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Measurement of Seasonal CO, Fluctuations from Space

Executive Summary

This is the fourth and final report for the contract study on measurement of seasonal CO, fluctuations from space.
Although most of the work is not necessary specific to any particular satellite instrument, observations of the AIRS
instrument (Aumann, 2003) were used to perform the study. This report summarizes the main points of the first 3
reports (1QR, 2QR and 3QR), describes work done in the final quarter and presents some overall conclusions and
recommendations. It is suggested that this report should only be read in conjunction with the 3 reports aready
submitted.

The contract statement of work identifies four distinct work-packages (radiative transfer, data sampling, use of real
AIRS data, and system implementation)

In WP1 (radiative transfer) much experience has been gained from the operational monitoring of the AIRS radiance
data to characterize radiative transfer errors. In many cases the source of the errors are understood and supported by
other studies. The largest problems appear in the water vapour region. Errors in the 4.5 micron band are enhanced in
part by poor specification of N,O and in part by (during sunlight) non-Local Thermodynamic Equilibrium effects.

In WP2 (data sampling) the implications of various data reduction strategies have been considered. While the spectral
compression using principal components is very efficient with some impressive noise reduction qualities, the lower risk
option of channel selection is adopted (also in view of this being the only product available in real time). The high
prevalence of cloud cover means great care must be taken with any spatial sampling of the data.

In WP3 (science study) the development and enhancements to the cloud detection scheme for AIRS are documented
and it is shown that the algorithm has now reached a reasonable state of maturity. 1ssues related to bias correction have
been studied and arobust strategy for data monitoring has been installed.

In WP4 (system implementation) work has resulted in a day-one system for the assimilation of AIRS radiances.
Experiments have shown that the AIRS radiance data have a small, but consistent positive impact upon the quality of
NWP analyses and forecasts. Testing has shown that the impact is sufficiently robust that the AIRS radiances are now
used operationally at ECMWF. In addition, the simultaneous production of CO, estimates from AIRS is shown to have
great potential. Monthly mean column amounts for both troposphere and stratosphere have been produced and show
some interesting details. The error characteristics are promising, but careful validation has to be carried out to
confidently use these column estimates in for instance flux inversion studies.

1. WP 1 Validation of afast radiativetransfer model (RTM) for AIRS

The fast radiative transfer model (RTTOV) has been extended to include variable CO, profile concentrations;
both the forward (radiance calculation) and Jacobian (radiance gradient calculation) models are complete.
The Jacobians of the new model with respect to the CO, profile were tested by comparison to values
obtained by perturbation of the forward model and exact agreement is found. The validation of the forward
model consisted of two aspects: accuracy with respect to the LBL model and the underlying accuracy of the
LBL modd itself. The addition of the variable CO, profile to RTTOV (on the models 43 levels) was
achieved with no discernable degradation of the accuracy with respect to the LBL as outlined below.

Fast model validation against the training LBL model is relatively straightforward and has been done for the
AIRS RTTOV under separate contract, Matricardi et al, 2001. In CO, sounding bands the fast model bias
against the LBL is generally lessthan 0.03 K and the standard deviation less than 0.05 K. There are a number
of channels, particularly within the 15 um band, where both bias and standard deviation can be up to 0.2 K.
This is within AIRS instrument noise levels (Figure 1) but there could be justification for omitting these
channels from the CO, estimation process. Channels in water vapour and 0zone sensing bands have higher
fast model errors but even these have been reduced by careful choice of fast model predictors to rms values
of less than 0.3 K. In summary, the fast model is not expected to contribute significant errors in the majority
of channels and the minority that do can be eliminated as these errors are very well characterised.

