e l y  clear channel  i n  t h e   s t r a t o s p h e r e   ( r e f e r e n c e  
c h a n n e l )   w i t h   p r o p e r   s e l e c t i o n   o f   t h e   l a s e r   l o c a l   o s c i l l a t o r  
wavelength  and  the  locat ion  of  t h e  outermost  R F  channel.  
Therefore, changes   in  the so la r   i n t ens i ty   and /o r   background  
continuum  absorption  can be minimized by r a t i o i n g   t h e  
re ference   channel   to   each   s igna l   channel .  I n  t h e  Spacelab 
exper iment ,   exoa tmospher ic   in tens i ty   weighted  by t h e  d e t e c t o r  
rol l -off   and  averaged  over   each  channel   bandwidth  can  a lso be 
obtained.  I n  t h e  s e n s i t i v i t y   a n a l y s i s   f o r  t h e  experiment,  a 
t r ansmi t t ance  ( Y i )  i s  def ined  for each  channel  as 

where I i ( E X O )  i s  t h e   s i g n a l   c u r r e n t  i n  each   channel   for   the  
exoatmosph.eric  measurement,  and I ~ ( H T )  i s  t h e   s i g n a l   c u r r e n t  
a t  a n   a l t i t u d e   c o r r e s p o n d i n g   t o   t a n g e n t   a l t i t u d e ,  HT.  This 
r a t i o  minimizes dc b i a s e s   i n  the e l e c t r o n i c   g a i n  of each 
channe l .   Subsequen t ly ,   t he   t r ansmiss ion   r a t io  i s  formed 
from  equation ( 3 )  fo r   channe l s  i and j .  
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Typica l ly ,  j i s  t h e  least absorb ing   s igna l   channel ,   and  i 
i s  t h e  ia signal   channel   wi th in   the   molecular   absorp t ion  
l i ne .   Th i s   t r ansmiss ion  ra t io  is u s e d   i n   t h e   s t a n d a r d   " o n i o n  
pee l ing"   t echnique  t o  gene ra t e  ver t ical  p r o f i l e s   o f   m o l e c u l a r  
c o n s t i t u e n t s .  

I V .  SIMULATION RESULTS 

Figure 4 shows r e s u l t s   o f   t h e  LHS s e n s i t i v i t y   s t u d i e s   f o r  
m e a s u r i n g   s t r a t o s p h e r i c  0 3  f rom  Space lab   a l t i t udes .  For 
t h i s   s i m u l a t i o n ,  a local osc i l la tor  (LO)  wavelength a t  1 1 2 9 . 4 4 2 0  
c m - l  w a s  s e l e c t e d  t o  correspond t o  the  peak  of  a r e l a t i v e l y  
i n t e n s e  03 m o l e c u l a r   t r a n s i t i o n   l y i n g   w i t h i n  an atmospheric  
window. Five. I F  channels  were selected t o  d e t e c t   r a d i a n c e s  
w i t h i n   t h e  03 l i n e   i n   o r d e r  t o  o p t i m i z e   t h e   s e n s i t i v i t y   o f   t h e  
measu remen t   ove r   t he   en t i r e   a l t i t ude   r ange .  The p o s i t i o n   o f  
t h e  I F  c h a n n e l   c e n t e r s   r e l a t i v e  t o  t h e  LO wavelength are 
l is ted as DNU ( c m - 1 ) ;  the   bandpass   of   each  channel  i s  l i s t e d  
as BETA (MHz). An i n t e g r a t i o n  t i m e ,  TAU (sec) , of 1 0 0  m s  
i s  used  for   each  channel .  For e a c h   t a n g e n t   a l t i t u d e ,  two 
channels  are used t o  i n v e r t   t h e   r a d i a n c e   d a t a .  One channel  
l ies w i t h i n   t h e  0 3  abso rp t ion   l i ne ,   and   t he   o the r   channe l  l ies  
outside t h e  a b s o r p t i o n   l i n e  t o  a c c o u n t   f o r   f l u c t u a t i o n s   i n   t h e  
background  rad iance   and   for   cont inuum  absorp t ion   e f fec ts .  For 
uppe r   a l t i t udes   where  O3 a t t e n u a t i o n  i s  r e l a t i v e l y  l o w ,  
c h a n n e l s   n e a r   t h e   c e n t e r   o f   t h e   l i n e  are used ;   fo r  lower 
a l t i t u d e s   w h e r e  0 3  a t t e n u a t i o n  i s  h igh ,   channels   in   the   wing  
o f   t h e  0 3  l i n e  are used. The c h a n n e l s   s e l e c t e d   f o r   v a r i o u s  
a l t i t u d e s  are l i s t e d  t o  t h e   r i g h t   o f  F i g .  4. 

I n   F i g .  4 ,  t h e  t w o  s o l i d  p r o f i l e s   r e p r e s e n t   t h e   i n i t i a l  
a2d mean r e t r i e v e d  03 p r o f i l e s .  Er ror  bars i n d i c a t e  
s t a n d a r d   d e v i a t i o n  of 20 s a m p l e   r e t r i e v a l s   g e n e r a t e d  by 
p e r t u r b i n g   t h e   s i m u l a t e d   i n s t r u m e n t   c u r r e n t   p r o f i l e   ( f r o m  ( 2 )  ) 
with  a random Gaussian  noise   source t o  s imu, la te  random 
ins t rument  errors. The error b a r s  are an e s t i m a t e   o f   t h e  1 
u n c e r t a i n t y   i n   t h e  LHS measurement  of  ozone a t  va r ious   t angen t  i 
a l t i t u d e s .   F i g u r e  5 shows t h e   f r a c t i o n a l  error of   the  mean 
mixing r a t io  for   the  s imulated  measurements  as a func t ion   of  
a l t i t u d e   f o r   t h e   p r o f i l e   i n   F i g .  4 .  . Measurement u n c e r t a i n t i e s  { 

< 5% can be a c h i e v e d   f o r   a l t i t u d e s  > 20  km. For a l t i t u d e s  j 

Eelow 20 km, t h e   f r a c t i o n a l  error increases due t o  t h e  
r e l a t i v e l y  small 0 3  c o n c e n t r a t i o n s   i n   t h i s   a l t i t u d e   r a n g e  
a n d   t h e   l a r g e   a t t e n u a t i o n  by 03 i n  the o u t e r   s h e l l s .  T o  
o b t a i n  a f r a c t i o n a l  error o f   t he  mean < 5 %  below 20 km r e q u i r e s  
the   u se   o f  a second local  osci l la tor  tuned t o  a weaker 03 
t r a n s i t i o n   i n   o r d e r  t o  i n c r e a s e   t h e  so l a r  r a d i a n c e   i n c i d e n t  
upon t h e  Hg-Cd-Te photomixer. U s e  of  t w o  LO 'S  f o r  the ozone 
measurement  provide  measurement  uncertainties 5 %  o v e r   t h e  
t o t a l   p r o f i l e .  

i 
; 

I 

\ 
r 
', 
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Figures  6 and 7 show similar r e s u l t s   f o r  CEO for an 
LO wavelength. of 856.499 cm'l. For CRO, t h e   f r a c t i o n a l  error 
i n   t h e  mean mixing ratio from 20 t o  42 km w a s  approximately 
20%. Larger u n c e r t a i n t i e s  for  CEO arise due t o  t h e  smaller 
d i f f e r e n t i a l  absorption s i g n a l  of t h e   r e f e r e n c e  and s i g n a l  
channels .   For   these   s imula t ions ,  it has  been  assumed t h a t  
a tmospher ic   p ressure  a t  t he   t angen t   a l t i t ude   can   be   measu red  
t o  an  accuracy of + 3% [ 301 a n d   t h e   t e m p e r a t u r e   p r o f i l e  is 
determined to  an  accuracy of + 3OK. S e n s i t i v i t y   s t u d i e s  
performed  on 03 and CRO t o  determine effects of frequency 
i n s t a b i l i t y  ( A f , ) ,  s i n g l e  mode power ( P a o ) ,  and minimum 
f r e q u e n c y   d r i f t  ( f a o )  of t h e  LO on the r e t r i e v e d   p r o f i l e s  
were e s t a b l i s h e d  as: A f w  5 20 MHz; PRO - > 500 pW; f R o  - < 5 MHz. 
These  parameters are w i t h i n   c u r r e n t   c a p a b i l i t y  of semiconductor 
laser technology. I t  shou ld   be   po in t ed   ou t   t ha t   t hese  
sens i t i v i ty   s tud ie s   have   no t   t aken   advan tage   o f   any   smoo th ing  
techniques  t o  improve  measurement  uncertainties [ 311, n o r  
have  they  considered  opt imizat ion of pos t -de t ec t ion   i n t eg ra -  
t i o n  times f o r   i n d i v i d u a l   a l t i t u d e   m e a s u r e m e n t s   i n   t h e   v a r i o u s  
channels .   These   s tud ies  are c u r r e n t l y   i n   p r o g r e s s  and  could 
provide  improvements by f a c t o r s   o f  2 i n  the r e t r i e v e d   p r o f i l e s .  

