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Spectral Ranges 

http://www.open.ou.nl/dja/Klimaat/ 

Sun as light-source Earth thermal radiation as light-source 



Spectral Ranges 

UV: E.g. TOMS, GOME, SCIAMACHY, OMI… 
Ozone, SO2, … 

http://www.open.ou.nl/dja/Klimaat/ 



Spectral Ranges 

Vis: e.g. GOME, SCIAMACHY, OMI… 
NO2, H2O, CH2O, … 

http://www.open.ou.nl/dja/Klimaat/ 



Spectral Ranges 

SWIR/NIR: e.g. SCIAMACHY, GOSAT, OCO-2… 
CH4, CO2, HDO, H2O, … 

http://www.open.ou.nl/dja/Klimaat/ 



Spectral Ranges 

TIR: e.g. AIRS, IASI, TES, … 
CH4, CO2, HDO, H2O, … 

http://www.open.ou.nl/dja/Klimaat/ 
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Trace Gas examples (UV/Vis): 
TOMS/GOME: O3 

http://envisat.esa.int/support-docs/atmospheric-
absorption/atmospheric-absorption.html 
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Trace Gas examples (UV/Vis): 
GOME/SCIAMACHY/OMI: NO2 

From the SCIAMACHY book 
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A. Richter et al., Increase in tropospheric nitrogen dioxide over China observed from space, Nature, 437 2005  

Trace Gas examples (UV/Vis): 
GOME/SCIAMACHY: NO2 

•  NO2 reductions in Europe and parts of the US 
•  strong increase over China 
•  consistent with significant NOx emission 

changes 

•  7 years of GOME satellite data 
•  DOAS retrieval + CTM-stratospheric correction 
•  seasonal and local AMF based on  

1997 MOART-2 run 
•  cloud screening 

1996 - 2002 
GOME annual changes in tropospheric  NO2 

From Andreas Richter, Bremen 
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Trace Gas examples (NIR): 
SCIAMACHY CH4 

Frankenberg, C., Aben, I., Bergamaschi, P., Dlugokencky, E. J., van Hees, R., Houweling, S., van der Meer, P., et al. (2011). Global column-averaged 
methane mixing ratios from 2003 to 2009 as derived from SCIAMACHY: Trends and variability. Journal Of Geophysical Research-Atmospheres, 116, D04302. 
doi:10.1029/2010JD014849 
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Trace Gas examples (NIR): 
SCIAMACHY CH4 

Bergamaschi, P., Frankenberg, C., Meirink, J. F., Krol, M., Villani, M. G., Houweling, S., Dentener, F., et al. (2009). Inverse modeling of global and regional 
CH4 emissions using SCIAMACHY satellite retrievals. Journal Of Geophysical Research-Atmospheres, 114, D22301. doi:10.1029/2009JD012287 

Figure 13. Same as Figure 10 but for Asia.

D22301 BERGAMASCHI ET AL.: INVERSE MODELING OF METHANE EMISSIONS

24 of 28

D22301
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Trace Gas examples (NIR): 
SCIAMACHY HDO/H2O 

Frankenberg, C., Yoshimura, K., Warneke, T., Aben, I., Butz, A., Deutscher, N. M., Griffith, D., et al. (2009). Dynamic Processes Governing Lower-
Tropospheric HDO/H2O Ratios as Observed from Space and Ground. Science, 325(5946), 1374–1377. doi:10.1126/science.1173791 

Deuterium depletion, indicative of water vapor history (as phase changes 
change the isotopic composition) 



Trace Gas examples (NIR): 
CO2: GOSAT (now), OCO-2 (future) 

Real GOSAT results Idea behind OCO-2 
D. Crisp et al.: The ACOS CO2 retrieval algorithm – Part II: Global XCO2 data characterization 703

Latitude

Ͳ50 0 50
360

370

380

390

400

410

X C
O
2
(p
pm

)

Crisp�Fig.�16

Fig. 16. Same as Fig. 1, but for ACOS GOSAT B2.9. This version
of the algorithm incorporates scaled O2 A-band absorption cross-
sections, improved WCO2 cross-sections, corrected ILS interpola-
tion, a zero-level-offset retrieval, and other improvements to yield a
much better fit to the TCCON results at all latitudes.

offset as well as more subtle changes in the instrument line
shape. The GOSAT instrument team is currently collaborat-
ing with the ACOS and NIES algorithm teams to develop and
validate a correction for these effects on the flight instrument.
A revised version of GOSAT Level 1B product that corrects
this problem is expected in the near future.
Butz et al. (2011) found that retrieving an intensity-

dependent, wavelength-independent, zero-level offset for
each sounding could substantially reduce the impact of in-
strument nonlinearity. This approach has been incorporated
into B2.9 of the ACOS GOSAT algorithm along with the
scaled O2 A-band absorption coefficients and the ILS im-
plementation correction described above. Comparisons of
preliminary B2.9 products and TCCON results for July 2009
are shown in Fig. 16. These changes eliminate the global bias
and reduce scatter at all latitudes.
Spatial variations in preliminary B2.9 XCO2 products for