ESA Contract Report 1
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Figure 1 AIRSflight model measured NEdT (from http://www-airs.jpl.nasa.gov)

Vadlidation of the LBL moded underlying the fast model is a more complicated task. It can be tackled
indirectly by intercomparisons of different LBL models or directly by comparisons to measured spectra.
Rizzi et a. 2001 compared measured spectra obtained from the High resolution Interferometer Sounder
(HIS) (on board the ER-2 at 20 Km) during the first Convection and Moisture Experiment (CAMEX) with
two LBL codes (GENLN2 and HARTCODE). They showed spectroscopic uncertainties could lead to errors
in RTM forward calculations for AIRS of up to 1 K. With over one year’ s AIRS data monitored against the
ECMWEF forecast model we are now in a position to comment on how these spectroscopic errors appear with
real AIRS data. Such monitoring potentially leads to an ambiguity between NWP model error and
spectroscopic error. However, the CAMEX experiment provides one important source of independent
information and the high vertical resolution of the AIRS data itself can be exploited as another.

The AIRS instrument has proved to be extremely stable in radiance and spectral calibration. Bias estimates
made six months apart are usually very similar except where an obvious forecast model seasonal bias is
apparent. The biases (mean observation minus forecast model first guess) for our current best cloud detection
methodology are shown in Figure 2 as red dots. The small black dots are the differences found between the
High resolution Interferometer Sounder (HIS) instrument down looking from an aircraft at 20 Km, and
calculations made using GENLN2 from the in situ atmospheric data (temperature, humidity, ozone €tc).
(GENLNZ2 is the base line by line model used to train the RTTOV fast model used at ECMWEF.) Noisein the
HIS instrument data makes the comparison somewhat meaningless in the regions < 650 cm™, 1050 - 1150
cm™, 1450 - 1800 cm™ and 2200 - 2400 cm™. Elsewhere, it can be seen that AIRS biases are generaly
consistent in size with that expected from CAMEX. More specific details can be seen.

650-750 cm™; CO, sounding band. In the upper part of the band AIRS biases are systematically greater than
zero and less scattered than the HIS. The positive bias is probably attributable to ECMWF forecast model
bias in the stratosphere. The higher scatter in the HIS biases may be due to instrument noise, or perhaps
because of its higher spectral resolution: some averaging of on/off line spectroscopic modelling error may be
taking place in the AIRS measurements. In the lower part of the band the AIRS biases drop below zero and
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this may be due to neglect of P/R branch mixing in GENLN2 (Strow, personal communication, 2003)
although residua cloud errors may be contributing.
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Figure 2 Bias vector found with current 'best current’ algorithms (red) plotted with CAMEX GENLN2 /
HISinterferometer differences. Data: June 1-5 2003.

750- 1000 cm™; Window region. Most AIRS channelsin this region have biases that are very consistent with
the HIS departures. The two AIRS channels that clearly stand out from the main cluster aso stand out in the
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HIS, clearly demonstrating that these are spectroscopic in origin. (Improved water continuum modelling
(Matricardi, 2003) in GENLN2 since has improved the fit of these channels and that of the other anomal ous
channelsin thisregion).

Little can be made of the CAMEX results in the 1000-1100 cm™ ozone region since ozone was poorly
measured in the campaign. However, the ‘dipole’ error structure seen in the AIRS biases has the
characteristics of poor modelling of the ozone absorption. It is aso seen in the AIRS science team RTM
kCARTA (Strow, 2003).

1200-1600 cm™; Water vapour band. The large scatter and overall shape of the biases here are consistent
between HIS and AIRS suggesting these arise from spectroscopic errors. The sensitivity of the CAMEX
results to specification of humidity, and uncertainty of the size of ECMWF forecast model biases both
suggest that this conclusion should be speculative, but that CAMEX and ECMWF should have the same
humidity bias structure would seem unlikely.

2180-2300 cm™; (4.5 micron) CO, sounding band. This region is potentially an important sounding band for
CO2, however the AIRS bhiases are currently rather large; up to 1K. It is probable that two effects are
involved here. Figure 3 shows the AIRS biases in this region with the spectral signature in N,O (scaled to be
of the same magnitude).

15 AIRS bias (red) and M20 sensitivity (,25cm-1}
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Figure 3 AIRS biases and scaled effect of incorrect N,O concentration.

