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My first recollection of Kelly:
“We can use Chappius Bands to get information about 
tropospheric ozone.” (circa 1990)



2005: Decadal Survey White 
Paper Written by NASA Langley

2006: Community Workshop 
Consensus Report

Subsequently, Kelly and Jack Have Been an Integral Part of Studies of 
Using Satellite Measurements to Study Tropospheric Air Quality
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Missions Classified into 3 Tiers:

Tier 1: 2010-2013

Tier 2: 2013-2016

Tier 3: 2016-2020 

GEO-CAPE (Geostationary 

Coastal and Air Pollution 

Events) Classified as a 

Tier-2 Mission

NASA Created Science Working Groups for Tier-2 Missions: 
Assess Technical Feasibility, Cost and Implementation

17 (of >100 submitted) New Missions 
Recommended: “Minimal Yet Robust”



Fishman et al. (2008):
Summarizes Community-Wide 
Capabilities of Measuring Air Pollution 
from Satellites and Illustrates What 
Can be Done from a Geostationary 
Platform

Decades of Collaboration:



Science Working Group Report Published in BAMS (2012):

Define “Hosted Payload” Concept to Reduce Cost



The Clandestine Birth of 

A Concept…



Arlin Krueger and P.K. Bhartia Invited to NASA Langley by 
Doreen Neil to Discuss Placing Geostationary Versions 

of TOMS and MAPS on a Communications Satellite

Because of Government Shutdown, Group Forced to Meet (illegally) 
at Pizza Restaurant and Fishman’s House in Poquoson  

An Illegitimate Meeting to Discuss a Concept during a government shutdown:



Monica Lewinsky and Bill Clinton Were Meeting 
at the White House

The NASA Meeting in Poquoson was not the only Clandestine  
Activity Taking Place  during the Government Shutdown   



GEO TROPSAT (1996) proposed to ESSP-1:
Rated “outstanding science” and invited to submit 
Step-2 proposal

Step-2 proposal rated “non-compliant” because 
spacecraft and launch vehicle could not be identified

GEO-TROPSAT CONCEPT formally published:
“Remote sensing from geostationary orbit 
(GEO-TROPSAT), a new concept atmospheric 
remote sensing,” Alan D. Little, Doreen O. 
Neil, Glen W. Sachse, Jack Fishman and Arlin 
Krueger, Proc. SPIE 3221, 480 (1997)



The Scientific Evolution of TEMPO:
Which Scientific Discipline Hatched This Mission?

Aeronomy? Atmospheric (Air) 
Chemistry?

Sydney Chapman
Described the chemical 
mechanism that explains 
the existence of the 
stratospheric ozone layer

“Chapman” Chemistry

Chris Junge
Recognized as the 
“Father of Atmospheric 
Chemistry”: Studied 
Chemical Cycles of CO, 
O3, CH4, H2, others

“Junge” Layer 1912-1996
1888-1970



Once upon a time there lived in the land of IAGA, in the kingdom of Aeronomy, strange 
creatures called aeronomers.  Little was known about these creatures because they lived 
most of their lives in the remote areas of the kingdom, more than 60 kiloleagues from Earth. 

Not so long ago, a part of their kingdom, known as Stratos, was threatened by the invasion of 
a flock of big birds who make noises that sound something like—sst.  Some of the creatures 
of Aeronomy rushed to Stratos to try to discover what these birds might be doing to their 
kingdom.  Some came because they heard that these birds could also lay golden eggs.

We soon learned that there are three kinds of aeronomers.  There is group of high priests 
called modelers.  They never go outside their temples where they try to prophesy what the 
big bird will do by examining the entrails of large animals called computers.  Another group, 
who appear to be the worker drones called experimenters, spend most of their time in noisy 
smelly rooms called laboratories playing with little boxes whose purpose seems to be the 
generation of random numbers called data.  A strange relationship exists between the 
modeler priests and the experimenters.  The priests feed the data to the computer animals 
and then they study their entrails.  They then tell the experimenters what kind of new data 
the animals need and the experimenters rush back to their laboratories and make more 
black boxes.

The Ozone War
Lydia Dotto and Harold Schiff
Doubleday (New York) 1978

Opening remarks
IAGA Meeting

Kyoto, Japan (1973)

1921-2003

What did the Science Look Like Before there were Satellites?



The third group is called observers.  They also make black boxes but they throw their boxes 
into the sky.  Most of the time the black boxes break.  Sometimes they too give data which 
the high priests also give to their animals.  However, the animals sometimes get sick if they 
eat this data and may even die if too many different kinds of data are fed to them at the 
same time.  However, the high priests become very clever at getting their animals to accept 
almost anything.