A major   uncer ta in ty   in   the   accuracy   of  t h e  r e t r i e v e d  
p r o f i l e s  fo r  LHS arises f r o m   c u r r e n t   u n c e r t a i n t i e s   i n   l i n e  
i n t e n s i t y ,   p o s i t i o n ,   a n d   h a l f   w i d t h  of t h e   t a r g e t   g a s e s .  
S m a l l  u n c e r t a i n t i e s   i n  these p a r a m e t e r s   r e s u l t   i n   l a r g e  
u n c e r t a i n t i e s   i n   t h e   r e t r i e v e d   p r o f i l e s .  The AFCRL 
compi l a t ion   [25 ]   has   been   found   t o   be   i nadequa te   i n  some 
cases f o r   t h e  LHS exper iment ,   and   fu ture   l abora tory   da ta  on 
H 0 2 ,  CRON02,  N 2 0 5  are r e q u i r e d .   S e n s i t i v i t y   s t u d i e s  are 
c u r r e n t l y   i n   p r o g r e s s   f o r  HOCR* and H202*. 

V. LABORATORY HETERODYNE MEASUREMENTS 

I n   o r d e r  t o  provide   input   parameters  t o  the s e n s i t i v i t y  
a n a l y s i s   o f  t h e  LHS experiment,   laboratory  measurements  have 
been  performed t o  compare  signal-to-noise ratios w i t h  
selected semiconductor lasers and  highly stable C 0 2  laser 

*HOCR data   ob ta ined   f rom D r .  Arthur  Maki; National  Bureau of 
Standards.  H 2 0 2  d a t a   o b t a i n e d  from D r .  Aaron G o l d m a n ;  
Un ive r s i ty   o f  Denver. 



local oscil lators.  The labora tory   sys tem  used  t o  perform 
the   exper iments  w a s  similar t o  one   repor ted   p rev ious ly  by 
Ku and  Spears 1321 i n  which t h r e e   r a d i a t i o n   s o u r c e s  were used 
i n c l u d i n g  a 1273OK blackbody, a s t a b i l i z e d  C02 laser, and 
1 0 . 6  vm semiconductor laser. Two photomixers w e r e  used wi th  
quantum  eff ic iency of 12% from 3 t o  115 MHz, and 38%+ from 
5 t o  400 MHz, and a p r e a m p l i f i e r   n o i s e   f i g u r e   o f  2 dB.  F igure  
7 shows compara t ive   resu l t s   o f   the   s igna l - to-noise   measurements  
w i t h  C02 lasers ( s o l i d   l i n e s )  and a semiconductor laser 
( s q u a r e s ) .  The measured   s igna ls   for   the  C 0 2  laser measurements 
were compared t o  a t h e o r e t i c a l   c u r v e   f o r  a 12730K blackbody, 
w i t h  a p p r o p r i a t e   o p t i c a l  losses included.  Comparison  between 
theory  and  experiment i s  shown on t h e   f i g u r e   f o r   t h e  t w o  
photomixers. The experiments   performed  with  the  semiconductor  
laser gene ra t ed  a m a x i m u m  de tec to r   pho tocur ren t   o f   s eve ra l  
hundred  microamperes,   with  single mode o p e r a t i o n   o v e r   t h e  
tuning  range.   Higher   s ignal- to-noise  ra t ios  f o r   t h e  semi- 
conductor  laser r e s u l t e d  from  minor  alignment  differences  and 
exper imenta l  scatter.  The i m p o r t a n t   p o i n t   o f   t h e s e   r e s u l t s  
i s  the   ab i l i t y   o f   s emiconduc to r  lasers t o  gene ra t e  t h e  same 
sho t -no i se   pho tocur ren t  as C 0 2  lasers for   comparable  power  and 
s i n g l e  mode operat ion.   Using  measured  values  a t  1273OK, the  
exper imenta l   semiconductor   l aser   curve  w a s  e x t r a p o l a t e d  t o  a 
so la r   t empera tu re   o f  5500°K, f o r   a n   e f f e c t i v e   h e t e r o d y n e  quantum 
ef f ic iency   of   25%,   and   o ther   parameters  l isted on Figure  8 .  
T h i s   r e s u l t   d e m o n s t r a t e d   t h a t   s i g n a l - t o - n o i s e  ratios i n  
excess   o f  1 0 0 0  can be achieved a t  r e l a t i v e l y  l o w  va lues  of 
photocurrent   corresponding t o  l o c a l   o s c i l l a t o r  power l e v e l s  
on t h e  order of 500 t o  700 p w a t t s .  

During t h e  course  of  these  measurements,  it w a s  observed 
tha t   semiconductor  lasers e x h i b i t e d   r e g i o n s   o v e r   t h e i r  
tun ing   range   in   which   "excess   no ise"  w a s  genera ted ,   degrading  
the   he te rodyne   s igna l   [32] .   Excess   no ise   reg ions  were 
observed t o  occur   i n   na r row  tun ing   r anges ,   va ry ing   w i th  
d i f f e r e n t  lasers. F o r   i n d i v i d u a l  lasers,  reg ions   o f  
"excess   noise ' '  were rep roduc ib le  for t h e  same temperature  and 
c u r r e n t   s e t t i n g s ,   i f   t h e  lasers d id   no t   undergo   tempera ture  
cycling.  Temperature  cycling  from room t e m p e r a t u r e   t o  
ope ra t ing   t empera tu res  (15-20°K) c a u s e d   s l i g h t   s h i f t s   i n   t h e  
"excess-noise"   regions.  For an  uncycled laser,  ' 'excess no i se ' '  
r eg ions   could   be   cont ro l led   wi th   minor   changes   in   t empera ture  
a n d   i n j e c t i o n   c u r r e n t .  

In   F ig .  9 ,  r e s u l t s  are shown of an experiment  performed 
t o   i d e n t i f y   w h e t h e r   a n   i n d i v i d u a l   s e m i c o n d u c t o r   l a s e r  
e x h i b i t i n g   " e x c e s s   n o i s e "   i n   t h e   s p e c t r a l   r a n g e   o f  NH3 

+The research  photomixer  w a s  provided by t h e  MIT Lincoln 
Laboratories, D. L. Spears .  
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absorp t ion   l ines   could   be   t empera ture   tuned  t o  reduce  the 
magnitude of t h e   n o i s e .  The bottom trace on the   o sc i l l o scope  
p h o t o g r a p h   i d e n t i f i e s  t w o  ammonia abso rp t ion   l i nes   ob ta ined  
i n  a d i rec t   absorp t ion   measurement   wi th   the   semiconductor  
laser. The t o p  trace shows a simultaneous  measurement of 
the  photomixer  output  where a p o r t i o n .  of the  semiconductor 
l a s e r  w a s  used as a l o c a l   o s c i l l a t o r   s i g n a l .   T h e s e   r e s u l t s  
d e m o n s t r a t e   t h a t   i n  some cases, the  region  of   ' ' excess   noise"  
c a n   b e   s h i f t e d  i n  wavelength  through  small   changes  in  
o p e r a t i n g   p o i n t  t o  provide   near ly   shot   no ise   l imi ted   opera t ion  
o v e r   t h e   a b s o r p t i o n   l i n e  of i n t e r e s t .   A l t h o u g h   t h e s e   r e s u l t s  
cannot  be  assumed t o   a p p l y   f o r   a l l   s e m i c o n d u c t o r   l a s e r s   o v e r  
a l l  tun ing   ranges ,   they  are important  since they  demonstrate 
the  importance  of  a s e l e c t i o n   p r o c e s s  for semiconductor   l asers  
a s   l o c a l   o s c i l l a t o r s   a n d   p o i n t   t o   t h e   f l e x i b i l i t y   p o s s i b l e  
when u s i n g   t h e  local o s c i l l a t o r  w i t h  a cryogenic  sys t em with 
f ine   t empera tu re   con t ro l .  Measurements a r e   c u r r e n t l y   i n  
p r o g r e s s   t o  relate t h e  onset   of   "excess   noise ' '   regions w i t h  
other parameters   of  t h e  l a s e r   i n c l u d i n g   l a s e r  mode competi t ion,  
f a r   f i e l d   d i f f r a c t i o n   p a t t e r n s ,  and laser   feedback  mechanisms 
1331. Prel iminary results i n d i c a t e   t h a t   " e x c e s s - n o i s e "  
e f f e c t s   a r e  i n  some cases   due   t o   l a se r   f eedback  mechanisms 
from s y s t e m  o p t i c s  and  can  be  e l iminated.   In  some cases ,  
' ' excess   no i se"   e f f ec t s  are due t o  i n h e r e n t  l a s e r  
i n s t a b i l i t i e s   c a u s e d  by ampl i tude   o sc i l l a t ions   i nduced  by 
compet ing   longi tudina l  modes. 