July 2009 are shown in Fig. 17a. The B2.8 post-processing
filters were used here to facilitate comparisons with the B2.8
results. The post-processing filters for B2.9 are currently
being re-optimized to improve the quality and yield of this
product. Differences between the B2.9 product and two dif-
ferent versions of the B2.8 product are shown in Fig. 17b
and c. In Fig. 17b, the “B2.8offset” product was created
by dividing the raw B2.8 product by 0.982 to remove the
⇠7 ppm XCO2 bias. This B2.8offset product was then sub-
tracted from the B2.9 product. In Fig. 17c, the B2.8corrected
product was produced by correcting the raw B2.8 prod-
uct with the empirical approach developed by Wunch et
al. (2011b; “B2.8corrected”). This product was then sub-
tracted from the B2.9 product. In general, differences be-
tween the B2.9 product and the B2.8corrected product are
smaller than those with the B2.8offset product everywhere,

(a)

(b)

(c)

(d)

Crisp�Fig.�17
Fig. 17. Comparison of the preliminary B2.9 product with rescaled
and corrected versions of the B2.8 product. (a) Map of the B2.9
product for July 2009, using the same post-processing filters used
for the B2.8 results. (b) Difference between the B2.9 product and
the B2.8 product, offset by ⇠7 ppm to remove the global XCO2
bias. (c) Difference between the raw B2.9 product and the B2.8
results corrected for bias with the empirical approach developed by
Wunch et al. (2011b). (d) Differences between the B2.9 results cor-
rected for bias with the empirical approach developed by Wunch et
al. (2011) and raw B2.9 product.

www.atmos-meas-tech.net/5/687/2012/ Atmos. Meas. Tech., 5, 687–707, 2012

June 2010
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The Japanese GOSAT satellite is a Fourier Transform Spectrometer 
with bands and spectral resolution similar to OCO-2 (but 50 times less 
soundings and 30 times larger ground-pixels) à Ideal test-bed for the 
OCO-2 mission 
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Exotic example (NIR-fluorescence): 
GOSAT (now), OCO-2 (future) 

Frankenberg, Fisher et al, GRL (2011) 
New global observations of the terrestrial carbon cycle from GOSAT: Patterns of plant fluorescence with gross primary productivity 
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•  Patterns of retrieved 
chlorophyll fluorescence 
linked to photosynthetic 
activity via chlorophyll 
quenching. 

•  First direct physiological 
proxy for gross primary 
production (GPP) from space. 

•  Linear correlation 
between fluorescence and 
current best GPP estimates 
observed using GOSAT 
data. 

•  Better GPP predictor than 
EVI/LAI 
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Trace Gas examples (TIR): 
TES, O3 radiative forcing 

LETTERS
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Figure 1 TES ensemble sensitivities of TOA infrared flux to upper tropospheric ozone. a, Example of linear fit of TOA infrared flux to upper tropospheric ozone (partial
column ozone from 500 to 200 hPa). The case shown is for JJA 2006 northern hemisphere SSTs between 298 and 299 K. b, Map of JJA 2006 ensemble sensitivities in
negative Wm�2 DU�1. 2 K SST contours are overplotted to show the spatial dependence on SST binning.

Radiant Energy System (CERES) or the Earth Radiation Budget
Experiment (ERBE)25. Following an approach similar to that
of Huang et al.24, but focusing on the infrared ozone band
and examining only clear-sky ocean observations, we determine
the primary contributions to the variability in the TOA flux
through decomposition of TES spectra into orthogonal principal
component vectors (see the Methods section and Supplementary
Information). On the basis of the correlations of retrieved
atmospheric and surface parameters to the projections of the
measured spectra onto the principal components (expansion
coeYcients, equation (1) in the Methods section), we find that
the variability of the TOA ozone band flux in the tropics is
explained primarily by sea surface temperature (SST) followed
by tropospheric water vapour and upper tropospheric ozone
(see Supplementary Information, Figs S3–S5). Here, we define
tropospheric water vapour as the average volume mixing ratio
between the surface and 200 hPa, and upper tropospheric ozone as
a partial column (in DU) between 500 and 200 hPa. Note that only
TES profiles where the tropopause pressure was less than 200 hPa
were used in this analysis, which is necessary when considering
latitudes from 45� S to 45� N using a consistent definition of
upper tropospheric column. This principal component analysis
demonstrates that SST must be fixed to determine sensitivities of
the TOA ozone band flux to both ozone and water vapour.

