
Detecting greenhouse 
gases via emission 

sensing
Case study: AIRS
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Back to our sensor 
cartoon:

• concept (b)
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A reminder about units:

• wavelength: λ, usually given in nm (1e-9 m) 
or μm (1e-6 m)

• wave number (in this context) is 1/λ, given 
in cm-1 (no factor of 2*pi)
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Consider the earth’s 
emittance spectrum:
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earthshine vs. sunshine:

globalwarmingart.com
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Transmittance of thermal 
radiation in the atmosphere
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Put it together:
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Put it together:

CO2!

O3!
H2O!
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Weighting function:

• a function 
representing the 
relative contribution 
of a given altitude 
level to the photons 
that are measured at 
the top of the 
atmosphere

τ1>τ2>τ3; τ3<1
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What the weighting 
function tells us:

• if we have thermal infrared or microwave 
measurements at different wavelengths (and 
thus, different optical thicknesses), we can 
either:

• get the temperature profile if the 
mixing ratio of a given gas is known or

• get the mixing ratio profile of an 
absorbing gas assuming the 
temperature profile is known
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An introduction to AIRS:
• Atmospheric Infrared Sounder

• designed to measure temperature, humidity, 
moisture

• 2378 hyperspectral infrared channels, from 3.74 
to 15.4 μm

• Global daily coverage

• part of NASA’s A-Train on Aqua

NASA
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AIRS doing what it was 
designed to do:

http://airs.jpl.nasa.gov/
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AIRS and CO2:
• Sensitive to carbon dioxide in 

3 layers (only mid-troposphere 
data available at this time)

• 18000 soundings per day

• works with partly cloudy 
conditions due to multi-
spectral “cloud clearing”

• better than 2 ppm accuracy

• works day and night

K. Hungershoefer et al.: CO2 fluxes from various observing systems 10507

Fig. 2. (a) Geographical location of the existing surface stations in 2005. Different symbols are used to separate between the various
measurement techniques, colours are indicative for the error associated with each station as mentioned in Sect. 3. Assumptions about the
temporal sampling are described in Sect. 3. (b) Geographical location of the hypothetical network A. (c) Geographical location of the
hypothetical network B. (d–f) clear-sky measurements of (d) A-SCOPE-2.0, (e) OCO and (f) AIRS in January 2005.

orbitography routine (date and location). The potential ob-
servation is set as cloud contaminated and not used further
whenever there is one or more cloudy MODIS pixels in the
FOV. Hence, the number of clear-sky measurements depends
on the instrument field of view as the probability of cloud
presence increases with the FOV size.
The satellite observations can be rather dense and pro-

vide many observations per model grid box and per time-
step. These observations cannot be considered as indepen-
dent in the inversion system because of the large correla-
tions among their errors resulting from geophysical assump-
tions and among the errors of the model that simulates them.
Therefore, we apply a further sampling of the observation:
For each satellite orbit, we kept only the lowest uncertainty

observation (see Sect. 3.3) of each model grid box, even
when many are available. As a result of this process, we have
a set of (date, lat, lon) for each observing system. A typical
coverage for a month of observations is shown in Fig. 2.

3.2 Vertical weighting function

For the in-situ measurements, it is assumed that the obser-
vation is representative of the model layer corresponding to
the station’s altitude. For surface stations, it is the lower-
most layer in most cases, with a few exceptions over hilly
terrain. Airborne samples are used at the flight level. In case
of towers, a typical height of 200m is added to the station’s
altitude.

www.atmos-chem-phys.net/10/10503/2010/ Atmos. Chem. Phys., 10, 10503–10520, 2010

http://airs.jpl.nasa.gov/

Hungershöfer et al.,  ACP, 2010
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Some results:

http://airs.jpl.nasa.gov/
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Validation:

• Comparison to 
flask 
measurements on 
JAL planes over 
several years

• Excellent 
agreement! 

http://airs.jpl.nasa.gov/
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Surprising amount of variability seen in 
“well mixed” part of the atmosphere:

• not what models 
were simulating, 
especially in the 
extratropics
 

•indicates real 
problems with 
simulated vertical 
transport

Chahine et al., GRL, 2008
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http://airs.jpl.nasa.gov/
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So we know everything 
then, right?

