
Satellite'Measurements'of''
Trace'Gases'or'Air'Pollutants'

Orbits,(measurement(types,(spectral(regions,(proper4es((



� 3$++(3$�,.-(3.1(-&�.%�3'$�"' -&(-&�6.1+#:
��# (+8�&+.! +�".5$1 &$���+.-&3$1,��

�731$,$��$ 3'$1�
�-3$1�".-3(-$-3 +��

�1 -2/.13�.%� (1�/.++43(.-�
�+(, 3$��' -&$�



� 3$++(3$��1!(32�

�'$1$� 1$�#(%%$1$-3�38/$2�.%�.1!(32� 1.4-#�3'$�� 13'�.%�5 18(-&�2(9$2� -#�$ "'�(2�42$#�%.1� �/ 13("4+ 1�.!)$"3(5$���
'33/�

666	6(2$#4#$	".,
2"($-"$�$-&(-$$1(-&
2 3$++(3$2	'3,�

•  �'$��""$-31("�.1!(3�'.+#2� �2 3$++(3$�3' 3�,$ 241$2�3'$�� 13'�2�, &-$3("� -#�$+$"31("�%($+#2	��'(2�.1!(3�(2�".-#4"(5$�%.1�
3'(2�/41/.2$��2(-"$�3'$�2 3$++(3$�" -�.!3 (-�,$ 241$,$-32� 3�#(%%$1$-3�#(23 -"$2�%1.,�� 13'	�

•  �'$��.6�� 13'�.1!(3�(2�2 (#�3.�!$�3'$�$ 2($23�3.�1$ "'� -#�(2�6'$1$�3'$��422( -�2/ "$�23 3(.-� -#��4!!+$��/ "$�
�$+$2"./$�!.3'�.1!(3	�

•  �'$��.+ 1�.1!(3�(2�� 2�(32�- ,$�24&&$232��".-"$-31 3$#� 1.4-#�3'$�� 13'�2�/.+$2	��$ 3'$1�2 3$++(3$2� 1$�/+ "$#�'$1$�
 2�1$ #(-&2�.%�3'$�$-3(1$�� 13'�" -�!$�3 *$-�6'(+$�3'$�/+ -$3�2/(-2	�

•  �'$��$.23 3(.- 18�.1!(3�(2� !.43��
������*,� !.5$�3'$��04 3.1� -#�'.+#2�".,,4-(" 3(.-�2 3$++(3$2��$2/$"( ++8�
3$+$5(2(.-�2 3$++(3$2	��.3'�3'$�� 13'� -#�3'$�2 3$++(3$2�".,/+$3$�3'$(1�1$2/$"3(5$�"(1"+$2� 3�3'$�2 ,$�3(,$��,$ -(-&�
3'$8�,.5$�-$"*�3.�-$"*	�



Atmospheric Radiation Spectrum 
•  Satellite remote sensing uses 

four spectral regions. 
•  Focus in IR region and species 

focus on atmospheric 
composition and greenhouse 
gases. 

UV:  some absorptions + profile 
information; aerosols  

VIS: surface information: 
vegetation; some absorptions; 
aerosol information 

IR:  profile information: 
temperature information; 
cloud information; water / ice 
distinction; many 
absorptions / emissions from 
atmospheric composition 

MW: no problems with clouds: 
ice / water contrast; 
surfaces; some emissions + 
profile information ((



ACTIVE VS. PASSIVE REMOTE SENSING 
Passive Remote Sensing: 
Natural sources of radiation, the 

attenuated, reflected, scattered, or 
emitted radiation is analysed 

!  Usually UV, visible, IR 
!  Sources include: sun, moon, Earth 

Active Remote Sensing: 
Artificial source of radiation, the 

reflected or scattered signal is 
analysed 

!  Usually lasers (LIDAR) or RADAR  
!  Active source, usually co-located 

with receiver 



Thermal Emission Measurements 
(IR, microwave) 

