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S.-‐W.	  Kim	  et	  al.	  (2011),	  Atmos.	  Chem.	  Phys.,	  11,	  11361–11386	  

In	  the	  examples	  shown	  here,	  we	  use	  satellite	  measurements	  of	  
tropospheric	  NO2	  columns	  to	  understand	  and	  improve	  NOx	  emissions.	  
In	  this	  work	  we	  take	  advantage	  of	  the	  short	  lifeIme	  of	  NOx	  in	  the	  
dayIme	  in	  summer,	  so	  that	  satellite-‐measured	  NO2	  columns	  are	  
directly	  proporIonal	  to	  NOx	  emissions	  at	  regional	  scales.	  	  
These	  methods	  rely	  on	  chemical-‐transport	  models	  to	  simulate	  NO2	  
columns	  which	  are	  in	  turn	  compared	  to	  the	  satellite	  measurements,	  
providing	  informaIon	  on	  the	  accuracy	  and	  trends	  of	  NOx	  emissions.	  
For	  power	  plants,	  CEMS	  data	  provide	  input	  for	  modeling	  NO2	  columns	  
and	  a	  check	  on	  satellite	  measured	  NO2	  columns.	  Satellite	  NO2	  columns	  
confirmed	  in	  this	  way	  can	  then	  be	  used	  to	  evaluate	  inventories	  for	  
other	  NOx	  sources	  that	  are	  more	  uncertain,	  such	  as	  ciIes.	  

Satellite	  NO2	  
Instrument	  

Period	   Overpas
s	  Ime	  

Global	  
coverage	  

Pixel	  size	  

GOME	  (ERS-‐2)	   1995-‐2003	   10:30	  LT	   3	  days	   340	  x	  40	  
km2	  

SCIAMACHY	  
(ENVISAT)	  

2002-‐2012	   10:00	  LT	   6	  days	   60	  x	  30	  km2	  

OMI	  
(AURA)	  

2004-‐present	   13:30	  LT	   1	  day	   27	  x	  13	  km2	  
(nominal)	  

Modeling	  
Regional	  Chemical-‐Transport	  Model	  
The	  WRF-‐Chem	  (Weather	  Research	  and	  
ForecasIng	  -‐	  Chemistry)	  model	  
simulates	  atmospheric	  chemistry	  online	  
within	  the	  WRF	  meteorological	  model.	  
Emissions	  inputs	  consist	  of	  the	  US	  EPA	  
NaIonal	  Emission	  Inventory	  (NEI)	  and	  
CEMS	  data.	  

WRF-‐Chem	  Summer	  2004	  
Average	  NO2	  VerIcal	  Columns	  

Quan0fying	  Power	  Plant	  Emission	  Decreases	  with	  Satellites	  and	  Models	  
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Annual NOx Emissions

∆(US)	  =	  -‐36%	  
∆(Ohio	  River)	  	  =	  -‐45%	  

Power	  plant	  in-‐stack	  NOx	  
monitors	  (CEMS)	  show	  
substanIal	  NOx	  emission	  
reducIons	  since	  late	  1990’s.	  

Model	  NO2	  columns	  compared	  well	  with	  satellite	  over	  urban	  areas.	  Over	  power	  plants,	  
the	  model	  columns	  using	  default	  1999	  emissions	  were	  too	  large,	  while	  they	  agreed	  well	  
using	  2004	  CEMS	  data	  for	  the	  plants.	  These	  model-‐satellite	  comparisons	  show	  that	  the	  
satellite	  detects	  the	  atmospheric	  NO2	  changes	  due	  to	  power	  plant	  NOx	  emission	  controls.	  

Similar	  trends	  were	  seen	  in	  satellite	  NO2	  columns	  and	  NOx	  
emissions,	  showing	  how	  controls	  have	  decreased	  power	  plant	  
emissions	  while	  urban	  emissions	  did	  not	  change	  as	  much.	  