V I .  SPACELAB M I S S I O N  CONSIDERATIONS 

I n  d e f i n i n g   t h i s   e x p e r i m e n t   f o r   S p a c e l a b   o r   s a t e l l i t e  
measurements ,   severa l   miss ion   re la ted   cons idera t ions   have  
been eva lua ted ,   inc luding   the   Doppler  s h i f t  of t h e  absorp t ion  
l i n e s  due t o  t h e  in s t an taneous   ve loc i ty   o f   t he   spacec ra f t  
w i t h   r e s p e c t   t o  t h e  t a n g e n t   p o i n t   i n  the s t r a t o s p h e r e ,  and 
t h e  available  measurement t i m e  f o r  t h e  experiment.  An a n a l y s i s  
of the  Doppler  s h i f t  and  measurement t i m e  f o r  a t y p i c a l  
Space lab   miss ion   has   been   per formed  for   var ious   a l t i tudes ,  
o r b i t a l   i n c l i n a t i o n s ,   a n d  t i m e s  of  launch [ 3 4 ] .  Depending 
upon these   miss ion   parameters ,  t h e  Doppler s h i f t  ranges 
from a minimum of +lo0 MHz t o  a maximum of +800 MHz ove r   t he  
dura t ion   of  t h e  mission,  and up t o  5 MHz duFing t h e  s o l a r  
occul ta t ion  measurement   per iod.   Since  the  Doppler   shif t  
increases   during  sunrise   measurements   and  decreases   the same 
amount du r ing   sunse t ,  t h e  he t e rodyne   de t ec to r  may r e q u i r e  
bandwidths up t o  1 . 6  GIlz under   worst   case  condi t ions.  With 
semiconductor lasers as local o s c i l l a t o r s ,   t h e   D o p p l e r   s h i f t  
can be compensated by f r e q u e n c y   s h i f t i n g  t h e  l o c a l  
o s c i l l a t o r   t h r o u g h  a se rvo   l oop   con t ro l l ed  by S h u t t l e  
ephemer i s   da t a .   The re fo re ,   o rb i t a l   mi s s ion   cons t r a in t s  do no t  
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d e g r a d e   t h e   s p e c t r a l   r e s o l u t i o n  of t h e  LHS exper iment   s ince  
wavelength   cont ro l   and   t racking   can  be achieved   th rough  the  
wavelength.   ident i f icat ion  and  control   subsystem.  Measurement  
times for   sunr i se   and   sunse t   measurements   have   a l so   been  
c a l c u l a t e d   f o r  a Space lab   po in t ing   sys tem  in   which  t h e  p o i n t i n g  
system is  f i x e d   w i t h i n   t h e  solar d i sc ,   and   t he   t angen t  
a l t i t u d e   i n   t h e   a t m o s p h e r e  i s  swept by t h e   o r b i t a l  motion of 
the  spacecraf t .   Total   measurement  times f o r   t h e   e x p e r i m e n t  
range  from 1 0 s  t o  >lOOs, again  depending upon mission 
parameters .  D w e l l  times f o r  2 k m  v e r t i c a l   r e s o l u t i o n   f o r  a 
f i e l d   o f  view of 0 . 2 5  mrad a r e  no less than 6 0 0  msec u n d e r  t h e  
most   severe  mission cons t r a in t s .   The re fo re ,   t he  100  msec 
i n t e g r a t i o n  times assumed f o r   t h e   s e n s i t i v i t y   a n a l y s i s  are 
conserva t ive   and   should   account   for   the  most s e v e r e   o r b i t a l  
c o n s t r a i n t s ,   a l t h o u g h   l a r g e r   i n t e g r a t i o n  times (>1 sec) 
shou ld   be   ava i l ab le   fo r   t yp ica l   Space lab   o rb i t a l   pa rame te r s  
t o   o b t a i n  a g e o m e t r i c a l   v e r t i c a l   r e s o l u t i o n  - < 2 km. 
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Figure  1.- Laser  Heterodyne  Spectrometer (LHS) experiment  concept. 
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Figure 2 . -  Laser  Heterodyne  Spectrometer (LHS) instrument  concept. 
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INTRODUCTION 

Background 

Under  NASA's  Upper  Atmospheric  Research  Program (UAFU?) a  wide  range  of' 
infrared  instruments  have  been  developed  or  are in various  states  of  development 
for  atmospheric  research  from  Shuttle or  free  flyer  platforms.  These  instru- 
ments  encompass  a  range  of  spectral  resolution  (i. e. , from 0.1 and1 to  less  than 
0.001 cm-l)  and  spectral  coverage  (i.  e. , from  several  hundred  cm-l  to  less  than 
0.001 cm'l) . The  "Workshop on High  Resolution  Infrared  Spectroscopy  Techniques 
for  Upper  Atmospheric  Measurements"  held  in  Silverthorne,  Colorado,  July  31  to 
August  2,  1979,  was  convened  to  assess  the  role  of  various  infrared  techniques 
in  measurements  of  trace  gases  in  the  stratosphere.  The  Workshop  placed  par- 
ticular  emphasis on the  role of  instruments  exhibiting  ultrahigh  resolution 
(i.e. , 50.001 cm-l)  such as laser  heterodyne  spectrometers.  The  Workshop 
brought  together  scientists  engaged  in  laboratory  and  upper  atmosphere  high 
resolution  infrared  spectroscopy.  The  participants  were  organized  into  four 
working  groups,  one  of  which  considered  the  status of infrared  spectroscopic 
data.  The  spectroscopic  workshop,  which  will  be  discussed  below,  is  a  direct 
result  of  the  general  discussions  held  at  Silverthorne  and  specific  recommenda- 
tions  from  the  spectroscopic  working  group  at  Silverthorne. 

At  the  Silverthorne  Workshop,  it  was  generally  recognized  that  current  and 
future  stratospheric  measurements  as  well  as  evaluation  of  the  relative  merits 
of the  various  instruments  depends  heavily  upon  the  availability  and  accuracy  of 
infrared  spectroscopic  data  for  all  stratospheric  species.  The  Workshop  noted 
that  a  large  body  of  spectroscopic  data is  currently  available,  particularly 
for  the  more  abundant  atmospheric  species  (i.e., C02, 0 3 ,  CH4, N20,  and  H20). 
However,  for  many  trace  species  currently  of  interest (C10,  ClON02,  H02,  H202, 
etc.)  little,  if any,  data  are  available.  Furthermore,  it  was  noted  that  addi- 
tional  experimental  and  theoretical  research  is  needed  for  virtually  all  species 
to support  the  high  resolution  instruments  becoming  available.  The  Silverthorne 
Workshop  also  noted  the  limitation  of  the  spectroscopic  data  base  which  is 
widely  used  by  many  groups  (i.e., A . F .  Geophysics  Laboratory ( A F G L )  tape). This 
tape,  while  extremely  useful,  is  inadequate  for  many  high  resolution  applica- 
tions.  Because  of  this,  many  laboratories  in  the  United  States  and  foreign 
countries  have,  or  are  in  the  process of, improving  the  spectral  data on the 
AFGL tape;  however,  the  availability  and  format  of  this  data  is  such  that it  is 
not  readily  available to the  community. 

From  these  general  observations,  the  Silverthorne  spectroscopic  working 
group  recommended  that  a  detailed.  review  of  the  current  spectroscopic  data  base 
be  conducted  and  that  a  formalized  mechanism  be  established  to  facilitate  dis- 
semination  of  existing  and  future  spectroscopic  data  to  the  appropriate  users. 
To  this  end, the  spectroscopic  working  group  from  Silverthorne  was  reconvened  at 
the  Langley  Research  Center  as  an  informal  workshop  with  wider  representation 
from  various U.S. and  foreign  spectroscopic  laboratories. 
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Scope  of  Spectroscopic  Workshop 

The  first  meeting  was  held  October  29-30,  1979,  at  Langley  Research  Center, 
Hampton,  Virginia,  with  Dr.  Aaron  Goldman  (University  of  Denver) and Mr. JamesM. 
Hoe11  (Langley)  acting as co-chairmen. A  list of attendees  is  given  in  table  I. 
The  specific  objectives  of  the  Workshop  were: (1) to  review  in  detail the 
current  status  of  experimental  and  theoretical  spectroscopic  data on atmospheric 
species, (2) to  explore  methods  for  disseminating  new  data  in  a  format  readily 
available  for  applications,  and ( 3 )  to  discuss  formalization  of the Workshop  in 
order  to  support  objectives (1) and (2) on a long  term  basis. 