EARTH(SURFACE(

Iλ(To)&

Absorbing(gas(

To&

T1&

ελIλ(T1)&
LIMB(VIEW(

NADIR(

VIEW(

Examples: AIRS, IASI, MLS, IMG, MOPITT, MIPAS, TES, HIRDLS 

Pros:(

• (versa4lity((many(species)(

• (small(field(of(view((nadir)(

• (ver4cal(profiling(

Cons:(
• (low(S/N(in(lower(troposphere(
• (H2O(and(other(interferences(

hSp://www.atmos.colostate.edu(



Solar Backscatter Measurements((

ScaSering(by((

Earth(surface((

and(by(atmosphere(

Examples: TOMS, GOME, SCIAMACHY, MODIS, MISR, OMI, OCO 

Pros:(
• (sensi4vity(to(lower(troposphere(
• (small(field(of(view((nadir)(

Cons:(

• ((Day4me(only(

• ((Column(only(

• (Interference(from(stratosphere(

λ1" λ2" z&

hSp://www.atmos.colostate.edu(



OCCULTATION MEASUREMENTS  

EARTH(

“satellite((

sunrise”(

Tangent(point;(retrieve(ver4cal(

profile(of(concentra4ons(

Examples: SAGE, POAM, GOMOS 

Pros:(
• (large(signal/noise(
• (ver4cal(profiling(

Cons:(

• (sparse(data,(limited(coverage(

• (upper(troposphere(only(
• (low(horizontal(resolu4on( hSp://www.atmos.colostate.edu(



LIDAR MEASUREMENTS (UV to near-IR) 

EARTH(SURFACE(

backscaSer(by((

atmosphere(

Laser(

pulse(

Examples: LITE, GLAS, CALIPSO 

Intensity(of(return(vs.(4me(lag((

measures(ver4cal(profile(

Pros:( • (High(ver4cal(resolu4on(

Cons:(
• (Aerosols(only((so(far)(
• (Limited(coverage(

hSp://www.atmos.colostate.edu(



Numerous Species from IR 

[Clerbaux(et(al.,(ACP(2009](



A-Train Satellites 

mul4ple! ERS_2! Adeos( Terra! EnviSat! Aqua(
Space(

sta.!
SCISAT(

_1(
Aura!

MetOp(

–A&B(
NPP(

TOMS! AVHRR/(

SeaWIFS!
GOME! IMG( MOPITT! MODIS

/MISR!
SCIA_

MACHY!
MIPAS(

*!
AIRS/

MODIS(

SAGE_3! ACE_

FTS*!
TES! OMI! MLS*! HIRDLS

*!
CALIPSO

/Cloud(

Sat!

IASI( CrIS/

VIIRS/

OMPS(

OCO_2(

1979! 1995! 1996( 1999! 1999! 2002! 2002! 2002( 2004! 2003! 2004! 2004! 2004! 2004! 2004! 2007( 2011( 2014(

Besides(tradi4onal(temperatures,(water(vapor,(etc.:(

O3,(CO,(CO2,(NO,(NO2,(HNO3,(CH4,(HCHO,(CHOCHO,(SO2,(BrO,(CH3CN,(HCOOH,(CH3OH,(NH3,(HDO,(Aerosols,(Clouds(!



Atmospheric Infrared Sounder 
Launched May 2002 

•  A grating spectrometer originally designed to 
improve weather forecast and now also used for 
climate and air quality studies. 

•  Spectral resolution at ν/1200 (~ 0.5 cm-1)� 
•  Covers 650-2665 in three bands with a total of 

2378 channels 
•  Spatial resolution 13.5 km2 (with retrievals at 

~45 km2) 
•  Wide swaths and cloud clearing provide daily 

global coverage 
•  Very high Signal-to-Noise accuracies of 1K over 

1 km-layer.  

AIRS(

MODIS(

AMSR_E(

AMSU(

HSB(

CERES(

AQUA!



Atmospheric!Infrared!Sounder!
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CO 
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OLR 

Cloud 
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N2O 

CH4 

HDO 



Inverse Methods  

RADIANCE(CONCENTRATIONS(

y   - vector of wavelength-dependent radiances (radiance spectrum); 
x   - state variable of concentrations; 
F(x, b)  - forward model using Radiative Transfer Equations (RTE); 
b   - other properties, besides x, needed to model the atmosphere. 

����������������

������������	�

�
���
������	�

hSp://www.atmos.colostate.edu(



Introduction

E. Maddy

Acknowledgements

Introduction
What are we studying?

Notation

Terminology

Form of the linear problem

Example problem

Naive Solution

Problem in Nadir
Temperature Sounding

Simple Example

More Realistic
Example

Poor Man’s Retrieval

Mathematical
Framework

A Dragon Chart

from Stephens, G. L., “Remote Sensing of the Lower Atmosphere: An Introduction”
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Retrieval Difficulty 
  - Use Prior Knowledge in Retrievals 

Problems: 
1.  Non-uniqueness of solution (need to apply a priori information) 
2.  Discreteness of measurements of a smoothly varying function 
3.  Instability of the solution due to errors in the observations 



FORWARD MODEL 

€ 

y = F(x,b)+ε
Observa4ons(

(e.g.(radia4on)(

State(of(interest(

(e.g.(concentra4ons)(

Complementary(

parameters(
Errors((

If linear (or linearize the forward model about some reference state X0):  

€ 

y−F x0( ) =
∂F x( )
∂x

x − x0( ) +ε = K (x − x0 )+ε

€ 

K =
∂F x( )
∂x

# 

$ 
% 

& 

' 
( Where                                 is the weighting functions or Jacobians. 