In particular the signature around 2210-2240 cm™ appears to be that of N,O. Beyond 2240 cm™* the CO,
absorption becomes strong and biases here may become more a result of poor CO, line shape modelling
(Strow, personal communication, 2003). In addition to the spectral signature for N,O, maps of bias in the
2230 cm™* and at 1303 cm™ (where there is almost pure N,O absorption) contain very similar patterns (not
shown).

This region also shows non-LTE effects which are currently not modeled in the RTM. Figure 4 shows
dramatically the difference in departures (difference between the observed brightness temperatures and the
model forecasted brightness temperatures) observed in daylight and night-time data at 4.381 micron (2282.6
cm'™). The non-LTE contribution appears to have a strong limb effect but only a weak dependence on solar
elevation (shown by little change along track).
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Figure 4 Departuresin 4.381 micron channel showing daytime (left) and night-time orbits.

Differences in monitored biases (mean observed minus model first guess departures) between daylight and
night-time data show clearly the spectral region that is affected. Figure 5 shows the observed effect and the
non-LTE effect estimated using the Oxford MIPAS LBL model (for three scenarios, al with solar elevation
60° (Dudhiaet al., 2001)). The agreement is good enough to firmly attribute the effect to non-LTE but not to

model it sufficiently accurately beyond about 2250 cm™). Note that the estimate non-LTE effect during
night-time is negligible (not shown).
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Figure 5 Daylight minus night-time AIRS biases (black dots) compared to non-LTE calculationsin the
2200 - 2450 cmi* region.
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2380-2660 cm™; (4.2 micron) CO, sounding band. Another potentially important sounding band for CO, and
again there are significant biases present. The HIS comparison also shows the strong positive bias through
the sounding region (2385-2405 cm') although the HIS noise is quite high here. The rest of the region, with
relatively small and stable biasesis a window region and of little interest to the CO, estimation.

The biases described above are typically of order 0.5 K, which, given the size of seasonal cycle CO, signals
(~0.3-0.4 K), is rather large. A global bias can be corrected, however, and this is done in the current
operational AIRS NWP assimilation. What is perhaps more important is the variation in the corrected bias. A
first attempt to correct the airmass variation in bias has been made. The method estimates a global correction
factor for the absorption coefficients in each channel. The result is an airmass dependent bias correction,
because the absorption coefficients are temperature dependent. A full description of the method and some
first results can be found in Watts and McNally (2004), which is attached.

2. WP 2 Science study to optimise AIRS data usage for NWP applications
and for CO, work

In principle it would be best to have access to all AIRS measured radiances in near-real-time (NRT) for use
in NWP applications and the estimation of CO,. However, such a volume of data cannot feasibly be
disseminated by the satellite agency or efficiently assimilated by the NWP centres and some data reduction
steps are required. This section considers various options.

21 Spectral datareduction

The AIRS instrument has 2378 channels, but obviously these do not provide 2378 independent pieces of
information. Two approaches to reducing the spectral information have been studied, channel selection and
spectral compression.

211 Channel selection

Thisis avery ssimple approach and involves selecting a more manageable number of channels from the AIRS
spectrum and discarding the rest. The aim is obviously to select the most useful channels for the particular
application. Several bands within the AIRS spectrum have been identified as useful for NWP and CO,
estimation purposes. As the CO, absorption bands are very important for temperature sounding, the two
requirements are by no means mutualy exclusive. Although somewhat arbitrary, the following bands have
been defined to aid description and are treated independently in the prototype cloud screening method (see
section 3).