A major  portion  of  the  Workshop  was  devoted  to  discussing  the  status  (i.e., 
accuracy  and  availability) of spectroscopic  data  currently  available  on  strato- 
spheric  species.  Table  I1  lists  the  molecules  that  were  considered.  While  this 
list is  extensive,  it  is  not  meant  to  be  complete.  Table  I11  is  a  summary  of 
information  assembled  by  the  Workshop  attendees  related  to  research  completed 
( C ) ,  underway (U), or planned (P) at  a  number of U . S .  or foreign  laboratories. 
Here  again,  the  table  is  not  complete,  but  provides  a  good  review  of  the  current 
status  of  the  spectroscopic  data  available  to  the  user  community. 

During  the  status  review,  the  initial  emphasis  was  placed  on  the  spectral 
data  available  on  the  more  abundant  species ( H 2 0 ,  0 3 ,  CO2, CHq, and N20). This 
approach  was  selected  since a large  body of  spectral  data  already  exists  €or 
these  molecules, and  interfering  effects  from  these  species  often  represent  the 
limiting  factor on our  ability  to  identify  and  quantify  many of the  less 
abundant  species. It should  be  noted  that  this  Workshop  report  does  not 
explicitly  enumerate  the  requirements  imposed on spectral  data  by  the  various 
instruments  or  science  missions.  However,  throughout  the  review  .process, 
instrument  requirements  and  scientific  goals  were  considered. 

Specific  recommendations  for  additional  experimental  and  theoretical 
research  are  given  below.  In  general,  the  recommendations  reflect  the  fee1ir.g 
of  the  Workshop  attendees  that  additional  quantitative  spectral  data  are  needed 
on the  species  which  have  been  detected  and  require  more  accurate  atmospheric 
measurements,  while  only  qualitative  spectral  data (i-e., location  of  absorption 
features)  are  needed  for  the  extremely  tenuous  species  which  have  not  yet  been 
detected  in  the  stratosphere. 

The  discussions  related  to  objective (2) centered  around  the  continued  use 
of  the  AFGL  format  for  compiling  spectroscopic  parameters.  Dr. L. Rothman,  from 
AFGL,  reviewed  his  current  efforts  and  limitations  €or  updating  and  expanding 
the  AFGL  line  parameter  tape. In  summary,  this  is  a  continuing  effort  at AF'GL, 
but  is  limited  by  the  availability of  data  suitable  for  inclusion  on  the  tape 
as  well  as  manpower  to  evaluate,  select,  and  format  the  data. 

The  recommendations  relative  to  objectives (2) and ( 3 )  tend  to  be  less 
specific  than  those  associated  with  objective (1). This is due to the  uncer- 
tainty in the  degree  of  long  range  support  that  might  eventually be  available. 

84 



RECOMMENDATIONS 

General 

(1) Future  meetings  of  the  Workshop  should  be  convened  with  representatives 
from  other  organizations  and  specialists on specific  molecules. 

(2 )  A  newsletter  should  be  established  and  mailed  periodically  to  update 
and  improve  the  data  contained  in  table I11 and to  solicit  data  for  the  AFGL 
compilation. The  goal  of  the  current  Workshop  should be  expanded  to  provide a 
forum  to  aid  in  obtaining  and  reviewing  spectroscopic  data  for  the AFGL tape. 
However,  such  activities  will  require  support  from  one  or  more  government 
agencies. 

(3) Most molecules  require  additional  studies  for  more  accurate  determina- 
tion of the  effects of  temperature  and  foreign  gas  broadening on spectral  line 
widths  along  with  high  resolution  measurements  to  determine  far  wing  line 
shape s . 

(4)  For  the  major  atmospheric  species  (i.e., CH4, H20,  C02, 03, and  N20) 
long  path  absorption  measurements  are  needed  to  identify  weak  transitions. 

SPECIFIC  RECOMMENDATIONS 

(a)  Since a  sizeable  body of experimental  data  is  currently  available 
for CH4,  a  quantum  mechanical  analysis  of  CH4  should be  performed  using  the 
current  data  base. 

(b)  Additional  long  path  absorption  data  are  required  €or  identification 
of  weak  lines  (i.e., = 10-26  cm  per  molecule) - < 

(c)  Experimental  and  analytical  studies  are  required  on  the V4 band of 
the  isotopic  species  of  CH4. 

(a)  Analysis of isotopic  ozone  is  needed.  The V3 isotopic  band  is  par- 
ticularly  important  because  of  its  potential  interfering  effects. 

(b)  Line  strengths  for  the  3V3,  and Vl + V2 + V3  are  needed  €or  the  normal 
isotope of 03 .  

Measurements  of  the  line  intensities  for  the  perpendicular  bands  are 
needed,  as  well  as  analysis of long  path  absorption  data. 
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Revised  analysis of solar CO transitions is needed €or the AV = 1 and 
AV = 2 bands. 

(a)  Laboratory  measurements  for  the  V1, 2V2, and V 2  band  of HDO are I 

needed. 
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(b)  Measurements  of  line  strengths  for  the  high J transition  are  needed. i 

(a)  Additional C02 line  position  measurements  are  needed  for  vibrational 
energy  levels  above 2000 cm-l. 

(b)  Analysis  of  long  path  absorption  data is needed  for  identification  of 
I weak  absorption  lines. 
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(c)  Additional  laboratory  studies  are  needed on line  intensities  in  the 1 

(d)  Additional  experimental  and  analytical  work  is  needed  on  the 5 urn 
isotopic CO2 band. 
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Experimental  studies  of  half  width  versus  temperature. I - 6 
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Measurements of line  intensities  are  needed  at  room  temperature  to  verify .:$ 
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it! extrapolated  values  obtained at 400 K. 

HBr - 
Experimental  values  of  half  width  are  not  available;  however,  current 

estimates  are  probably  sufficient  to  support  current  atmospheric  measurements. 
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Analysis  of  high  resolution  diode  laser  data  and  lower  resolution  spectra '. '4: 

has  provided  line  intensities,  half width, and  quantum  assignments of the  V5 
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865 cm-l  region  to  check  extrapolation  of  this  analysis.  Additional  work is 't 
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also  needed  for  the  R-region  of  the  2Vg  band.  Analysis  of  available  high  reso- 
lution  data  of  the  V3  and  V4  region  is  needed.  The  V2  region  analysis  needs  to 
be  extended  to  the  wings  of  the  band. 

HOCl 

Pressure  and  temperature  effects  on  half  width  will  be  needed  if  HOCl is 
to  be  observed  in  the  atmosphere. 

Freon-12 

Analysis  of  currently  available  diode  laser  spectra of the v6 (1161 cm-l) 
and Vg (923 cm’l) bands  should  be  pursued. 

Line  parameters  are  needed  for  the  V3  region. 

Line  parameters  are  needed  for  the  wings  of  the V3 and V3 + V2 - V2  band. 

ClON02 

Analysis  of  currently  available  diode  laser  spectra  should  be  pursued. 

H202 

Line  intensities  and  assignments  are  needed  for v6 band  of  H202. 

H02 - 

Line  position  and  intensity  data  are  needed. 

CH3C1 

Line  parameters  are  needed  €or  the  3  pm  region. 

NH3 

An  extensive  data  base  is  currently  available;  however, a  critical  compari- 
son of the  various  experimental  and  theoretical  results  is  needed. 

SUMMARY 

As  a  result  of  the  Workshop  recommendations,  plans  are  underway  for 
establishing a  periodic  newsletter  and  holding at least  one  additional  meeting 
of  the  Spectrascopic  Workshop.  The  format  for  the  newsletter  is  shown  in 
table IV. It  is anticipated  that  this  will  be  mailed  from AFGL at  least  once  a 
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year  and  will  encourage  more  rapid  inclusion  of new data on the  AFGL  compila- 
tion  tape.  Planning is  underway  to  hold  the  next  Workshop  during  the  Ohio 
State  Spectroscopic  Conference  in  June  1980,  with  Dr. John Shaw  as the host 
chairman. 