Accounting for SST dependence by binning the data as a
function of SST (see the Methods section), we compute ensemble
clear-sky OLR (OLRc) sensitivities as the linear slopes of flux versus
upper tropospheric ozone in W m�2 DU�1 and versus tropospheric
water in W m�2 per volume mixing ratio for each SST bin.
Figure 1a shows an example of a linear fit to flux versus ozone
with the slope representing the ensemble OLRc sensitivity for a
specific SST range. The slope computed for each SST bin was
always negative and significantly diVerent from zero, with >99%
confidence level assuming gaussian errors from the fit, except
for northern hemisphere SST bins from 301 to 302 K and 302
to 303 K for March/April/May (MAM). These MAM, high SST
slopes are also negative but diVerent from zero with a 93%
and 81% confidence level, respectively; they do not aVect the
significance when considering annual average values. Results of
the ensemble sensitivities to water vapour and upper tropospheric
ozone as a function of season, hemisphere and SST are shown in
Supplementary Information, Fig. S6. Figure 1b shows the map of

ensemble OLRc sensitivities for June/July/August (JJA) 2006. The
spatial morphology is determined by SST patterns and the arbitrary
northern/southern hemisphere split in our binning.

The TES 2006 annual average for ensemble OLRc sensitivity to
upper tropospheric ozone is 0.055 W m�2 DU�1 with a standard
deviation of 0.017 (for 45� S to 45� N). Gauss et al.4 give a
range of 0.042–0.052 W m�2 DU�1 for the global annual averages
from 11 diVerent climate model estimates of long-wave, clear-sky
normalized radiative forcing for tropospheric ozone over the 21st
century. Note that the TES average excludes higher latitudes where
model estimates of normalized forcing are lower. Whereas the
models tend to show the highest sensitivities in the subtropics4,
TES values are generally higher for mid-latitudes. As ozone near the
tropopause will have the largest radiative forcing5, we should expect
this type of latitude dependence in the OLRc sensitivity based
on our definition of upper tropospheric column, 500–200 hPa,
which will be closer to the tropopause at higher latitudes. Both
observations and models show a lower sensitivity to tropospheric
ozone over the Indian Ocean and the Pacific warm pool.

By multiplying the ensemble flux sensitivities with the
corresponding distributions of TES partial columns for the
upper troposphere, we create a map of the reduced OLRc
due to upper tropospheric ozone between 500 and 200 hPa
for cloud-free ocean conditions. Figure 2 shows the resulting
OLRc reduction values for December 2005 to November 2006
with averages mapped in 1� latitude, 1� longitude bins. The
annual average value for 45� S to 45� N is 0.48 ± 0.14 W m�2.
TES tropospheric ozone values were lowered by 15% to account
for the known high bias of TES compared with ozonesondes19.
To compute the measurement uncertainty, ±0.14 W m�2, the
following independent errors, in order of dominance, are added in
quadrature: anisotropy uncertainty (±0.13 W m�2), total retrieval
error for the 500–200 hPa partial ozone column (1.1 DU),
which includes contamination from the lower troposphere and
stratosphere associated with TES vertical resolution, uncertainty of
the TES ozone bias with ozonesondes over the latitudes considered
(±5%) and the mean slope error from the SST bin linear
fits (±1.2%).

Figure 2 shows that the reduced OLRc from upper tropospheric
ozone is highly variable on a global scale. For the TES-estimated
annual average OLRc reduction of 0.48 W m�2, the corresponding
standard deviation, 0.24 W m�2, is mainly due to the large

306 nature geoscience VOL 1 MAY 2008 www.nature.com/naturegeoscience

In the thermal infrared, the “greenhouse effect” is the reason we can actually measure 
the trace gases. Example for ozone, where radiative kernels actually come “for free” 
from the measurements and Jacobian calculation. 

Worden, H. M., Bowman, K. W., Worden, J. R., Eldering, A., & Beer, R. (2008). Satellite measurements of the clear-sky greenhouse effect from tropospheric 
ozone. Nature Geoscience, 1(5), 305–308. doi:10.1038/ngeo182 



•  Satellites can provide a wealth of information regarding global trace 
gas abundances (of various long and short-lived species). 

•  Spectrometers in the UV/Vis/NIR spectral range use the sun as light 
source, more sensitivity towards the surface but dependent on sun-
light 

•  Spectrometers in the TIR (+ above) use thermal emission from the 
earth surface and atmosphere à day and night measurements and 
profiling possible but reduced sensitivity to the surface (relies on 
thermal contrast). 

•  Lidar systems are active, use lasers (usually at few wavelengths) as 
light source.  

•  Questions? 

Conclusions   