LW ('Longwave' 15 um CO2) 154t011.1 ym
o3 ('Ozone' 9 um O3) 9.991t0 8.09 um
6M ('6 micron' 6 um H,0) 8.07t0 6.23 um
SW1 (‘Shortwave™ 4.5 pm CO,) 4.58 10 4.44 um
SW2 (‘Shortwave-2' 4.2 um CO,) 4.20t0 3.75 um

As afirst step in defining the utility of an AIRS channel measurement, the response of the channel to a
standard perturbation in each principle atmospheric quantity was determined using the line-by-line model
(GENLNZ2). The atmospheric quantities and the standard perturbation considered were air temperature (T, dT
= model error), skin temperature (Ts, dTs = model error), CO, (dCO, = seasona climatological), water
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vapour (g, dg = model error), N>O (dN,O = Seasonal climatological) and Ozone (O3, dO3 = model error).
'Model error' indicates a perturbation equivalent to current estimates of the ECMWF NWP 6h short-range
forecast error. Radiance perturbations from the LBL model were convolved with the Flight Model
specification of the AIRS channel response functions. The O3 and 6M bands are not directly relevant to the
CO; estimation problem and are not discussed here. They will of course contribute to the estimation through
improved temperature, moisture and ozone analyses.

1—_'_"WJ“T_MT. IR IRV RITT i

i .. IWIJ Il " _-.|

Delta BT (K)

,__. - COZ il L L . ¥ .""""1_.-|
L — H20 1. T
— Ts+T(2) Iy )
— N2O

o — O3

oo AIRS NedT

13.0 13.5 14.0 14.5
Wavelength

Figure 6 Response of LW band AIRS channels to standard perturbations in atmospheric and surface
guantities. See text for details. Grey vertical bars indicate channels targeted by NESDIS for transmission
immediately post-launch. Dotted line indicates the approximate Flight Model channel radiometric noise.

Results for the portion of the LW band sensitive to CO, are shown in Figure 6. The response to CO; is seen
to be at or around the basic instrument noise level, indicating that a moderate amount of data averaging will
deliver areasonably high signal-to-noise level. However, there are several other significant responses in this
band that will complicate interpretation. Naturally, a strong response is seen with respect to atmospheric
temperature. This signal however, can probably be well determined either directly, or, more likely, through
the assimilation system, by the AMSU-A instrument measurements made coincidently with the AIRS
measurements. Less tractable problems will arise from the signals from ozone and water vapour.
Assimilation of the O3 and 6M bands AIRS data will significantly reduce model uncertainties in these
quantities but their presence will undoubtedly, in the context of CO, estimation, lead to signal aliasing unless

grest careistaken.

ESA Contract Report 7



0

Measurement of Seasonal CO, Fluctuations from Space

TN LR LE B LB WL I

Mid-Latitude Summer
Stttk

Delta BT (K)

— H20 :
T(z) S

— Ts+T(2)
N20O

o eeee- AIHS NedT e J |

Wavelength
Figure 7 As Figure 6 but for the shortwave bands of AIRS

The responses in the SW bands are shown in Figure 7. The SW-2 (4.2 um) band appears extremely
promising as it is @) very clean - no ozone and only traces of water vapour sensitivity, and b) subject to low
instrument noise levels (< 0.2 K). Some problems have been revealed by detailed study related to cloud
detection (see WP 3) and levels of solar contamination during daylight need to be established before being
sure that thisis ahigh priority band for temperature and CO, sounding.

Thus taking into account issues of noise and information content, a reasonably robust channel selection can
be made that conveys much of the required information. The grey bars on Figure 6 and Figure 7 show the
324 channels that NESDIS currently disseminate as part of the NRT BUFR AIRS data. The channels chosen
appear qualitatively reasonable, with selections either aiming for low water and ozone contributions or the
opposite, and avoiding channels with significant multiple contributions. They were selected by using an
original selection of 281 channels plus an extra set of 43 channels specifically chosen for CO2 estimation as
described in Crevoisier et a (2003). Indeed a more objective channel selection obtained by implementing the
method described in Rodgers (2000) (which determines the relative information content of each channel
compared to the information already held by an assimilation system) lends considerable support to the
channels chosen by NESDIS.