The  review  undertaken  at  the  Langley  Workshop  and  the  resulting  recommenda- 
tions,  while  certainly  not  complete,  have  identified  important  areas  of  future 
research.  Moreover,  the  recommendations of both  the  Silverthorne  and  this 
Workshop  have  identified  the  desirability of supporting  periodic  workshops to 
maintain  an  up-to-date  review  as  well as  to  assist  in  the  timely  dissemination 
of new  spectral  data. 
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TABLE I.- WORKSHOP  ATTENDEES 

D r .  G i lbe r t  Amat 
Laboratoire de Physique Moleculaire 

C.N.R.S. 
Batiment 220 
Campus D'Orsay 
91405 Orsay,  France 

D r .  A. Barbe 
Laboratoire de Physique  Moleculaire 
Facul te  des Sciences 
B.P. 347 
51062 R e i m s ,  France 

D r .  Linda Brown 
Je t  Propuls ion  Laboratory 
4800 Oak Grove Drive 
Pasadena, CA 91103 

e t  D'Optique Atmospherique 

(213) 354-6085 

D r .  Chuck Chakerian 
NASA/Ames Research  Center 
Moffe t t   F ie ld ,  CA 94035 
(415) 965-5510 

D r .  Roland  Drayson 
Research  Act ivi t ies  Bldg. 
Univers i ty  of Michigan 
Ann Arbor, M I  48105 
(313) 764-7210 

D r .  Aaron Goldman 
Department  of  Physics 
Univers i ty  of Denver 
Denver, CO 80208 
(303) 753-2879 

D r .  John  Hillman 
NASA/Goddard Space   F l igh t   Center  
Greenbelt ,  MD 20771 
(301) 344-8431 

Mr. James Hoe11 
NASA/Langley Research  Center 
Hampton, VA 23665 
(804) 827-2818 

D r .  V i r g i l  Kunde 
NASA/Goddard Space  Fl ight  Center 
Greenbel t ,  MD 20771 
(301) 344-5693 

D r .  Arthur  Maki 
Molecular  Spe.ctroscopy  Division 
Building  221, Room B-268 
National  Bureau of Standards 
Washington, DC 20234 

D r .  William G. Mankin 
NCAR 
P.O. Box 3000 
Boulder, CO 80303 
(303)  494-5151 

D r .  Jae Park 
Mail Stop 401A 
NASA/Langley Research  Center 
Hampton, VA 23665 
(804) 827-2576 

D r .  Robert Rogowski 
Mail  Stop  283 
NASA/Langley Research  Center 
Hampton, VA 23665 
(804) 827-2819 

D r .  Laurence Rothman 
Infrared  Physics  Branch 
A i r  Force  Geophysics  Laboratory 
Hanscom A i r  Force Base, MA 01731 
(617) 861-2336 

D r .  James M. Russe l l  I11 
Mail S top  401A 
NASA/Langley Research  Center 
Hampton, VA 23665 
(804) 827-2576 

D r .  John Shaw 
Department 0.f Physics  
Ohio S t a t e   U n i v e r s i t y  
174 W. 18 th  Avenue 
Columbus, OH 43210 
(614) 422-2707 
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TABLE I.- Concluded 

Dr. Mary  Ann H. Smith 
Physics  Department 
College of William  and  Mary 
Williamsburg,  VA  23185 
(804)  827-2576 

Dr. Robert  Toth 
Code  EBT-8 
NASA Headquarters 
Washington,  DC  20546 
(202)  755-8566 
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TABLE 11.- ATMOSPHERIC S P E C I E S  

CH4 

N 2 0  

NO2 

H 0 2 N 0 2  

NO3 

N2°5 

NH3 

C C 1 3 F  

C C 1 2 F 2  

O 3  

HNO 

c10 

C1ON02  

HOC 1 

H 0 2  

H 2 0 2  

NO 

H 2 0  

OH 

CH3C1 

ocs 

co 

HF 

HC 1 

c o 2  

CH3F 

H2CO 

HDO 

C F C l O  

C F 2 0  

HONO 

H B r  

C F 4  



TABLE  111.-  SUMMARY  OF  MOLECULAR  SPECTROSCOPIC  PARAMETERS 

Spectral Instrument 

( cm-1) resolution 
Molecule  coverage  and 

CC12F2 840-940 EOCOM @ 60 mK 
(Freon-12)  1080-1180 

1070-1250 

CC12F2  1150-1173  Diode  laser 
(Freon-12) @ 1 mK 

CF2  850-1100  Diode  laser 

CF3  850-1100  Diode  laser 

@ -3 mK 

@ "3 mK 

CF4  1200-1300  EOCOM @ 60 mK 
BOMEN @ 20 mK 

CF3C1  1070-1250  EOCOM @ 60 mK 
(Freon-13) 

CF3C1  1235-1265  Diode  laser 
(Freon-13)  (Selected 

regions) 

CFCl3 8-12 urn 
(Freon-11) 

CFCl3 810-890 EOCOM '2 60 mE 
(Freon-11)  1060-6160 

Type of data 1 S I x . u ~  I Accuracy Source 

Laboratory  spectra  C University of Denver 
(Go  ldman ) 

Laboratory  spectra C 1 m K  Langley  Research  Center 
4bsorption  coef  f  i- C (Hoell) 
cient  vs. T & P 

Position C -1 mK Physical  chemistry 
Assignment U Univ. of Cambridge 

Position C  -1 mK Physical  chemistry 
Assignment U Univ. of Cambridge 

Laboratory  spectra C University of Denver 
(Goldman) 

~~ ~ ~~~~ ~~ 

Laboratory 

Laboratory  spectra 
Analysis 

University of Denver 
( Go  ldman ) 

1 m K  Goddard  Space  Flight 
Center  (Hillman) 

Temperature C 
dependence of 
8-12 urn band 

Ames  Research  Center 
(Silvaggiv) 

Laboratory  spectra 
/ c  1 

~~ 

University of Denver 
(Goldman) 

I I 



TABLE  111.-  Continued 

Spectral Instrument 

( cm-1) ’ resolution 
Molecule 

coverage I and 

12CH4 1200-2400 FTS @ 15 mK 

I 

12CH4 FTS @ 15 mK ’ 3900-4700 
(V3+V4) 

12 
CH4 

CH4 

1200-1280  Diode  laser 
@ 0.5 mK 

12 1100-1800  EOCOM @ 60 mK 

BOMEN @ 20 mK 

12CH4 Diode  laser 2940-2990 
(Doppler 
resolution) 

T 

Type of data 

Position 
Position 
V2+Vq-V2 

Position 
Strength 

Compilation of 
9000 lines 
Position 
Strength 
Assignment 

Position 
Assignment 

Position 
Strength 

Spectral  atlas 

Spectral  atlas 

Line  broadening 
(0.1 -0.5 torr) 
Intensities 

T 

Status Accuracy 
(a) 

Source 

C c l  Orton/Rohrette 

JPL (Toth/Brown) 

90% c 
90% c 
70%  C 

c 1  C 
1 JPL (Toth/Brown) I 

c I ;-E 1 Goddard  Space  Flight 
U Center  (Hillman) 

C 

U 

Ames (Boese) P 

University  of  Denver 

JRC - ISPRA  k0.7 mK 

(Goldman) 

(Restelli) 
U 

aC = Complete; U = Underway;  P = in  Progress. 
bAvaihble for  next  version  of  AFGL  Atmospheric  Absorption  Line  Parameters  Compilation 

(from  Glenn  Orton) . 
I u) 
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TABLE  111.-  Continued 

13CH4 FTS @ 15 mK 1200-2000 

13CH4 3900-4700 

13CH4 Diode  laser 1200-1270 
@ 0.1 mK 

-“ 1213-1380 

CH4 2404-2730 

I I 

10 lines  measured 
Relative  intensity 

5% C  Absolute  intensity 
5% C 

Absolute  line C 
intensities 

Position 

”- Some  V3+V4 
C Position 

C Assignments 
C Position 

--- Some V4 assignments 
C 

assignments 

Position 
U Strength 
U 

Position U 4 m K  
Intensities 
Assignment 

U 
U 

Position C 
Assignment C 
Intensities 

a C = Complete; U = Underway; P = in  Progress. 

