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3.Tropospheric infrared mapping spectrometers (TIMS) for Air 
Quality measurements 

4. Abstract: 
We have been awarded a NASA Instrument Incubator Program (IIP) to develop grating mapping 
spectrometers (GMS) with very high spectral resolution, very low noise, and very wide field of view. 
These also would be very compact facilitating deployment in either a leo or geo application. The 
measurement set could be very comprehensive, addressing air quality, carbon species and climate 
change, or subsets of these. For this presentation we'll focus on the potential application of these 
GMS to provide an air quality subset of primary measurements consisting of CO partial columns, 
(vertical information), ozone partial columns and HCHO column. The measured spectra provide 
opportunity to retrieve secondary products including columns of CH4, N2O and CO2, and improved 
retrieval of near surface H2O. The CH4 and CO2 columns ratio can be used to retrieve vertically 
averaged tropospheric CH4 mixing ratio. Spectral measurements would be acquired with several 
spectrometers. For the species as cited above these would include solar reflected spectra near 2.33 
and 2.08 µm, and emissive spectra near 4.68 µm. Additional, optimal O3 information could be 
obtained by adding another emissive region near 9.52 µm. For this application we'll discuss spectral 
regions, spectral resolution and noise for potential geo and leo applications. For these applications 
we'll describe the temporal and areal coverages and footprint sizes. We'll present retrieval results 
predicted by a linear error analysis for these applications. We'll present results from an in house lab 
demonstration GMS that is a predecessor to the IIP design. 



Lab demo grating mapping spectrometer (GMS)
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Lab demo SWIR GMS 
absorption spectra at spectral 
resolution ~0.3 cm-1 obtained for 
transmission through a 50 cm 
path of lab airHardware implementation 

of Lab demo SWIR GMS
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Effective Focal Length
11.43
f/no=3

--- 

spectral  (cm-1) configuration angle of 
incidence range resolution 

4.2x µm lab demo  56.xo 23xx to 23yy 0.30 
9.57 µm lab demo mod  75.0o 1030 to 1072 0.10 
 



Lab demo optical design with crosstrack field 
widened input optics for spaceborne deployment
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Two perspectives of
anamorphic fore optics 
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Solar spectral cal concept
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The  optical design below is similar to the refractive 
Littrow design of the lab demo, and  will achieve the 
required VSWIR spectral resolution 0.10 cm-1 on the 
range 4281 to 4301 cm-1, and with a 1.84 cm slit 
length, but it is rather bulky! 

Our IIP project is aimed at demonstrating a much 
more compact design that will provide identical 
performance.and fit within this box.

The VSWIR spectrometer requiremnt  
for spectral resolution 0.10 cm-1 on the 
range 4281 to 4301 cm-1,and with a 1.84 
cm slit length, is by the far the most 
challenging to implement

VSWIR grating

MWIR or 
LWIR grating





2-way transmission spectra, solar zenith angle = 
45o and zenith angle for LOS to satellite = 45o

Solar reflective VSWIR region (~ 2330 nm) for CO
Spectral radiance changes (SRCs) in units S/N 

per 1% change in column, and/or albedo

Table of LEA results for 4281 to 4301 cm-1

3.1250.99930.40H2O column
33.801.00000.044albedo

7.4271.00000.17CH4 column
0.8740.99771.20CO column

Rss_SNRAIIRetrieval 
precision %

Geophysical 
parameter

3.1250.99930.40H2O column
33.801.00000.044albedo

7.4271.00000.17CH4 column
0.8740.99771.20CO column

Rss_SNRAIIRetrieval 
precision %

Geophysical 
parameter

linear error analysis (LEA) for columns & sur-
face, AII is the diagonal of the averaging matrix

Threshold & goal NEdN for aggregated footprint 
(AGF, xx.x km along track 7 average, yy.y km crosstrack)