While the selection of channels is a robust approach to reducing the data volume, discarding the remaining
channels is not without cost. The discarded channels may well only provide redundant information, but this
redundancy can be used to effectively reduce the noise in the assimilation system. This point isillustrated in
Figure 8 where the analysis error is smulated from a system that uses the original 281 NESDI'S channels, the
now operationally disseminated 324 channels, and the full 2378 channels. While this is a simulation (and it
assumes that al components are perfectly known and modeled) it clearly shows the value of redundant
channels. Thusthere is some incentive to access this information lost by channel selection.

8 ESA Contract Report
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Figure 8 Estimated CO2 analysis error as a function of background error for three different sets of
channels: all AIRS channels (red), 324 channels used at ECMWF (blue), and original 281 NESDIS
channels (black). The shaded areas show the variability for various atmospheric profiles.

212  Spectral compression

A number of techniques exist to compress the measured spectrainto a much smaller volume and thus alow a
much more efficient transmission of data. Arguably the most mature of these is the use of principal
components (or eigenvectors). Compression of the AIRS data by this method is detailed in an earlier report.
Essentially a measured spectrum is projected onto the eigenvectors of a prepared training sample and a
(limited) number, M, of the resulting projection coefficients are transmitted to the user. The data
compression obtained arises from the use of an incomplete set of eigenvectors, the premise being that much
of the information content of the complete spectra may be retained; the discarded coefficients are assumed to
describe mainly measurement noise. A further enhancement is for the data provider to compress and send the
spectra as a truncated set of principal components, but to additionally evaluate the residual (or reconstruction
error) in each channel and disseminate these in a highly packed form (the idea being that the residual s should
be small, of order tenths of a Kelvin).

Such compression combined with residual transmission allows the user to receive a much smaller amount of
data from which the full spectra (i.e. al channels) can be reconstructed exactly. While this effectively solves
the problem of transmitting the data, it is still probably not feasible for the user to assimilate al 2378 AIRS
channels. However, the truncated eigenvectors are effectively an efficient encapsulation of the whole
measured spectrum that can be used in two ways. Firstly, the radiances that are reconstructed are de-noised
by the truncation (as seenin Figure 9).

ESA Contract Report 9



0

Measurement of Seasonal CO, Fluctuations from Space

=50

Figure 9 Observed minus computed radiance departures for AIRS channel 123 before (top) and after
(bottom) de-noising using a spectral eigenvector method.

Assimilation of, for example, 324 de-noised channels will give a better analysis than the equivalent use of
324 real radiances (assuming the de-noised error characteristics are modeled correctly, including inter-
channel correlations). Secondly, a truncated set of eigenvectors (or principal components) could actually be
assimilated directly. This would require the development of an appropriate forward operator (in eigenvector
space), but could, in principle, be a very efficient way of conveying the information from all channels to the
analysis.

The primary problem with this approach is that, as yet, our understanding of issues related to the training of
spectral eigenvectors and their use in NWP is not very mature, and the safer option of channel selection
seems most appropriate.

2.2 Spatial datareduction
The AIRS instrument measures spectra on 90 pixels across each scan line, sampling the atmosphere

approximately every 15-20Km. This sampling is currently much finer than the resolution of the ECMWF
analysis (in which the data are to be used) and thus spatial thinning is an obvious way to reduce the AIRS

10 ESA Contract Report
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data volume. Currently NESDIS disseminate 1 AIRS pixel in 9 which still exceeds the analysis resolution.
However, the thinning is fixed to select the centre pixel from the AIRS 3x3 array that aligns with the larger
AQUA AMSUA instrument footprint. While this has a number of advantages, mainly alowing a regular
sampling of any scan dependent bias patterns (and was at the request of the NWP community), it is not
necessarily optimal for the avoidance of cloud contamination. For the estimation of CO, and NWP
applications we are primarily concerned with clear radiance data (at least until methods for dealing with
cloud contamination are more mature) and a more selective thinning could result in a ssimilar volume of data
being transmitted with a far higher proportion of clear scenes. The complication is that the data producer
would need to implement a robust technique for identifying clear scenes. Thisis a non-trivial task and care
would have to be taken to ensure that the disseminated data population was not skewed towards a particular
cloud detection method (possibly inconsistent with tests that would subsequently be applied by the NWP
centres to identify cloud).