Ohio	  River	  Valley	  1997	  

E(NOx)	  ~	  50%	  power	  plant	  	  

Northeast	  Urban	  Corridor	  	  1997	  -‐	  2005	  

E(NOx)	  <	  20%	  power	  plant	  	  

Ohio	  River	  Valley	  2005	  

E(NOx)	  ~	  20%	  power	  plant	  	  

Using	  Satellites	  and	  Models	  to	  Understand	  Power	  Plant	  and	  Urban	  Emissions	  
In	  the	  Western	  USA,	  well	  
separated	  NO2	  satellite	  signals	  
allow	  us	  to	  evaluate	  NOx	  
emissions	  from	  individual	  power	  
plants	  and	  from	  urban	  areas.	  	  
Power	  plant	  emissions,	  
monitored	  in-‐stack,	  are	  used	  to	  
“calibrate” satellites	  and	  models.	  	  
Emissions	  in	  rapidly	  growing	  
urban	  areas	  with	  lots	  of	  motor	  
vehicles	  are	  less	  well	  understood.	  
Satellites	  provide	  a	  check	  on	  
emissions	  for	  urban	  areas	  and	  
other	  less	  well	  quan0fied	  source	  
regions.	  

NOx	  Emissions	  from	  Western	  USA	  Power	  Plants	  
Isolated	  plants	  have	  discrete	  signatures	  in	  
the	  satellite	  retrievals.	  Plant	  emissions	  are	  
measured	  conInuously	  at	  each	  stack.	  	  
Currently	  many	  large	  coal-‐burning	  plants	  in	  
the	  Western	  USA	  do	  not	  have	  NOx	  polluIon	  
controls.	  So	  these	  plants,	  with	  their	  large	  
NO2	  columns,	  help	  us	  check	  the	  satellite	  and	  
model	  data.	  

Satellite	  and	  model	  columns	  are	  basically	  the	  
same	  over	  these	  power	  plants.	  This	  allows	  us	  
to	  opImize	  satellite	  column	  retrievals	  and	  
model	  parameterizaIons,	  and	  to	  compare	  
different	  satellite	  retrieval	  approaches.	  
Consistency	  for	  different	  retrievals	  gives	  us	  
confidence	  in	  conclusions	  about	  emissions.	  

North	  Valmy	  

Intermountain	  
	  	  	  	  Hunter	  /	  
HunIngton	  

Mohave	  

Navajo	   Four	  Corners/	  
San	  Juan	  

Cholla/Coronado/	  
Springerville	   Bonanza	  

Craig/Hayden	  

Jim	  Bridger/	  
Naughton	  

Dave	  Johnston/	  
Laramie	  River	  

Colstrip	  

Reid	  Gardener	  	  

SCIAMACHY,	  Summer	  2005	  NO2	  Columns	  

NOx	  Emissions	  from	  Western	  USA	  Urban	  Areas	  

We	  use	  our	  evaluated	  satellite	  retrievals	  
and	  model	  simulaIons	  to	  examine	  
sources	  that	  have	  more	  uncertain	  
inventories,	  such	  as	  urban	  areas,	  and	  to	  
monitor	  changes	  in	  these	  regions.	  In	  USA	  
urban	  areas,	  NOx	  emissions	  are	  
dominated	  by	  motor	  vehicles.	  	  

Large	  satellite	  -‐	  model	  NO2	  column	  
differences	  were	  seen	  over	  many	  Western	  
US	  ciIes.	  This	  result	  indicates	  that	  urban	  
emissions	  in	  2005	  were	  not	  well	  
represented	  by	  the	  1999	  inventory.	  This	  
result	  is	  not	  surprising,	  since	  USA	  motor	  
vehicle	  NOx	  emissions	  were	  known	  to	  
have	  decreased	  between	  1999	  and	  2005.	  

Eastern	  Texas	  has	  many	  large	  
emissions	  sources,	  including	  
power	  plants,	  urban	  areas,	  
industrial	  facili0es,	  and	  ports.	  
These	  sources	  are	  located	  in	  close	  
proximity	  to	  one	  another	  in	  the	  
Houston	  area.	  
Satellite	  data	  help	  verify	  
inventories	  at	  the	  scale	  of	  the	  
Dallas	  and	  Houston	  urban	  areas.	  	  	  
Research	  aircraO	  deployed	  during	  
field	  campaigns	  in	  the	  region	  
study	  individual	  sources.	  	  
When	  combined	  with	  forward	  
and	  inverse	  models,	  aircraO	  data	  
allow	  us	  to	  iden0fy	  the	  sources	  
leading	  to	  the	  emissions	  biases	  
detected	  by	  satellites.	  