Spectra on the range 2132 to 2142 with the 
format as in textbox above 

MWIR region (~ 4673 nm) for CO and O3
Spectral radiance changes (SRCs) resulting from 
1% changes in the columns of CO, O3 and H2O, 
and from 1% changes in surface emissivity, and 
1K change in surface temperature are shown 
below for an AGF.  (weaker CO2 & N2O contributions not shown here)

• note the orthogonality of  the species SRCs

Rss_NEdN is rss of threshold instrument noise 
NEdN and Noise Equivalent Temperature model 
Uncertainty  NETU for an AGF where 

NETU = ∆T(Σ(∂Nrad/∂Tj)2)1/2

For a temperature model with uncertainty ∆T=1K 
on 2km layers 



Following suggestion of our IIP co-operating scientist Robert Chatfield we executed the LEA on 3 layers 
that approximate independent layers for CO retrieval. the layers are selected as follows, each of the two 
upper layers should come as close as possible to having it’s diagonal  ALAYER = (DFS-A11)/2 where DFS 
=ΣAII for a all layers of a 2km per layer model. 

Tables of LEA results for 3-layer CO retrieval 

3-layer CO  Retrieval

• On the left panel 2 figures with SRCs in the two spectral regions for 1% perturbations of CO partial 
columns and surface parameter perturbations of 1% emissivity & 1K temperature,          and
• on the right panel tables of LEA results for day and night cases. Calculations apply for a 20km footprint.

SWFs On the 4281 – 4301 cm-1 region 
Panel 1 CO layer 0 – 2km
Panel 2 CO layer 2km – 6km
Panel 3 CO layer 6km – 22km
Panel 4 albedo

Daytime LEA results for layered CO retrieval

1.60.992.3CO 6 km –22km
71.51.0.03Surface 

reflectance

1.13 0.97    4.3CO 2km – 6 km
0.270.898.4CO 0 – 2km

Rss_SNRAIIRetrieval 
precision %

parameter
Daytime LEA results for layered CO retrieval

1.60.992.3CO 6 km –22km
71.51.0.03Surface 

reflectance

1.13 0.97    4.3CO 2km – 6 km
0.270.898.4CO 0 – 2km

Rss_SNRAIIRetrieval 
precision %

parameter

Nighttime LEA results for layered CO retrieval

1.560.992.5CO 6km - 22km
63.01.00.59Surface 

reflectance

1.090.936.7CO 2km – 6 km
0.200.1124CO 0 – 2km

Rss_SNRAIIRetrieval 
precision %

parameter
Nighttime LEA results for layered CO retrieval

1.560.992.5CO 6km - 22km
63.01.00.59Surface 

reflectance

1.090.936.7CO 2km – 6 km
0.200.1124CO 0 – 2km

Rss_SNRAIIRetrieval 
precision %

parameter



Spectra on the range 2132 to 2142 with the 
format as in textbox above 

LWIR region (~ 9515 nm) for O3

Spectral radiance changes (SRCs) resulting from 
1% changes in partial columns of O3

0 – 6km background, 20 ppbv in boundary layer
0 – 6km, polluted, 80 ppbv in boundary layer
6 – 12 km background case
12 – 22 km background case

Rss_NEdN is rss of threshold instrument noise 
NEdN and Noise Equivalent Temperature model 
Uncertainty  NETU for an AGF where 