This problem is ill-posed because K (mxn) is not square (generally m < n, 
i.e., less measurements than unknowns). 



Weighting Functions 
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Realistically the weighting functions have finite width
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Jacobians-measurement sensitivity  
for a specie in a spectral band  

IR Instruments
Diffraction Gratings

Interferometers

Radiometers

General

Typical Spectra
Weighting fcn

Jacobians

Forward and
Inverse Model

Some Practical
Issues

Applications
T(z) and Stemp

Trace Gases

Dust and Cirrus

Fires

UMBC/JCET Jacobians

Temperature CO2
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Typical Spectra
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Jacobians

Forward and
Inverse Model

Some Practical
Issues
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cirrus!

altocumulus! altostratus!

cumulus! stratocumulus!

cirrostratus!

nimbostratus!

stratus!

deep!!
convec9on!



Cloud Detection Principle 
- Using atmospheric window regions, colder for clouds 
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Figure 7.4: Top panel: Cloud correction is a simple proportion of cloud contrast for all channels. We compute
format error covariance of δηδηT to estimate radiance covariance δRδRT . Bottom panel: The error is highly
spectrally correlated.

We can no longer solve for the cloud with one channel. Multiple channels would be used in a least
squares fit. In addition, the two η’s are not independent. We cloud solve for η1 and η2 independently. Since,
in our example R = 55 and α = 50%, we would find that η1 = α

α2−α or η2 = α
α1−α . Therefore, possible

solutions are η1 = 50
60−50 = 5 & η2 = 0 or η1 = 0 & η2 = 50

40−50 = −5 or any linear combination of these two.
Typically in the retrieval the

∑
η = 0 so that −η2 = η1 = 1

2
α

α2−α .

Rclr(n) = R +
α

α2 − α
· f ·

(
R(n) − R2(n)

)
+

α

α1 − α
· (1 − f) ·

(
R(n) − R2(n)

)
(7.7)

Examples, of some of the linear combinations for this example are

• Rclr(n) = 55 + 5 · f · (55 − 50) − 5 · (1 − f) · (55 − 60) = 80 0 ≤ f ≤ 1

• Rclr(n) = 55 + 5 · (55 − 50) + 0 · (55 − 60) = 80 f = 1

• Rclr(n) = 55 + 0 · (55 − 50) − 5 · (55 − 60) = 80 f = 0

• Rclr(n) = 55 + 1 · (55 − 50) − 4 · (55 − 60) = 80 f = 0.2

• Rclr(n) = 55 + 2.5 · (55 − 50) − 2.5 · (55 − 60) = 80 f = 0.5

The retrieval algorithm minimizes the weighted difference between clear column radiances, Rs
n,CCR for

channel n, and an estimate of the clear radiances.
The clear column radiance is extrapolated from the observed cloudy radiances in NF fields of view (FOV)

(for AIRS we use all 9 FOV’s). We will begin with a thorough explanation of how the cloud cleared radiances
and error estimates of the cloud cleared radiances are produced.

In general, an ideal combination of η’s will minimize the noise of the cloud clear radiances. For example,
imagine a set of 9 FOV’s where the first five are nearly clear and the last four are almost 100% cloudy. We

wavenumber(cm_1(

Brightness(Temperature(for(US(std(

0%(((cloud(

40%(cloud(

60%(cloud(
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Figure 5.7: Earth Radiance & Brightness Temperature

5.7 Monochromatic downwelling thermal component

The radiation from an atmospheric layer at p(L) emits radiation in all directions. Some of that radiation
reflects off the surface and into the solid angle of observation. The down-welling term requires integration
over all zenith angles, θ′, and azimuthal angles, α, and all levels.

Rd(ν, θ) = τ↑
ν (Ps, X, θ) ·

2π∫

α=0

π
2∫

θ′=0

ρν(θ, θ′, α) · sin(θ′) · cos(θ′)

·
0∫

p=Ps

Bν(T (p)) · dτ↓
ν (p, X, θ′)

dp
· dp (5.38)

• The thermal reflectivity, ρν(θ, θ′, α), is usually a small number ≃ 1
π (1− ϵν) (except over ocean in SWIR

and the microwave).