JRC - ISPRA 
(Restelli) 

University of 
Tennessee  (Fox)  from 
Ames  Newsletter 

JPL (Toth/Brown) 

JPL (Toth/Brown) 

Spectral Instrument 
Molecule Source Accuracy Status Type of data and coverage 

( cm-1) (a) resolution - 

- 

1 

- 

- 

- 

- 

- 

- 

- 

JPL (Toth/Brown) 

Goddard  Space  Flight 
Center  (Hillman) 

ONERA (Battineau) 

1 Dijon  Lab 



TABLE  111.-  Continued 

I Instrument Spectral 

I Molecule , j resolution ( cm-1) , 
and I Type of data coverage Status 

(a) 

~~ 

Accuracy 

CH4 
Assignment I 

,Position  2700-3000 

I Intensities 

1100-1800  Position 60 mK 
Assignment 

Position  1  mK 
Assignment 

CH4 

CH4 

12 mK 5600-7100 ' 

I Position 1 m K  7mK 2700-3500 
I Assignment 

CH4 6057-4700 I 5 m K  
Position 
Assignment 

C 
C 

1 m K  

CH4 5 m K  c ' Position 50 mK 1213-1386 
Assignment C 

CH4 

CH4 

7000-9300 12 mK 1 mK C Position 
Assignment C 

7000-9200 12 mK 

C Intensities 
C Assignment 
C  Position 

CH4 Position 5 m K  3686-6386 C 1  mK 
Assignment C 

Dijon  Lab E, JPL 

Di jon  Lab f LUTZ 

~~ ~~ ~ ~~~~ 

Dijon  Lab 
(J. P. Maillard) 

Dijon  Lab 

Di jon  Lab 

Dijon  Lab 

Dijon  Lab 
(J.  P.  Maillard) 

Di jon  Lab 
(J. P.  Maillard) 

Di jon  Lab 
(J. P.  Maillard) 

a 
C = Complete;  U = Underway;  P = in  Progress. 



TABLE  111.-  Continued 

Spectral Instrument 
Molecule Source Accuracy Status Type  of  data and coverage 

( cm-1) ( 4  resolution 

CH4 

CH4 

10 mK 5500-7000  (2V3) CH4 

5.5 mK 2858-4394 Position 

(J. 0. .Maillard) C Assignment 
Observatoire  de  Meudon 0.5 mK C Position 

C Assignment 
Dijon  Lab 1mK C 

3700-11000 
(U.  Fink)  from  Ames 

University  of  Arizona c Laboratory  spectra FTS C! 420 mK 

Newsletter 

CH4 Ames  Research  Center C Laboratory  spectra 1 m  grating 1.1 lJIn 
Spectrometer (Giver)  from  Ames U Analysis 

@ 160-300 
mK 

Newsletter 

CH4 2600-3200 Florida  State  Uni- C Position 10 - 20 mK 
Strength 

Ames  Newsletter U Assignment 
versity  (Hunt)  from C 

I3CH3D 

L.  Infrarouge +5% C Strengths v2 12CH3D 

Ames  Research  Center 0.3  mK C Position FTS C! 5.5 mK 1750-2400 
(Chackerian) 

(Guelochvili) 

CH3D JPL (Toth/Brown) C Line  list FTS C! 15 mK 1200-2000 

CH3D JPL (Toth/Brown) C Spectrum FTS C! 15 mK 2400-3200 

a 
C = Complete; U = Underway;.  P = in  Progress. 



TABLE 111.- Continued 

Molecule 

CH3D 

CH3F 

CH3Br 

CH3C1 

CH3C1 

CH2C12 

CH2C12 

CIOb 

CIOb 

Spectral 
Source Accuracy Status  Type of data and coverage 

' Instrument 

( cm-1 1 (a) resolution 

1033-1270 
Orsay  (Tarrago) C Assignment 1270-1420 
Ohio  State  (Rao) C  Position 40 mK 

Relative  Strength  C 

2400-3200 

JPL  (Toth/Brown) C Laboratory  spectrum  FTS @ 10 mK 1200-3200 

JPL  (Margolis) C Laboratory  spectrum  FTS @ 10 mK 

Analysis P 

670-770 
(Goldman) 950-1110 

University of Denver  C Laboratory  spectra EOCOM @ 60 mK 

1300-1600 

2400-3200 JPL  (Margolis) C Position  FTS 

1200-3200 JPL  (Toth/Brown) C  Laboratory  spectrum FTS @ 10 mK 
Analysis P 

720-800 University of Denver  C Laboratory  spectrum  EOCOM @ 60 mK 
1240-1300 (Goldman) 

849.63-858.74 
(R.  Rogowski) 20% C Strength @ 1 mK 871.70-874.40 

Langley  Research  Center 10-50 mK C Position Diode  laser 

Assignment C 

796-880 JPL  (Menzies) C Position  Diode  laser 
Strength 
Assignment 

aC = Complete; U = Underway;  P = in  Progress. 
bAvailable  for  next  version of AFGL  Atmospheric  Absorption  Line  Parameters  Compilation 

ID (from  Glenn  Orton) . 
4 



I ! 
W co TABLE  111.-  Continued 

Spectral 

resolution ( cm-1) 

Instrument 
Molecule and coverage 

:10N02 60 mK 1250-1330 

:10N02 I 1250-1350  EOCOM @ 60 mK 1 BOMEN @ 20 mK 

I I 

20 

~~ ~ ~~ ~ ~ ~~~ 

Pure  rotation,  fundamentals, 

AFGL  data  being  updated 
Canadians  have  new  data 
Goldman  has  data  for 

AV = 1  solar CO lines 
D. Williams - self-  and 
foreign-gas  broadening 

and  overtones 

Type  of  data 

Position 
Intensity  (curve 
of growth  of Q 
branch C! 
1292 cm-l) 

Laboratory  spectrum 

Position 
Intensity 
Halfwidth 
Assignment 

~~ 

Intensities of CO 
overtone  up  to 
15th  vibrational , Is%~~c data 

aC = Complete ; U = Underway; P = in Progress. 

tatus Source Accuracy 
(a) 

C ONERA (Louisnard) 
C 

- 
University of Denver 

( Goldman) 

4 
C 

U 
U 
U 

C 

L 

+50 mK Langley  Research  Centel 
(Rogowski) 

Ames  (Chackerian) 

-1 



TABLE 111.-  Continued 

Molecule 1 coverage 
Spectral 

( cm-1) 

Instrument 
and 

resolution 
Type of data 

Position 
Streng ch 

Position 

Strength 

Long  path  absorp- 
tion  spectral - 
analysis  underway 

Position 
Assignment 

Position 
Assignment 

Laboratory  spectrum 

Laboratory  spectrum 
Analysis 

Status  Accuracy 
(a) 

Source 

FTS @ 6 mK c I 2 m K  Z02  1600-2400 AFGL  and U. Mass. 
(H. Sakai) 

Ohio  State (-0) 

Ohio  State (Rao) 

u l  
C I  . 30  mK 

30 mK C I  

FTS @ 50 mK Ohio State (Shawl 202 800-4000 U 1 m K  

%02 
3700-7000 

1 3 ~ 0 ~  

TGlescope IR Obs.de 
Meudon 
(J. P. Maillard) 

9mK C 0.2 mK < 3400-8150 
National  Research 
Council  (C.  Courtey) 

University of Denver 
(Goldman) 

100 mK 

c 1  EOCOM @ 60 mK 730-830 
1180-1280 

COF 9 I 1200-2200 JPL  (Toth/Brown) c I  P 
FTS @ 10 mK c. I 

Hl? HF, HC1,  HI,  and  HBr  available  from R. Tipping,  University of Nebraska,  and  are  being 
incorporated  onto  the AFGL Trace  Gas  Compilation. 

HBr University of Denver 15% C Position 2500-2600 
Intensity (Goldman) C 

a C = Complete; U = Underway;  P = in  Progress. 



P 
0 
0 

TABLE  111.-  Continued 

Spectral 
coverage 

( cm-1) 

Instrument 
and 

resolution (a) 1 ;tatus  Accuracy Source Molecule Type of data 

HC 1 2770-3000 24 mK ?osition 
3ssignment 

Dgpartment  de  Physique 
Atomique & Moltkulaire 
Universite of Rennes 
(J. P i  Haudeau) 

C 
C 

24 mK Position 
4ssignment c I  C 

Universite  de  Rennes HC 1 2700-3000 

C I  JPL  (Toth/Brown) 1200-2700 PTS @ 10 mK 

rlMw spec  trom- 
eter @ 
Doppler 
limit 

60 mK 

H2CO Laboratory  spectrum 

Position H2CO 1 - 15 Physikalisch  Chemisches 
Institute  Justus 
Liebig - Universitst 

Position 
Intensity  (curve 
of growth @ 
1764.96  cm-l) 

ONERA (Louisnard) HCHO 1760-1780 

865-885 110  mK Spectroscopie 
Moleculaire  (Lado- 
Bordawyky) 

Position 
Assignment 
Intensities 

Position 
Assignment 

C 
C 
C 

HNO 3 860-907 50 mK ONERA/LPMOA 
(Giraudet-Chevillard) 

ONERA  (Giraudet) 60 mK Position 
Intensities I 3 m K  

1270-1370 

a c = Complete; U = Underway; P = in  Progress. 