The diet of these animals seem to lack one essential nutrient called transport data.  
Unfortunately, these data are grown mostly by dynamicists who live in the land of Tropos.  
Only recently have the borders between Tropos and Stratos been opened to allow 
dynamicists and aeronomers to talk to each other.

Simplified Schematic Picture of Ozone (~1970)



The International Ozone Commission was established in 1948 as one of the special 
commissions of the International Union of Geodesy and Geophysics, who represent 
the entire community of geophysical scientists around the world. The purpose of the 
IO3C is to help organize the study of ozone around the world, including ground-
based and satellite measurement programs and analyses of the atmospheric 
chemistry and dynamical processes affecting ozone.

What Did Ozone Science Look Like Before the “Ozone Hole?”



First Ozone Conference:  1936



Krueger

Crutzen

Quadrennial Ozone Meeting Every 4 Years



Where does ozone in the troposphere come from?
No One from the Kingdom of Stratos seemed to care!

This is the question We’ve been trying to answer for 50+ years

Tropospheric Photochemical Models (<1977) Ignited Controversey in Scientific Community
• Crutzen (1973; 1974): Identified chemistry that could be significant source of O3 
• Chameides and Walker (1973; 1976): CH4 oxidation primary source of tropospheric O3  
• Fishman and Crutzen (1977): One-dimensional photochemical model of tropospheric 
chemistry (my dissertation)

Classical Studies Assumed Only Source of Tropospheric O3 was from stratosphere (<1977)



Measurements of CO Critical for Understanding 
Origin of Tropospheric O3 in Original Theoretical Papers

Oxidation of CO is a significantly 
larger source of O3 than transport 

from the stratosphere



Fishman works with Seiler in 1979 to Analyze Aircraft Measurements from 1974:
Analyses published in three journal articles (1980, 1981, 1983) 



MAPS (Measurement of Air Pollution from Satellites) flies on 
Space Shuttle in 1981 and 1984



“.. the Royal Swedish Academy of Sciences awarded 
the 1995 Nobel Prize in Chemistry to 
Paul Crutzen, Mario Molina and F. Sherwood Rowland 
for their work in atmospheric chemistry, particularly 
concerning the formation and decomposition of ozone.”

The Nobel Prize in Chemistry Was Not Awarded Solely for the Chemistry 

Related to Stratospheric Ozone Depletion

Atmospheric Chemistry Achieved Unparalleled Respect in 1997:

1933-2021 1943-2020 1927-2012
ObservationalistKineticist

(Experimenter)
Modeler/Meteorologist



“.. the Royal Swedish Academy of Sciences awarded 
the 1995 Nobel Prize in Chemistry to 
Paul Crutzen, Mario Molina and F. Sherwood Rowland 
for their work in atmospheric chemistry, particularly 
concerning the formation and decomposition of ozone”

The Nobel Prize in Chemistry Was Not Awarded Solely for the Chemistry 

Related to Stratospheric Ozone Depletion

Atmospheric Chemistry Achieved Unparalleled Respect in 1997:

Subsequent to receiving to their Nobel Prize, Each Laureate’s research 
focused on understanding an aspect of tropospheric chemistry:
 Crutzen – Global Tropospheric sources of Ozone and other trace gases
 Molina – Focus on air pollution in Mexico City (MILAGRO)
 Rowland – Sources of methane and other trace gases in remote regions



Christian Junge
1912-1996

“father of atmospheric chemistry”

Junge’s Students:
Dieter Ehhalt (CH4)

Wolfgang Seiler (CO)
Peter Fabian (O3)

Ulrich Schmidt (H2)



While Working at NOAA’s Aeronomy Laboratory Crutzen Had 

Access to Latest Chemical Kinetics Research and Concluded 

that Sources of Several Key Trace Gases Were Missing 

• New Reaction Rate for NO + HO2 → NO2 + OH Could have Significant Impact on 

Global OH Distribution

• ”Diagnostic” Tropospheric Chemistry Model Implied Considerably Lower OH in 

Troposphere than Previously Calculated

AVERAGE CONCENTRATIONS OF OH IN THE TROPOSPHERE, 

AND THE BUDGETS OF CH4, CO, H2 AND CH3CCl3



Consensus ~1970 was that Source from Forest Burning was 

not Significant (NAS Report, 1977)



11/22/22, 1:19 PM Biomass Burning in the Tropics: Impact on Atmospheric Chemistry and Biogeochemical Cycles | Science
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Abstract