• Effectivity, there is a product of up-welling and down-welling transmittance so that this term is only
important in channels in which the transmittance is ≈ 1

2 .

where we employ the short hand notation for the surface to space transmittance (Eqn. 5.14) and a short
hand notation for the downwelling layer transmittance

∆τ↓
ν (L, θ′) ≡ τν(p(L − 1) → p(L), θ′) (5.39)

= τν(p(L − 1) → Ps, θ
′) − τν(p(L) → Ps, θ

′) (5.40)



Treatment of clouds 

- Derive the clear column radiances that 
would have been there if there were no 
clouds 

- Assuming the two scenes only differ by the 
cloud coverage. 

-  Works for broken or transparent clouds 
-  Improve coverage from ~15% to 50-70%! 
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FOV #2

FOV #1
40% cloudy

60% cloudy

Figure 7.3: Two AIRS partially cloudy field of views (FOV’s) are illustrated showing that each FOV has
some fraction of clear radiance and some fraction of cloudy radiance. We define the ensemble of FOV’s as
the retrieval field of regard (FOR).

R1(n) = (1 − α1) · Rclr(n) + α1 · Rcld(n) (7.2)
R2(n) = (1 − α2) · Rclr(n) + α2 · Rcld(n) (7.3)

and the clear radiance can be determined from the two FOV’s. This is illustrated in Fig. 7.3.

Rclr(n) = R1(n) + η · (R1(n) − R2(n)) (7.4)

where η = α1
α2−α1

. In practice we use an estimate of Rclr(n) to solve for η. For example, lets say that R1(n)
= 60 and R2(n) = 50 for channel n and α1 is 40% and α2 is 60% cloudy. Then we know that 10 units of
radiance is associated with a 20% change cloudiness. To extrapolate to clear from 40% cloudiness we would
need (10 radiance/20%) times 40% from R1 or Rclr(n) = R1 + α1

α2−α1
· (R1(n) − R2(n)) = 60 + 40

20 · 10 = 80
radiance units.

In each cloud clearing step we retrieval the cloud parameters (currently we only solve for Pcld(i) and
αcld(i) for 2 cloud levels using the measured cloudy radiances. We have also found that it is better to
extrapolate from the average of all the radiances instead of assuming a clearest FOV. Our example above
would become

Rclr(n) = R(n) + η1 ·
(
R(n) − R2(n)

)
+ η2 ·

(
R(n) − R1(n)

)
(7.5)

where,

R(n) =
1
2

(R1(n) + R2(n)) (7.6)

and the reverse ordering of the η’s is historical. The most significant η used to associated with the clearest
spot.

Robs'='αRcld'+(1=α)Rclr'
N*'Ξ'α1/α2'='(R1'='Rclr)/(R2'='Rclr)'
Rclr'='(R1'='N*'R2)/(1'='N*)''

McMillin, L.M. and C. Dean 1982. Evaluation of a new 
operational technique for producing clear radiances. J. 
Appl. Meteor. 21 p.1005-1014. 
Smith, W.L. 1968. An improved method for calculating 
tropospheric temperature and moisture from satellite 
radiometer measurements. Monthly Weather Review 
96 p.387-396. 

- Cloud Clearing(



Observations used for the Validations 

Field Campaigns: 
•  INTEX-A (DC-8) 
•  MILAGRO/ 
  INTEX-B (DC-8, C130) 
•  ARCTAS (DC-8, P3) 
•  HIPPO 

Ground Measurements: 
•  GMD 
•  NDACC 

Airliners: 
•  MOZAIC 
•  Japanese Airliner 

Ground Balloon Sondes: 
 Temperature, water vapor, and ozone  

Validation 

INTEX-B DC-8 spiral profiles on Mar. 4, 2006, over west of 
Birmingham, AL near the fires, with AIRS V5 CO (blue and 
cyan lines) and AIRS OE CO (red and orange lines).  



Transpacific Asian pollution plumes: the view 
from AIRS CO  

Lin,!M.,((et(al.:((2012a):(Transport(of(Asian(ozone(pollu4on(into(surface(air(over(the(western(United(States(
in(spring,(Journal&of&Geophysical&Research,117,(D00V07,(doi:10.1029/2011JD016961((

[1018(molecules(cm_2](
Daily!AIRS!CO!columns!from!June!12!to!21,!2010!



Lin!M!!et'al.!(2012b):(Spring4me(high(surface(ozone(events(over(the(western(United(States:(Quan4fying(the(

role(of(stratospheric(intrusions,(Journal&of&Geophysical&Research,(117,(D00V22,(doi:10.1029/2012JD018151((

Total!column!O3![DU]!