NETU = ∆T(Σ(∂Nrad/∂Tj)2)1/2

For a temperature model with uncertainty ∆T=1K 
on 2km layers 



multi-layer ozone  retrieval LEA on an AGF 

4.660.9791.44O3 11-22 km

MWIR LEA results for 2-layer O3 retrieval

1.120.9966.10O3 0-11 km

Rss_SNRAIIRetrieval 
precision %

parameter

4.660.9791.44O3 11-22 km

MWIR LEA results for 2-layer O3 retrieval

1.120.9966.10O3 0-11 km

Rss_SNRAIIRetrieval 
precision %

parameter

2-layer retrieval LEA from MWIR data
• OMPS data product constraint
• On the top  panel SRCs for 1% perturbations 

of ozone partial columns
§0 to 11 km and
§11 to 22 km

• and on the bottom panel tables of LEA 
results for day and night cases

3-layer retrieval LEA from LWIR data for 
background and polluted cases

1.90.9783.7O3 0-6 km, background

8.80.9971.23O3 6-12 km, background

LWIR LEA results for layered O3 retrieval

22.51.0.269O3 12-22 km

2.20.9853.1O3 0-6 km, polluted

Rss_SNRAIIRetrieval 
precision %

parameter

1.90.9783.7O3 0-6 km, background

8.80.9971.23O3 6-12 km, background

LWIR LEA results for layered O3 retrieval

22.51.0.269O3 12-22 km

2.20.9853.1O3 0-6 km, polluted

Rss_SNRAIIRetrieval 
precision %

parameter

3-layer retrieval LEA from combined LWIR + 
MWIR data for background and polluted cases

O3 0-6 km, background

O3 6-12 km, background

LWIR + MWIR LEA results for layered O3 retrieval

O3 12-22 km

O3 0-6 km, polluted

Rss_SNRAIIRetrieval 
precision %

parameter

O3 0-6 km, background

O3 6-12 km, background

LWIR + MWIR LEA results for layered O3 retrieval

O3 12-22 km

O3 0-6 km, polluted

Rss_SNRAIIRetrieval 
precision %

parameter

Note:Cases with no entry reflect that we were not able to finish the 
calculations prior to attending the 21 to 23 Feb 06 Workshop



12

SWIR region (~ 3571 nm) for HCHO column

Day and night spectral radiance changes per 
1K or 1% change in surface params or 
column, &/or for HCHO, CH4, N2O & O3

91.3.999.11KSurface temp
0.620.9941.86O3 column

LEA results for column for daytime case

2.480.9990.42N2O column

19.470.9970.44albedo

6.260.9990.27CH4 column
0.710.9941.92HCHO column

Rss_SNRAIIRetrieval 
precision %

Geophysical 
parameter

91.3.999.11KSurface temp
0.620.9941.86O3 column

LEA results for column for daytime case

2.480.9990.42N2O column

19.470.9970.44albedo

6.260.9990.27CH4 column
0.710.9941.92HCHO column

Rss_SNRAIIRetrieval 
precision %

Geophysical 
parameter

Instrument NEdN, temperature uncertainty NETU 
and the Rss_NEdN

0.170.9485.67O3 column

LEA results for column for nighttime case

0.580.9961.52N2O column
1.550.9990.63CH4 column
0.060.672314.27HCHO column

Rss_SNRAIIRetrieval 
precision %

Geophysical 
parameter

0.170.9485.67O3 column

LEA results for column for nighttime case

0.580.9961.52N2O column
1.550.9990.63CH4 column
0.060.672314.27HCHO column

Rss_SNRAIIRetrieval 
precision %

Geophysical 
parameter



Summary of LEA for CO, O3, HCHO and secondary species (1 of 2)

SWIRHCHO PC x – 22 km

VSWIR and MWIRH2O PC 0 – 2 km

Secondary species

SWIRHCHO PC 0 – x km
SWIR0.670.99414.31.92HCHO total column

MWIR and LWIRO3 PC  12 – 22 km
MWIR and LWIRO3 PC  6 – 12 km
MWIR and LWIRO3 PC  0 – 6 km, polluted
MWIR and LWIRO3 PC  0 – 6 km, background

LWIR1.0< 1.0O3 PC  12 – 22 km
LWIR0.9971.23O3 PC  6 – 12 km

SWIR0.950.9945.671.86O3 total column

LWIR0.9853.1O3 PC  0 – 6 km, polluted
LWIR0.9783.7O3 PC  0 – 6 km, background
MWIR0.9791.44O3 PC 11 – 22 km
MWIR0.9966.1O3 PC 0 – 11 km