• Not quite...

• we’re not actually that interested in the 
abundance of CO2 in the atmosphere

• scientifically (and politically) the fluxes are 
more important

• thus we need to use a transport model to 
get back to the surface signal

• here the weighting function of the satellite 
column becomes very important!
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Weighting functions of 
a few different satellitesK. Hungershoefer et al.: CO2 fluxes from various observing systems 10509

Fig. 3. Normalized vertical weighting functions for the satellite instruments considered in this study. The OCO

weighting function is used for GOSAT too.

34

Fig. 3. Normalized vertical weighting functions for the satellite instruments considered in this study. The OCO weighting function is used
for GOSAT too.

σGOSAT =
��

0.26
Alb1.6cosθs

�2
+1.22 [ppm]. (8)

ASCOPE’s measurement technique has the advantage that
the error does not depend on the presence of aerosol or the
sun angle. Besides, the viewing geometry is limited to nadir
viewing. The main variable to define the error is the surface
reflectance. Radiative transfer simulations indicate that, for
a lidar working at 1.6 µm, the typical error can be fitted by:

σASCOPE 1.6 =
�

(0.35−1.25Back1.6)2+0.181 [ppm]. (9)

The lidar backscatter (Back1.6) is derived from the scene
reflectance through a simple division by π (reflectance to
backscatter). To obtain an error estimate for a lidar at
2 µm, we simply multiply the 1.6 µm error by a factor of
two. This factor of 2 is consistent with the results of an
extended error analysis (see Bréon et al., 2009) and allows
comparing the impact of weighting function and random er-
ror (see Sect. 4). Transport model errors are not considered
for the satellite observing systems here. The issue of trans-
port errors is discussed separately in the companion paper by
Houweling et al. (2010).
In-situ observations are much more precise than satellite

products. Typical precision levels of 0.1 ppm can be achieved
with regular calibration. On the other hand, the in-situ mea-
surements may not be representative of CO2 concentration
at the model grid scale used for the inversion. Also, verti-
cal transport is more variable among transport models (Gur-
ney et al., 2002) and probably more error-prone. It will
likely impact simulations of one level at the surface more
than weighted vertical integrals. Atmospheric transport sim-
ulations at high spatial resolution showed that the sub-grid
variability depends very much on the location and is largest
close to major CO2 sources and sinks. Following Roeden-
beck (2005), and based on high-resolution simulations, we
set an error that depends on the site:

– Remote sites (islands, deserts, Antarctica): 1.0 ppm

– Shore sites with mixed Ocean/continent influence:
1.5 ppm

– Continental site with complex circulation and fluxes:
3.0 ppm

– Mountain site (on continents); simpler circulation:
1.5 ppm.

The error associated with each station can be seen in
Fig. 2a–c.

4 Results

21 observing systems have been tested. Besides the 9 single
observing systems listed in Sect. 3, we also considered eight
combinations of the existing surface network with one satel-
lite, and four combinations of the existing surface network,
AIRS and one other satellite.
The analytical flux inversion yields the posterior uncer-

tainty (σi) for each week and region over one year, together
with the correlation terms. Since there is no reason to focus
on one particular week i, we first discuss the quadratic-mean
weekly error, defined as

σ̄week=
�
1
N

�

i

σ 2i , (10)

where N is the number of periods. Another option would
be the mean weekly error, but the quadratic mean defined in
Eq. (10) gives more weight to the periods with the largest
uncertainties, i.e. when there is significant knowledge to be
gained. Applying Eq. (10) to the prior and the posterior un-
certainty, the typical weekly error reduction ERweek is ob-
tained by

ERweek= 1− σ̄
post
week

σ̄
prior
week

. (11)

The error reduction takes values between 0 and 1. High
values indicate that the considered observing system is well
suited to improve our knowledge on the CO2 surface fluxes
over the considered region. For each observing system simu-
lation experiment (OSSE) we will concentrate on a few ma-
jor characteristics of the posterior error covariance matrix.