Biomass burning is widespread, especially in the tropics. It  serves to clear land for shift ing cultiva-

tion, to convert forests to agricultural and pastoral lands, and to remove dry vegetation in order to

promote agricultural productivity and the growth of higher yield grasses. Furthermore, much agricul-

tural waste and fuel wood is being combusted, particularly in developing countries. Biomass contain-

ing 2 to 5 petagrams of carbon is burned annually (1 petagram = 10  grams), producing large

amounts of trace gases and aerosol particles that play important roles in atmospheric chemistry and

climate. Emissions of carbon monoxide and methane by biomass burning affect  the oxidation effi-

ciency of the atmosphere by reacting with hydroxyl radicals, and emissions of nitric oxide and hydro-

carbons lead to high ozone concentrations in the tropics during the dry season. Large quantit ies of

smoke particles are produced as well, and these can serve as cloud condensation nuclei. These parti-

cles may thus substantially influence cloud microphysical and optical properties, an effect that could

have repercussions for the radiation budget and the hydrological cycle in the tropics. Widespread

burning may also disturb biogeochemical cycles, especially that of nitrogen. About 50 percent of the

nitrogen in the biomass fuel can be released as molecular nitrogen. This pyrodenitrification process

causes a sizable loss of fixed nitrogen in tropical ecosystems, in the range of 10 to 20 teragrams per

year (1 teragram = 10  grams).
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Seiler’s dissertation under 
Junge published in 1974

Crutzen Invited Wolfgang Seiler to NCAR in 1978 to 

Re-Examine Global CO Budget





Crutzen Honored as Discover 
Magazine’s Scientist of the Year in 
1985 for Introducing the World to 
the Concept of “Nuclear Winter”



Crutzen’s Search for Missing CO Source Ignites Interest in  
Burning in the Tropics and the Science of Burning

Leads NCAR Field Mission to 
Brazil to Study Biomass Burning

Consults with Missoula Fire 
Research Center to 

Understand Fire Science



Planning Meeting of Global Tropospheric Experiment (1984): 
Tony Delany to Showed Results from NCAR Expedition 

10 - 20 DU

NASA Becomes Interested in Tropospheric 
Chemistry in Late 1970s

• Environmental Quality Project Office Established at Langley
• Becomes Part of AESD at NASA Langley



In his search for understanding the 

sources of ozone in the 

troposphere, Crutzen made the 

first comprehensive measurements 

trace gases where tropical 

biomass burning was occurring 

and found considerably higher 

concentrations than what had been 

published previously

10 - 20 DU

• Can the 10-20 Dobson Unit Enhancement Be 

Identified from TOMS Total Ozone 

Measurements?

• Such Enhancements are Better Observed at Low Latitudes 

Due to Less Stratospheric Variability

• TOMS Precision is 1% (~ 3 DU)

(from Fishman, Minnis & Reichle, JGR , 91, 1986)



Enhanced Total Ozone 

Observed in Conjunction 

with Biomass Burning in 

1980 Episode

(from Fishman, Minnis & Reichle, JGR , 91, 1986)

High Total Ozone Variable 

on Day-to-Day Basis



High Surface Ozone Concentrations During 

Pollution Episode Also Observed in TOMS 

Total Ozone

Surface O3 Analysis

(from Fishman et al., J. Clim. Appl. Met., 26, 1987)



Separate Stratosphere from Troposphere to Compute 
Tropospheric Ozone Residual (TOR)



Seasonal Depictions of Tropospheric Ozone

SBUV Tropospheric Ozone Residual (TOR) SON 1979-2000

SBUV Tropospheric Ozone Residual (TOR) DJF 1979-2000

SBUV Tropospheric Ozone Residual (TOR) JJA 1979-2000

SBUV Tropospheric Ozone Residual (TOR) MAM 1979-2000

Integrated Tropospheric Ozone (Dobson Units) Fishman et al. [2003, ACP, 3, 1453]



Integrated Tropospheric Ozone (Dobson Units)

Tropospheric Ozone Residual (Jun-Aug Climatology)

Fishman et al. [2003, ACP, 3, 1453]

Measurement of Ozone 
Precursors such as Nitrogen 
Dioxide (NO2) on Aura will 
Provide Important 
Information that Should Lead 
to a New Understanding of 
the Origin and Distribution of 
Global Ozone (Smog) 
Pollution



Summary:
< 1975

• The scientific disciplines that led to the launch of TEMPO have two origins:
 - Aeronomy
 - Atmospheric (Air) Chemistry

• Being awarded the Nobel Prize in Chemistry greatly enhanced the legitimacy of both 
disciplines
 - Nobel citation recognized both formation and destruction of ozone

• Crutzen searched for missing source of CO to balance global budget
 - Interest in biomass burning resulted in NCAR expedition to quantify source
 - Theoretical calculations suggested tropospheric O3 source linked to CO

>1975
• Global-scale tropospheric chemistry NASA becomes core program (GTE)

• Results from 1979 NCAR field study presented at initial GTE planning meeting
 - Elevated tropospheric O3 profiles shown for first time
 - Is there a strong enough O3 signal to be seen in TOMS total ozone satellite data?