While the operationa AIRS data assimilation uses an extra thinning to minimize horizontal error
correlations, the CO, data assimilation currently uses al data disseminated by NESDIS as described above.
This is done to collect as many CO, estimates as possible to increase data averaging possibilities. The
individual CO, estimates are very noisy, because the signal-to-noise ratio for CO, is low. There is aso no
constraint from the forecast model in space and time as there is for all other variables. As described in
section 4, we currently use monthly averaged data on a 1° x 1° degree longitude-latitude grid with a further
moving average with a 15° x 15° degree box. This provides smooth fields with relatively low errors (on the
order of 2 ppmv). Some first results indicate that is probably feasible to calculate weekly averages, but any
shorter time period used for the averaging increases the noise significantly.

3. WP 3 Science study with real AIRS data

The technical data flow of AIRS data through the IFS has been established. The AIRS data arrive in BUFR
format from NOAA/NESDIS and the ECMWF Observational Database (ODB) has been modified to
recognize and make available the observed radiances to the assimilation system. The analysis modules
(relating to quality control, observation errors, interfaces to the radiative transfer model and post anaysis
diagnosis) originally designed to handle raw radiance data from other platforms have been extended and
adapted to deal with AIRS data. The key elements are described below.

31 Cloud screening

Cloud effects on infrared radiances are extremely strong and it is important to have a robust and effective
strategy to deal with this. At present, although the modeling of cloud radiative transfer is developing rapidly
and the promise of assimilation of cloud affected radiances becoming closer, the accuracy required
(particularly for CO, estimation) implies that we must develop a strategy for screening observations affected
by cloud rather than explicitly modeling cloud effects. Previous cloud screening methods have the limited
aim of determining whether the field of view (fov) contains cloud or not. Many 'cloud contaminated' fovs
will nevertheless contain measurements in channels that are entirely responsive to the atmosphere above the
cloud. In the context of CO2 estimation (i.e. low signal to noise) it makes sense to attempt to utilize these
measurements.

The cloud detection scheme developed at ECMWEF is described in McNally and Watts 2003 and the details
of its operation will not be reproduced here. Briefly, it makes use of the fact that within the assimilation

ESA Contract Report 11
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system we have a good prior knowledge of the atmospheric state to predict the AIRS spectrum that would be
measured in clear sky. The actual measured spectrum is compared and a digital filter used to search for the
characteristic signature of cloud. There are tunable parameters which are currently set to very stringent
values for the purpose of CO, and NWP. While this inevitably results in some data, which are in fact clear,
being flagged as cloudy and rejected, it is considered the safest approach for these initial uses of AIRS data.

Since the publication of the method, further validation and testing has resulted in a number of refinements
being adopted. One of these improves the detection of water vapour sensitive radiances. Larger uncertainties
in the prior estimate of the atmospheric moisture profile (compared to temperature for example) led to an
excessively stringent rejection of data. A technique has been incorporated to use information about the cloud
conditions from the more reliable dry channel filtering to assist the filtering of the moisture sensitive
channels. The result is a much higher yield of clear data with no loss of safety (i.e. no increase in missed
cloud contamination) shown in Figure 10.

fo depar Channel: 201 { 7.237 um) @ User—1

/=sataira/data fatw, EGMb.air.ed»r200305C1 —gamma | ifadeko, faira_data

Figure 10 Output of the cloud screening algorithm without (top) and with (bottom) using the cross-band
cloud detection.
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3.2 Data monitoring

A central part of the assimilation of any data is a comprehensive monitoring of the input measurements. This
is usually done by comparing the data against equivalent quantities computed from the NWP background
(often called departures or innovations) not only because such information is readily available, but because
these departures are what actually drive adjustments to the atmospheric quantities (e.g. temperature or COy)
during the analysis.