www.atmos-chem-phys.net/10/10503/2010/ Atmos. Chem. Phys., 10, 10503–10520, 2010

Hungershöfer et al.,  ACP, 2010
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Simulated variability of CO2 
with different weighting
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Consider the flux footprint 
of different measurements
• note that this is NOT the same “footprint” 

as the geographic region that is measured 
by a given satellite sensor

• instead this is the surface area whose fluxes 
influence the mixing ratio signal at a given 
receptor

• using a Lagrangian transport model (STILT) 
to model these footprints
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A note about STILT:
• Lagrangian means that the model follows a particle 

or air parcel through space, rather than having the 
spatial grid fixed and measuring what flows through 
(Eulerian)

• time-inverted means that we’re starting at the 
receptor (measurement), and looking backwards in 
time to see where the air came from

• stochastic means that there’s a random element to 
it, in this case the unresolved turbulence, which is 
represented as a random walk

• STILT = Stochastic Time-Inverted Lagrangian 
Transport
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Consider the flux footprint 
of different measurements

AIRS footprint, 1 days
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Consider the flux footprint 
of different measurements

AIRS footprint, 2 days
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Consider the flux footprint 
of different measurements

AIRS footprint, 3 days
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Consider the flux footprint 
of different measurements

AIRS footprint, 4 days
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Consider the flux footprint 
of different measurements

AIRS footprint, 5 days
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Why is this so difficult?

• if we knew the transport perfectly 
(especially vertical transport), a mid-
tropospheric measurement would be 
sufficient to derive the fluxes

• this is far from the case!

• also, the AIRS data aren’t quite as perfect as 
these plots have made them seem...
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Consider the case of methane...

http://airs.jpl.nasa.gov/
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Methane maps from 
AIRS at 7.6 μm
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IASI methane results:
• Shows seasonal cycle and interhemispheric 

gradient... but still far removed from source 
regions

3 Years of CH
4
 Retrievals from IASI/AMSU

Since July 2007, monthly means of mid-tropospheric contents of CH
4
 have been 

retrieved from IASI in the tropical band [Crevoisier et al. ACP 2009b, GRL sub].
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IASI CH
4
 monthly zonal variation over [20S-20N]

IASI provides information on seasonality, trend and latitudinal gradients of CH
4

Assimilation of IASI CH
4
 within IFS is about to start.

Crevoisier et al., ACP, 2009
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A note about cloud 
clearing:

• possible because AIRS does not fly alone!

• horizontal spatial resolution of single 
measurement (footprint) is 13.5 km at 
nadir (i.e. the smallest that it ever is)

• bigger footprint = better coverage BUT 
more clouds and more representation 
error
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Cloud cover vs. 
footprint:

data at solar zenith angles as large as 75! in glint mode, and
at solar zenith angles as large as 85! in nadir mode.

4.3. Diurnal Sampling Bias

[59] In addition to providing XCO2
data with adequate

precision to resolve key spatial and temporal XCO2
gradients,

the OCO mission design also minimizes sensitivity to
diurnal variations in the XCO2

data. For example, Haszpra
[1999] found that only measurements obtained in the early
afternoon can be considered as regionally representative of
the CO2 mixing ratio in the planetary boundary layer based
on measurements made at two monitoring sites located
220 km apart in the Hungarian plain. The 1326 LST sun
synchronous polar orbit selected in the OCO mission design
minimizes diurnal sampling bias, since the near-surface CO2

concentrations are close to their diurnally averaged values
near this time of day [Olsen and Randerson, 2004]. Addi-
tionally, the largest diurnal variations in CO2 occur near the
surface, and the amplitude of these variations decreases
rapidly with height. XCO2

data are therefore inherently much
less sensitive to diurnal variations. CASA/MATCH simula-
tions show that the residual uncertainty after correcting XCO2

retrieved from 1326 LSTobservations to a 24-hour-averaged
value will be <0.1 ppm, and that existing models can correct
for OCO diurnal sampling bias.
[60] To assess the impact of the 1326 LST sampling bias

on the inferred surface CO2 flux inversions, benchmark
surface fluxes were estimated from orbits sampling twice a
day at 0600/1800 and 1100/2300, respectively. These orbits
are used only to define sampling times for the CO2 fields for
comparison: for example, it would be impossible to measure
reflected sunlight at 2300 globally. These fluxes are com-
pared to the flux estimates generated from the 1400 orbit
with SZA < 75!. We find that the differences between the
monthly mean source estimates associated with diurnal
sampling bias are usually smaller than the uncertainties on
the 1400 orbit source estimates (for example, Figure 12b).
Where larger differences do occur, it is not always possible
to attribute these solely to diurnal biases. For example,
sampling biases at high latitudes in the winter hemisphere
due to the lack of sunlight are likely to swamp any diurnal
effect there. This suggests that diurnal sampling biases

alone are not a serious problem in estimating CO2 sources
and sinks at monthly intervals.