TABLE  111.-  Continued 

Molecule  coverage 

1200-1350 
1600-1800 

HN03  840-940 

HN03  850-870 

1670-1726 

HNo3 
b 

1718.97-1729.57 

m03 891.25-898.77 

1685-1727 

HNo3 700-1900 

Instrument 1 
'I 

resolution ': 

and i Type  of  data 

, 
BOMEN @ 20  mKILaboratory  spectra 

I 
I 

EOCOM @ 60 mK ILaboratory  spectra 

Diode  laser 'Position 
Intensity 

Diode  laser Position 
Intensity 

Diode  laser Position 
@lmK Intensity 

Halfwidth 

Diode  laser Position 
@lmK Intensity 

Halfwidth 

Diode  laser Position 
Assignment 
Relative  intensity 

60 mK Line  intensities 
N2 broadening 

" 

Status Accuracy ~ Source 
(a) I -r t0.4 mK 

C 5 m K  

c I +4mK 

C c l  
c I  C 

1- 
University  of  Denver 

(Goldman) 

University of Denver 
(Goldman) 

National  Bureau of 
Standards  (Maki) 

National  Bureau of 
Standards  (Maki) 

Langley  Research  Center 
(Bair ) 

Langley  Research  Center 
(Bair) 

National  Bureau of 
Standards  (Maki) 

U.  Maryland  (Wilkerson) 
Ames  (Giver) 

a 

bAvailable  for  next  version  of  AFGL  Atmospheric  Absorption  Line  Parameters  Compilation 
C = Complete;  U = Underway;  P = in  Progress. 

(from  Glenn  Orton) . 
I 



TABLE  111.-  Continued 

Spectral 

resolution ( cm-1) 

Instrument 
Molecule and coverage 

D O  2900-4000 FTS @ 15 mK 

I I 

I I 
302 850-1100  Diode  laser I @ - 3 m K  

Type of data 

Position 
Strength 

Position 
Assignment 

Intensity  (few 
lines) 

Position 
Relative  intensity 
Absolute  intensity 
Assignment 

Position 
Assignment 

Position 
Relative  intensity 
Absolute  intensity 
Assignment 

Position 
Relative  intensity 
Absolute  intensity 
Assignment 

a C = Complete;  U = Underway;  P = in  Progress. 

ltatus Source Accuracy 
(a) 

U JPL  (Toth) 
I 

C  Physical  Chemistry  Univ. -1 mK 
of Cambridge 

U JPL  (Toth/Brown) 

C LPMOA 5 m K  
C (Camy-Peyret I Flaud) 10% 
C 
C 

10% 

C LPMOA 1 m K  
C (Flaud,  Camy-Peyret) 

C LPMOA 5 m K  
C (Camy-Peyret,  Flaud) 10% 
C 
C 

15% 

C 

JPL (Toth) 10% C 
Camy-Peyret) 8% C 

LPMOA  (Flaud, 3 mK 

C 



TABLE  111.-  Continued 

Spectral Instrument 
Molecule Accuracy Status Type  of  data and coverage 

( cm-1) I (a) resolution 
Source 

H2l60 LPMOA C Position 5  mK  6000-78000 
Assignment (Camy-Peyret I Flaud) C 

H2l6O 7800-9400  C  LPMOA  (Flaud , Camy- 
C  Peyret I Rao ) 

H2 l60 AFGL  (H.  Sakai) 2 m K  C Position 6 m K  1580-2370 
9 I 2 9 4 2  P Assignments 

Relative  intensity  P 

'1 H2 6O  7800-9400 70  mK LPMOA  (Flaud) C Position 
Assignments Ohio  State  (Rao) C 

I 

; Hz0 U.  Maryland  (Wilkerson) C Line  intensities  50 mK 13666-13987 I 

I 
H2° 

Ames  (Giver) C N2  broadening 
-~ 

10407-10727 Ames  (Giver) C Line  intensities 46 mK 
N2  broadening U.  Maryland  (Wilkerson) C 