Emissions	  Quan0fica0on	  by	  Combining	  AircraO	  
and	  Satellite	  Data	  with	  Models	  

Observed	  and	  WRF-‐Chem	  NOx	  in	  Houston	  

Satellite	  (OMIs)	  vs.	  Model	  (WRF)	  NO2	   Aircram	  (WP-‐3D)	  vs.	  Model	  (WRF)	  NO2	  

Inverse	  Modeling	  of	  Houston	  NOx	  Emissions	  

S.-‐W.	  Kim	  et	  al.	  (2009),	  J.	  Geophys.	  Res.,	  114,	  D11301,	  doi:10.1029/2008JD011343	  

S.-‐W.	  Kim	  et	  al.	  (2006),	  Geophys.	  Res.	  LeJ.,	  33,	  L22812,	  doi:10.1029/2006GL02774	  

Satellite	  Retrievals	  	  

WRF-‐Chem,	  Reference	  Emissions	  (NEI	  99)	  

Ohio	  River	  Valley	  
Northeast	  
Urban	  Corridor	  

SCIAMACHY	   WRF-‐Chem,	  Updated	  Power	  Plant	  Emissions	  
Summer	  2004	  Average	  NO2	  VerNcal	  Columns	  

Eastern	  USA	  Power	  Plant	  NOx	  Controls	  Detected	  by	  Satellite	  

Denver	  

Albuquerque	  /	  
Santa	  Fe	  

El	  Paso	  

Boise	  
Salt	  Lake	  
City	  
Reno	  

Sacramento	  
San	  Francisco	  

Fresno	  
Bakersfield	  

Los	  Angeles	  
Las	  Vegas	  

Phoenix	  
Tucson	  

SCIAMACHY,	  Summer	  2005	  NO2	  Columns	  

Map	  of	  Averaging	  Regions	  NOy	  Prior	  

NOy	  Posterior	  –	  Prior,	  3DVAR	   NOy	  Posterior	  –	  Prior,	  4DVAR	  

Inverse	  modeling	  of	  NOx	  using	  the	  
research	  aircram	  data	  is	  quanItaIvely	  
consistent	  with	  WRF-‐Chem	  model	  
comparisons	  to	  satellite	  and	  aircram	  
data.	  Posterior	  NOx	  emissions	  in	  the	  
Houston	  urban	  core	  remain	  relaIvely	  
unchanged	  from	  the	  prior	  inventory.	  
However,	  in	  the	  industrial	  porIon	  of	  
Houston,	  posterior	  NOx	  emissions	  are	  
significantly	  lower	  than	  the	  prior.	  
Consistency	  between	  the	  WRF-‐Chem	  
and	  inverse	  model	  results	  gives	  us	  
confidence	  in	  our	  assessment	  of	  the	  
NOx	  inventory.	  	  

Trends	  in	  Eastern	  USA	  Satellite	  NO2	  and	  NOx	  Emissions	  
Significant	  NOx	  controls	  were	  
installed	  on	  large	  point	  
sources,	  par0cularly	  
electrical	  power	  genera0on	  
plants,	  across	  the	  Eastern	  
USA	  beginning	  in	  the	  late	  
1990s.	  	  
We	  demonstrate	  that	  
satellites	  can	  quan0ta0vely	  
detect	  the	  impact	  of	  these	  
power	  plant	  NOx	  emissions	  
controls	  by	  measuring	  their	  
impact	  on	  atmospheric	  NO2	  
levels.	  

Improving	  Knowledge	  of	  Emissions	  using	  Satellite	  and	  AircraO	  
Observa0ons	  and	  Regional	  Models	  
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Our	  efforts	  to	  understand	  emissions	  are	  moIvated	  by	  the	  fact	  that	  effecIve	  acIons	  
aimed	  at	  changing	  the	  atmosphere	  must	  focus	  on	  emissions.	  Emissions	  are	  the	  key	  
drivers	  to	  changes	  in	  atmospheric	  composiIon,	  and	  in	  turn,	  to	  air	  quality	  and	  
climate.	  Accurate,	  Imely,	  and	  complete	  informaIon	  on	  emissions	  is	  therefore	  
criIcal	  to	  environmental	  science	  and	  policy.	  In	  this	  Century	  of	  Accountability,	  
stakeholders	  are	  increasingly	  asking	  scienIsts	  to	  provide	  quanItaIve	  informaIon	  
about	  emissions	  and	  their	  impacts.	  