• Results published in 1990 showing that existing satellites can see large-scale 
distribution of tropospheric O3 



The Scientific Evolution of TEMPO:
Which Scientific Discipline Hatched Us?

Aeronomy? Atmospheric Chemistry?

Sydney Chapman
Described the chemical 
mechanism that explains 
the existence of the 
stratospheric ozone layer

Chris Junge
Recognized as the 
“Father of Atmospheric 
Chemistry”: Studied 
Chemical Cycles of CO, 
O3, CH4, H2, others

1912-1996
1888-1970

Junge’s Students:
Dieter Ehhalt (CH4)

Wolfgang Seiler (CO)
Peter Fabian (O3)

Ulrich Schmidt (H2)



“.. the Royal Swedish Academy of Sciences awarded 
the 1995 Nobel Prize in Chemistry to 
Paul Crutzen, Mario Molina and F. Sherwood Rowland 
for their work in atmospheric chemistry, particularly 
concerning the formation and decomposition of ozone.”

The Nobel Prize in Chemistry Was Not Awarded Solely for the Chemistry 

Related to Stratospheric Ozone Depletion

Atmospheric Chemistry Achieved Unparalleled Respect in 1997:

1933-2021 1943-2020 1927-2012
ObservationalistKineticist

(Experimenter)
Modeler/Meteorologist



Where does ozone in the troposphere come from?
• Aeronomers Didn’t Venture into the Land of Tropos
• Atmospheric Chemistry Community Focused on Urban Air 
Pollution (Kinetics & Urban-scale Meteorology)
• Meteorologists Focused on Regional-Scale Transport
 - Mesoscale Meteorologists Concentrate on Severe Storm Environment
• No “Home” for Global-scale Atmospheric Chemists

Classical Studies Assumed Only Source of Tropospheric O3 was from stratosphere (<1977)



1943-2016

Special Recognition for the Advancement of Global 
Scale Atmospheric Chemistry Should be Given to 

Ralph Cicerone
President National Academy of Science

2005-2016

Cicerone welcomed this new breed of atmospheric chemists 
into the American Geophysical Union



Despite Their Scientific Credibility and Claim to Fame, Each of 
these Remarkable Individuals Remained Approachable and 

Involved in the Advancement of Science

From a Personal Perspective:
I have been blessed to have known these 

incredible people for the past half century



Public 

Impact

Scientific

Understanding

Global 

Assimilation

Regional

Prediction

In Situ and 

Satellite

Observations

Eventual Requirement:  Capability of  

nested global- to regional-scale 

meteorological and chemical modeling for 

assimilating and predicting the chemical 

state of the atmosphere (air quality)

Air Quality Forecasts Will Require Infusion of Satellite Observations and 

Merging of Global and Regional Chemical Transport Models

How did we get here?
The Vision of Brad Pierce

Last, but not least:

NASA, NOAA & EPA 
must come together



Extra Slides



Massive Air Pollution Episode from 1988

From Fishman et al. (2003)



Observation of Pollution Plumes in Total Ozone TOMS 
Measurements  Suggested in Initial TOR Study (1990)

Unusually Elevated HNO3 
Concentrations Measured in 

Hawaii in October 1985 (Huebert)

Strong El Niño in 1983 
Leads to Unusually 

High Total Ozone 
throughout Tropics 
from Burning over 

Indonesia



TOR and Surface O3 Depiction During July 3-15 Pollution Episode 

Comparison of U.S. Air Pollution Using 

Satellite Measurements







Summary (Welsh and Fishman)

• CAMx Model Provides Good Simulation of July 2012 Pollution Event in St. Louis
 - Surface concentrations increased to ~90 ppb during episode
 - Plume transported by prevailing weak southwesterly winds
 - Model calculations correlate with observations:  r=0.69 to 0.87

• O3 Plume Emanating from St. Louis  is ~16 DU
 - Calculation consistent with size of urban source (?)

• Plumes from Large Air Pollution Events in 1980s as large as 40-60 DU

• Emission Controls Might Be Primary Reason for Smaller O3 Episodes

• Seeing O3 Pollution from TEMPO will Be More Challenging: 
 Synoptic-scale Episodes seen in the 1980s will likely not Exist in the 2020s



Surface O3 Model Calculations



Surface O3 Model Calculations



Integrated O3 Model Calculations

~16 DU
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