"""P ~~~ ~ ~ 

H2l8O JPL  (Toth/Brown) C Position FTS @ 10 mK 2950-4200 
Strength C 

~~~~0 

H20 

JPL  (Toth/Brown) C Position FTS @ 10 mK 2950-4200 
Strength C 

800-4000 Ohio  State  (Shaw) Long  path  absorp- FTS @ 5 0  mK 
tion  spectra : 

Position 
U Intensity 

10 mK U 

Halfwidth U 

a 
P C = Complete; U = Underway;  P = in  Progress. 
0 
W 



P 
0 
Q 

TABLE  111.-  Continued 

Spectral  Instrument 

resolution 
Molecule  coverage 

320 

H202 Diode  laser  1220-1277 

H202 1150-1350 BOMEN @ 20 mE 

~ ~~~~ ~ 

H202 60 mK 1100-1400 

- 
HOC1 Grating 3250-3875 

HOC  1 Diode  Laser/ 1200-1300 
Grating 

Type of data Source Accuracy Status 
(a) 

Laboratory  spectra University of Denver  C 
(Goldman) 

Position 

LPMOA  (Flaud , 5 m K  C  Position 

JPL  (Toth) C Assignment 

LPMOA  (Flaud, 5 mK C 

Assignment Camy-Peyret) 
Relative  intensity C 89 

10% C Absolute  intensity 
JPL  (Toth) 

Position  C ?1 mK Goddard  Space  Flight 

Camy-Peyret) 

Center  (Hillman) 

Position 

University of Denver C Laboratory  spectrum 

(Brenda  Young) U Assignment 
Florida  State  Univ.  U 

(Goldman) 

Intensities 

278 5 T 5 295 K 
P N2  broadening 

Ames  (Valero) P 

Position C NBS (Wells) 
Intensity C 
Position 

c Relative  intensity 
NBS (Sams) C 

a 
C = Complete;  U = Underway;  P = in  Progress. 

_. -L”A”.> .. ”-.<”*- ”” - ””... “ s ? = . . . < : . . .  . .. . - 



TABLE  111.-  Continued 

Molecule  coverage 
I (cm-1) 

ii 850-1100 

NH3 1 1200-2700 1 750-950 
j 1070-1210 

11 pm  region 

1800-6000 

1800-6000 

14N15N160 2100-2300 

14N14N180 2850-2950 

N20 522-627 
1115-1300 

I Instrument I 

and I Type of data Status 
resolution ' (a) 

Diode  laser  IPosition 
U @ - 3  mK ,,Assignment 
c 

FTS @ 10 mK 

EOCOM @ 60 mK 

C02  hetero- 
dyne 
technique 

5 m K  

5  mK 

30 mK 

30  mK 
~ 

Diode  laser 

Laboratory  spectrum 

C  Laboratory  spectrum, 

C 

Position of C 
20 lines 

Position 
Assignment 

C 

C  Position 

C 

Assignment C 

Position  C 

Assignment C 

Position C 
Relative  intensity C 
Absolute  intensity  U 
Halfwidth  vs.  U 
pressure  for 
few  lines 

T t 
Accuracy  Source 

Physical  Chemistry 
~- 

I JPL  (Toth/Brown) 
University of Denver 

(Goldman) 

1 m K  Goddard  Space  Flight 
Center  (Hillman) 

1 m K  LPMOA (C.  Amiot) 

Laboratory of Molecula~ 

Belgium  (Courtoy/ 
Blanquet 1 

2  mK Spectroscopy. NUMUR, 

f10 mK National  Bureau of 
Standards  (Maki) 

l 
aC = Complete;  U = Underway;  P = in  Progress. 



TABLE 111.- Continued 

- 
Spect ra l  

r e so lu t ion  (cm-1) 

Instrument 
Molecule and coverage 

115~2160 1 1800-6000 i 5 m K  

I N20 1 2400-3000 I 

IN20 I 4000-4600 

'NO2 I 1500-1700 1 BOMEN @ 2 0  mI 

Type of da t a  Source Accuracy S ta tus  

Posi t ion 1 mK 1 LPMOA (C. Amiot) 
Assignment 

Pos i t ion  

C Line  s t rength 
JPL  (Toth/Brown) C Pos i t ion  

Assignment 
LPMOA (C. Amiot) 1 mK C Pos i t ion  

Assignment 
LPMOA (C . Amiot) 1 mK C 

Pressure  broadening 
@ RT I C  I JPL (Toth/Brown) 

Long pa th  
1 mK Absorption  spectra : 

Ohio S t a t e  (Shawl 

Pos i t ion  C 

Line  widths  vs. U 

I Absolute   intensi ty  U 
Standards (Maki) Re la t ive   i n t ens i t i e s  C 

National Bureau of 210 t o  1 mK 

pressure  

Laboratory  spectra I C  1 Universi ty  of Denver 1 (Goldman) 

a 
C = Complete; U = Underway; P = in   Progress .  



Spectral  

FTS @ 10  mK 2862-2940 

reso lu t ion  ( cm-1) 

Instrument 
Molecule and coverage 

NO2 

NO2 5mK 4680-4777 

NO2 4120-4200 I 5 m K  
I 

NO2 1588-1629 ’ 60 mK 

NO2 2900-2950 FTS @ 3 mK 

N2°4 I 1750 I BOMEN 

N2°5 I 500-2000 I FTS (Nicolet)  

N2O5 1 1220-1270 1 EOCOM @ 60 mE 
BOMEN @ 20 mE 

.~ 

NO 1800-1960 EOCOM @ 60 mY 

TABLE 111.- Continued 

Type of da t a   S t a tus  Accuracy 
(a) 

Strength C 
Spin   sp l i t t ing  C 

Posi t ion U 1 mK 
Assignment U 

Posi t ion U 1 mK 
Assignment U 

Posi t ion C 4 mK 
Assignment C 
I n t e n s i t i e s  +lo% 

Posi t ion 

Band envelope C 20 mk 

Band i n t e n s i t i e s  C f10-20% 

Laboratory  spectrum C 

Laboratory  spectra C 

Source 

JPL (Toth/Hunt) 

Spectroscopie 
Mol6culaire (Dana) 

Spectroscopie 
Mol6culaire (Dana) 

ONERA - LPMOA 

(Fontanella-Dana) 

Observatoire  de Meudon 
(Maillard  and Dana) 

University of Denver 
(Goldman) 

Ames Research  Center 
(Love joy) 

University of Denver 
(Goldman) 

University of Denver 
(Goldman) 



TABLE  111.-  Continued 

Instrument 
and 

resolution 

Spectral 
Molecule coverage 

( cm-1) 
Type of data ;tatus 

(a) 
Accuracy Source 

NO BOMEN @ 20 mK Laboratory  spectra C University of Denver 
(Goldman) 

1700-2000 

No 1800-1900 U 
U 

Universite  de  Rennes Position 
Assignment 

24  mK 

LPMOA  (Amiot) 1 m K  Position 
Relative  intensitie! 
Assignment 

Position 
Relative  intensitie! 

Position 
Relative  intensity 

2.7 mK 1700-2200 
15~160 

NO2 Universite  de  Rennes 1600-2200 
3500-3800 

70 mK 

03 Laboratoire  de  Physiquc 
Mol6culaire-Reims 
(Barbe & Lille & Rao) 

Position 
Intensity 
Assignment 

C 
C 
C 

2 m K  
1% 

Laboratoire  de  Physiqul 
Mol6culaire-Reims 
(Barbe) 

10 mK 

25  mK Position 
Assignment 

C 
C 

4 mK Laboratoire  de  Physiqul 
Molgculaire-Reims 
(Barbe) 

a C = Complete; U = Underway;  P = in  Progress. 

: ._: ". -I~" ="" ___ ~ ~ 2"" ~ 
I "" 



Spectral 
Molecule coverage 

( cm-1) 

03 2900-3122 

2710-2804 

1700-1850 

O3 
b 

1038-1054 
(V v +v -v ) 3'2 3  2 

7- 

TABLE  111.-  Continued 

Instrument 

resolution (a) 
and Status Type of data 

25 mK 

Assignment 
U Intensity 
C Position 

U 

25 mK Position C 
Intensities U 
Assignment U 

15 mK 1 Position 
I Assignment 

Calculation  Position c 
2 3  mK Assignment 

c Intensity 
C ' 

Diode  laser C Position 
@ l m K  C Assignment 

20 mK 

C Assignment 
C  Intensities 
C  Position 

Heterodyne 

25  MHz 
5  MHz & 

U Relative  strength  radiometer 
C Position 

Accuracy I Source 

5 mK 1 Laboratoire  de  Physique I Mol6cularie-Reims 
(Barbe) 

I 
I 

5 mK 1 Laboratoire  de  Physique 
20% ~ 

Mol6culaire-Reims 
(absolute) ~ 

(Barbe) 

3 m K  Laboratoire  de  Physique 
Mol6culaire-Reims 

(Barbe & LPMOA) 

3  mK LPMOA  (Flaud, 
5-25% Camy-Peyret) 

I 

2 m K  I Rao,  Flaud,  Camy-Peyret 
3 m K  Laboratoire  de  Physique 

MGleculaire-Reims  (Barbe 
LPMOA  (Flaud,  Camy- 
Peyret) 

Goddard  Space  Flight 
Center  (Hillman) 

a 

bAvailable  for  next  version of AFGL Atmospheric  Absorption  Line  Parameters  Compilation 
C = Complete;  U = Underway;  P = in  Progress. 

I (from  Glenn  Orton) . 



TABLE 111.- Continued 

Spec t ra l  Instrument 
Molecule 

(a)  r e so lu t ion  ( cm-1) 
Accuracy S ta tus  Type of da t a  and coverage 

'3 800-4000 FTS (3 50 mK Long pa th  

Absorption  spectra:  
(100-1000 m) 

Analysis 

1mK 

U < 1040-1049 Diode laser 

I n t e n s i t i e s  F 210 mK 
Assignment C 

3cs 0.2-4 mK Cb Pos i t ion  Diode laser;  1020-1080 
825-885 10% Cb Absolu te   in tens i ty  g ra t ing ;  

heterodyne near 1 0  pm 
1655-1737 Cb Re la t ive   i n t ens i ty  

3cs 10 mK C Pos i t ion  60 mK 1000-2500 
St rength  

U Halfwidth 
<15% U 

3cs 10 cm-1 - 
e t e r  (3 20 cm-1 

MMW spectrom 

Doppler 
l imi t ed  

Pos i t ion  
Assignment 

C 
C 

I I I I I 

a~ = Complete; u = Underway; P = in   Progress .  
bAdditional work in   p rog res s .  

Source 

Ohio S t a t e  (Shawl 

Langley  Research  Center 
(C. Bair) 

National  Physical  Labs. 
(George  Chantry) 

National Bureau of 
Standards (Maki) 

Laboratory 
Harry Diamond Ordnance 

NCAR (Drayson) 

Physikul isch Chemisches 
I n s t i t u t   J u s t u s   L i e h i g  - 
Univers i t ik   Hei r r ich  



TABLE  111.-  Concluded 

I 

I 

Molecule 

16012c34s 16013c34s 1 
so2 

Instrument 

resolution 
coverage 

1950-2100 

1123-1226 I 6 o m K  

1150-1172.5  Diode  laser 
@ 0.1 mK 

I 

” 
Type of data , Accuracy Status 

( 4  

Position 
Assignment 

C 
c 1 2 m K  

Position 
Assignment 

C 
C 

4 m K  

Position 
Assignment c l  U 

I I 

a c = Complete;  U = Underway;  P = in  Progress. 

Source 

Spectroscopie 
Mol6culaire 

NAMUR BELGIUM (Fayt) 

ONERA/LPMOA  (Dana) 

Langley  Research  Center 
(Hoell) 

P 
P 
P 
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TABLE IV.- HIGH  RESOLUTION MOLECULAR  SPECTROSCOPY  RELEVANT TO 

ABSORPTION LINE PARAMETER  COMPILATIONS 

NAME (S) : 

A F F I L I A T I O N :  

ADDRESS : 

TELEPHONE: 

MOLECULE : 

WAVENUMBER RANGE: 

INSTRUMENT : 

RESOLUTION: 

EXPERIMENTAL  CONDITIONS 

TEMPERATUW (S  ) : PRESSURE ( S )  : 

PATHLENGTH:  BROADENING  GAS ( E S )  : 

DATA FORMAT STATUS ( I n d i c a t e   " Y e s "  o r  "No" i n  t h e  b l a n k s )  

L I N E   P O S I T I O N S :  ACCURACY : 

R E L A T I V E   I N T E N S I T I E S :  

ABSOLUTE I N T E N S I T I E S :  ACCURACY : 

HALF'WIDTHS : 

LINE  ASSIGNMENTS:  

AFGL  FORMAT: OTHER  (SPECIFY)  : 

DATE : 

ADDITIONAL COMMENTS: 

112 

I1 I I1 I1 I I I 
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