Booom-‐up	  emissions	  inventories	  are	  the	  primary	  tool	  used	  by	  scienIsts	  and	  
decision-‐makers	  to	  quanIfy	  emissions	  and	  make	  predicIons	  about	  the	  future.	  	  
Inventories	  are	  complex	  aggregated	  calculaIons	  combined	  with	  some	  
representaIve	  measurements.	  This	  complexity	  leads	  to	  long	  periods	  for	  
developing	  inventories,	  inconsistencies	  between	  different	  inventory	  data	  sets,	  
lack	  of	  transparency	  about	  inventory	  development	  methods,	  and	  incomplete	  
access	  to	  inventory	  data.	  Most	  importantly,	  these	  issues	  result	  in	  difficulty	  
establishing	  uncertainIes	  on	  inventories.	  	  
Even	  inventories	  for	  the	  USA,	  developed	  over	  many	  years	  at	  substanIal	  cost,	  
have	  significant	  issues	  with	  consistency	  and	  uncertainIes.	  Most	  USA	  sectors	  
derive	  their	  emissions	  esImates	  from	  models	  that	  can	  be	  very	  uncertain.	  One	  
excepIon	  is	  electrical	  power	  generaIon	  plants,	  with	  their	  rouIne	  
measurements	  by	  in-‐stack	  conInuous	  emission	  monitoring	  systems	  (CEMS).	  

GEIA	  Connects	  Emissions	  Science	  to	  its	  Global	  Stakeholders	  

Our	  top-‐down	  approach	  uses	  different	  sampling	  plarorms	  to	  measure	  the	  
abundance	  and	  variability	  of	  atmospheric	  consItuents.	  It	  also	  employs	  
atmospheric	  models	  of	  varying	  complexity	  as	  transfer	  standards	  between	  a	  
consItuent’s	  abundance	  and	  its	  emissions.	  This	  approach	  quanIfies	  the	  
total	  emissions	  from	  a	  region,	  the	  temporal	  variability	  and	  spaIal	  
distribuIon	  of	  emissions,	  and	  parIIons	  the	  emissions	  contribuIons	  from	  
different	  source	  sectors.	  We	  provide	  objecIve	  evaluaIons	  of	  inventories,	  
allowing	  us	  to	  understand	  and	  reconcile	  differences	  between	  booom-‐up	  and	  
top-‐down	  methods.	  By	  quanIfying	  uncertainIes	  in	  our	  esImates	  and	  using	  
different	  methods	  to	  arrive	  at	  the	  same	  answer,	  we	  increase	  confidence	  in	  
our	  conclusions.	  

Top-‐down	  approach	  to	  understanding	  emissions	  

AircraO	  
Measurements	  

We	  use	  instrumented	  research	  aircram	  to	  
measure	  mulIple	  chemical	  species	  upwind	  and	  
downwind	  of	  emissions	  sources.	  These	  flights	  
generally	  take	  place	  during	  dayIme	  under	  well	  
mixed	  condiIons.	  From	  such	  measurements,	  we	  
can	  map	  out	  the	  spaIal	  distribuIon	  of	  sources	  
and	  look	  at	  temporal	  variability.	  Under	  the	  right	  
condiIons,	  we	  can	  also	  esImate	  source	  
emissions	  using	  the	  mass	  balance	  approach.	  

Mesoscale	  Inverse	  Model	  
The	  inverse	  model	  is	  based	  on	  
the	  FLEXPART	  Lagrangian	  parIcle	  
dispersion	  model,	  driven	  by	  an	  
ensemble	  of	  3	  meteorological	  
simulaIons	  (WRF).	  Research	  
aircram	  observaIons	  are	  
assimilated	  by	  the	  inverse	  model.	  
Emissions	  prior	  is	  the	  US	  NEI.	  	  

	  	  	  

GEIA,	  the	  Global	  Emissions	  Ini0a0ve,	  aims	  to	  improve	  the	  scien0fic	  basis	  
of	  emissions	  informa0on	  worldwide.	  	  
GEIA	  is	  a	  25-‐year-‐old	  community	  acIvity	  of	  the	  InternaIonal	  Geosphere-‐
Biosphere	  Programme.	  GEIA	  distributes	  harmonized	  emissions	  datasets,	  
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