4.4. Impact of Clouds on OCO Sampling

[61] We analyzed 1-km resolution MODIS cloud data to
assess the science impact of cloud interference on the OCO
sampling strategy. We adopted the Aqua MODIS products
as the most representative of the cloud fields that OCO will
encounter because OCO will fly in formation with the Aqua
platform. See Figures 1 and 2 and Table 1 of Breon et al.
[2005] for global distributions of clear sky and almost clear
sky frequency.
[62] To determine the relationship between clear-sky

frequency and spatial resolution, we used MODIS cloud
mask results for nonpolar daytime surfaces on 5 November
2000. The pixel size for the MODIS Aqua product is 1 !
1 km. For the present analysis, the MODIS pixels were
aggregated into progressively larger square arrays (2 ! 2,
3 ! 3, 4 ! 4 km2, etc.) with the array labeled clear if at
least 95% of the 1-km pixels were ‘‘confident clear’’ in the
MODIS cloud mask process. Globally averaged results for
this analysis are presented in Figure 13.
[63] The clear-sky frequency decreases rapidly with

increasing field of view (FOV) area up to about 36 km2

(6 ! 6 km). For FOVs larger than 36 km2, the clear-sky
frequency continues to decrease with increasing area,
asymptotically approaching the 10% clear sky fraction
commonly quoted for global averages, but the dependence
on FOV area is significantly weaker. Figure 13 suggests
that the clear-sky fraction for the 3 km2 OCO FOV is
approximately 24%, a value more than two times larger
than the 10% clear-sky fraction assumed in early OCO
mission design calculations. This analysis thus increases
confidence that the OCO small footprint sampling strategy
will provide a sufficient number of clear soundings for
accurate XCO2

retrievals. The potential impact of a clear sky
bias on the CO2 fluxes inferred from OCO XCO2

data is a
question that requires further investigation.

4.5. Flux Errors for Nadir and Glint Modes

[64] OCO science observations will alternate between
nadir and glint observing modes on subsequent 16-day
repeat cycles. In nadir mode, the spacecraft will collect
data along the spacecraft ground track. This mode will
provide the highest spatial resolution, and is expected to
yield the most reliable data over continents, in regions
occupied by patchy clouds, where spatial inhomogeneities
could introduce systematic errors in the XCO2

product. The
primary shortcoming of this mode is that it is expected to
yield lower measurement signal-to-noise ratios (SNR) over
dark ocean surfaces. Glint mode addresses this issue by
pointing the instrument boresight at the point on the
surface where sunlight is specularly reflected toward the
spacecraft. This mode is expected to yield measurements
with a much higher SNR over the ocean, especially at high
latitudes.
[65] Using the setup of Rayner et al. [2002], we per-

formed three simulations to compare the uncertainties in the
fluxes returned from observations made in nadir and glint
modes. The comparison is not perfect since the glint
calculations were explicitly screened for cloud as the
ground track was calculated while the nadir calculations

Figure 13. Global clear-sky frequency versus spatial
resolution computed using the MODIS 1-km cloud product.

D10314 MILLER ET AL.: REQUIREMENTS FOR SPACE-BASED XCO2

15 of 19

D10314

Miller et al., JGR, 2007
Wednesday, April 6, 2011



“Cloud clearing”

• Because AIRS flies 
with MODIS, it 
uses its cloud 
information to 
extract 
information from 
partially cloudy 
measurements

Li et al., IEEE Trans. Geosci. Remote Sens., 2005
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Results:

Li et al., IEEE Trans. Geosci. Remote Sens., 2005
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After lunch:

• How to see lower in the atmosphere!
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