VSWIR and MWIR0.110.8924.08.4CO partial column (PC) 0-2 km
VSWIR and MWIR0.930.976.74.3CO PC 2-6 km
VSWIR and MWIR0.990.992.52.3CO PC 6-22 km

1.0
0.999

1.0

0.999
day

<<1.0
< 1.0
< 1.0

1.2
day nightnight

VSWIRalbedo
VSWIRH2O column
VSWIRCH4 column

VSWIRCO column

spectral region(s)AIIRetrieval precision %Geophysical parameter

SWIRHCHO PC x – 22 km

VSWIR and MWIRH2O PC 0 – 2 km

Secondary species

SWIRHCHO PC 0 – x km
SWIR0.670.99414.31.92HCHO total column

MWIR and LWIRO3 PC  12 – 22 km
MWIR and LWIRO3 PC  6 – 12 km
MWIR and LWIRO3 PC  0 – 6 km, polluted
MWIR and LWIRO3 PC  0 – 6 km, background

LWIR1.0< 1.0O3 PC  12 – 22 km
LWIR0.9971.23O3 PC  6 – 12 km

SWIR0.950.9945.671.86O3 total column

LWIR0.9853.1O3 PC  0 – 6 km, polluted
LWIR0.9783.7O3 PC  0 – 6 km, background
MWIR0.9791.44O3 PC 11 – 22 km
MWIR0.9966.1O3 PC 0 – 11 km

VSWIR and MWIR0.110.8924.08.4CO partial column (PC) 0-2 km
VSWIR and MWIR0.930.976.74.3CO PC 2-6 km
VSWIR and MWIR0.990.992.52.3CO PC 6-22 km

1.0
0.999

1.0

0.999
day

<<1.0
< 1.0
< 1.0

1.2
day nightnight

VSWIRalbedo
VSWIRH2O column
VSWIRCH4 column

VSWIRCO column

spectral region(s)AIIRetrieval precision %Geophysical parameter

Note:Cases with no entry reflect that we were not able to finish the calculations prior to attending the 21 to 23 Feb 06 Workshop



Summary of LEA for CO, O3, HCHO and secondary species (2of 2)

SWIRalbedo
SWIRSurface temp
SWIRN2O PC x – 22 km
SWIRN2O PC 0 – x km

MWIRSurface temp

SWIRCH4 PC x – 22 km
SWIRCH4 PC 0 – x km

Secondary species continued

0.999
0.999

day

< 1.0
< 1.0

day nightnight

LWIRSurface temp
MWIRemissivity

SWIR0.9961.52N2O column

LWIR1.000.067 ?emissivity

SWIR0.999< 1.0CH4 column

spectral region(s)AIIRetrieval precision %Geophysical parameter

SWIRalbedo
SWIRSurface temp
SWIRN2O PC x – 22 km
SWIRN2O PC 0 – x km

MWIRSurface temp

SWIRCH4 PC x – 22 km
SWIRCH4 PC 0 – x km

Secondary species continued

0.999
0.999

day

< 1.0
< 1.0

day nightnight

LWIRSurface temp
MWIRemissivity

SWIR0.9961.52N2O column

LWIR1.000.067 ?emissivity

SWIR0.999< 1.0CH4 column

spectral region(s)AIIRetrieval precision %Geophysical parameter

Models for CO, O3, HCHO

CO model, mixing ratio vs z, 
and statement of total column

O3 models, background & 
polluted, mixing ratio vs z, and 
statement of total columns

HCHO model, mixing ratio vs 
z, and statement of total column

Note: If we had used a more representative 
model with column = 1016 molecules/cm2,
then the LEA would have predicted 8% and 
40% for retrieval precision for HCHO column 
for day and night cases, respectively