AIRS V5 and NOAA IASI at 500 hPa CO trends 
-  recent emission (right Gaussian: red-AIRS and yellow-IASI) and  
-  background (left Gaussian: blue-AIRS and cyan-IASI)  

Southern Hemisphere Ocean

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
Time (Year)

30

80

130

airsBG SHOcean : -0.54(±0.26)ppbv/yr

airsFE SHOcean : -0.78(±0.29)ppbv/yr

iasiBG SHOcean : -0.57(±1.06)ppbv/yr

iasiFE SHOcean : -0.68(±0.91)ppbv/yr

Southern Hemisphere Land

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
Time (Year)

30

105

180

CO
 (p

pb
v)

airsBG SHLand : -0.17(±0.26)ppbv/yr

airsFE SHLand : 0.01(±0.29)ppbv/yr

iasiBG SHLand : 5.81(±1.17)ppbv/yr

iasiFE SHLand : 2.72(±1.00)ppbv/yr

Northern Hemisphere Ocean

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
Time (Year)

50

105

160

AIRS emissions
AIRS background
IASI emissions
IASI background

airsBG NHOcean : -0.94(±0.32)ppbv/yr

airsFE NHOcean : -1.55(±0.34)ppbv/yr

iasiBG NHOcean : 4.11(±1.27)ppbv/yr

iasiFE NHOcean : 3.20(±1.11)ppbv/yr

Northern Hemisphere Land

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
Time (Year)

70

120

170

CO
 (p

pb
v)

airsBG NHLand : -0.97(±0.32)ppbv/yr

airsFE NHLand : -1.20(±0.34)ppbv/yr

iasiBG NHLand : 4.32(±1.42)ppbv/yr

iasiFE NHLand : 2.30(±1.30)ppbv/yr

• Worden, H. M., Deeter, M. N., Frankenberg, C., George, M., Nichitiu, F., Worden, J., Aben, I., Bowman, K., Clerbaux, C., Coheur, P.F., de Laat, A.T., Detweiler, J. R., 
Drummond, J.R., Edwards, D., Gille, J., Hurtmans, D., Luo, M., Martínez-Alonso, S., Massie1, S., Pfister1, G., Sweeney, C., Warner, J.X., 2013, Decadal Record of Satellite 
Carbon Monoxide Observations, Atmos. Chem. Phys., 13, 837-850, doi:10.5194/acp-13-837-2013. 
• He, H., Stehr, J. W., Hains, J. C., Krask, D. J., Doddridge, B. G., Vinnikov, K. Y., Canty, T. P., Hosley, K. M., Salawitch, R. J., Worden, H. M., and Dickerson, R. R. (2013), 
Trends in emissions and concentrations of air pollutants in the lower troposphere in the Baltimore/Washington airshed from 1997 to 2011, Atmos. Chem. Phys., 13, 
7859-7874, doi:10.5194/acpd-13-3135-2013. 
• Warner, J., Carminati, F., Wei, Z., Lahoz, W., and Attié, J.-L.: Tropospheric carbon monoxide variability from AIRS under clear and cloudy conditions, Atmos. Chem. 
Phys., 13, 12469-12479, doi:10.5194/acp-13-12469-2013, 2013. 



Separating CO fresh emissions from background 
- PDF distribution and two Gaussian Fits(
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CO Emissions: AIRS 500 hPa vs GFED3\MACCity

  
80

113

147

180

CO
 (p

pb
v)

NH

4

6

8

10

x1
0-1

1  k
g.

m
-2
.s

-1

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011
Time (Year)

60

100

140

180

CO
 (p

pb
v)

SH

0.0

3.3

6.7

10.0

x1
0-1

1  k
g.

m
-2
.s

-1

CO Emission in NH

4 5 6 7 8 9
GFED3\MACCity CO (x10-11 kg.m-2.s-1)

80

100

120

140

160

AI
RS

 C
O 

(p
pb

v)

r = 0.726

CO Emission in SH

0 2 4 6 8
GFED3\MACCity CO (x10-11 kg.m-2.s-1)

50

75

100

125

150

r = 0.915

Recent emission from AIRS correlated  
with routine emission inventories 



Implications of separating fresh 
emissions from the background 
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Thermal Emission Measurements 
(IR, microwave) 
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Examples: AIRS, IASI, MLS, IMG, MOPITT, MIPAS, TES, HIRDLS 

Pros:(

• (versa4lity((many(species)(

• (small(field(of(view((nadir)(

• (ver4cal(profiling(

Cons:(
• (low(S/N(in(lower(troposphere(
• (H2O(and(other(interferences(
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Data Fusion using AIRS and MLS 
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•  AIRS nadir with broad coverage 
•  MLS limb with high vertical 
resolution, but narrow coverage 
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