The monitoring of radiance departures actually examines the quality of the entire assimilation system and
provides information on random and systematic errors in: the measured data, the radiative transfer model
used in the assimilation, the screening for atmospheric contamination (e.g. clouds / rain) and of course the
underlying NWP background estimate of the atmospheric parameters.

While there is considerable heritage at ECMWEF in this area, the monitoring of AIRS radiances (due to the
shear number of channels) presented some new challenges. Previously for instruments such as the AMSUA
(with only 15 channels) each channel could be monitored in some detail. However, even with the
significantly spectrally sampled AIRS data set containing 324 channels this was not possible. Thus a staged
approach has been adopted. A broad overview of the departures in al channels is provided by a time
evolving Hovmoller diagram as shown in Figure 11. Statistics for each channel averaged over the globe (or
other predefined geographical areas such as the tropics) are represented by a single pixel. Thus only
significant changes in groups of channels (or bands) are readily visible in such a plot. In addition to this
overview, a small group of key channels have channels have been selected for individual monitoring in that
they have close analogue channels on other instruments. Time series and / or geographical maps of these are
then monitored in detail and cross checked against the performance of independent channels on other
instruments / satellites (see Figure 11). While it is still possible that individual channels can develop small
problems that may go undetected, experience has shown that the adopted approach has worked well so far
and is readily extendable to use with amuch larger number of channels (e.g. the full 2378) if ever required.
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3.3 Bias correction

The investigations presented in WP1 and the routine monitoring activities confirm there are systematic errors
in the AIRS data and / or radiative transfer model that must be corrected before any assimilation. Depending
on the source of the problem, the biases can take the form of asimple global offset, or complicated air-mass/
seasonally dependent errors. The primary difficulty is the absence of a globaly available standard against
which the biases can be evaluated. The best we have is the NWP background, but this of course can itself
suffer from (sometimes significant) systematic errors.

The bias correction approach that has been adopted for the initial use of AIRS is a constant global offset
applied to each channel. This is inconsistent with the more sophisticated air-mass dependent corrections
applied to the use of other instruments in the ECMWF system, but was justified as follows. With AIRS being
such a new and complex instrument, it was considered that a smple flat bias correction would aid the
understanding of the response of the assimilation system to the AIRS radiances. In this way the possibility of
a poorly trained air-mass varying correction could be eliminated from the diagnosis of any interesting or
anomalous features found in the analyzed fields (particularly important for CO2 estimation where horizontal
gradients are the key information we hope to extract from the system). In addition to these somewhat
pragmatic considerations, it was found that bias structures for AIRS were generally flatter and more uniform
than had been observed with previous instruments suggesting the instrument was very well calibrated and
spectrally characterized.

At the time of writing this report a more sophisticated approach to bias correction is being considered that
essentially produces an air-mass dependent correction from afixed adjustment to the computed transmittance
in a particular channel (see also WPL). This approach is described in Watts and McNally 2004. The method
makes the assumption that the main source of variable bias comes from problems in the radiative transfer
model and that, to first order, these are relatively constant systematic errors made in computing the
absorption. This fixed absorption error translates into a variable (or air-mass dependent) adjustment via the
atmospheric lapse rate. Initial experiments are very encouraging and such an approach has the additional
benefit of providing information about radiative transfer modeling errors that may be (and in fact currently
are) feeding back into improved absorption models.

34 Observation errors

Measurement noise is reasonably well defined from the instrument flight model characterization (see Figure
1) with values between 0.05 and 0.4 K NedT depending on channel. For the 4 and 15 um CO, sounding
channels, NedT values are generaly close to 0.2 K. Forward model (radiative transfer) noise must also be
accounted for in the specification of observation errorsin the assimilation process. While this originates from
fast model and line-by-line (or 'spectroscopic error') contributions, neither term is particularly well
characterized. With thisin mind, arather simplified model has been assumed:

0.6 K in dry tropospheric channels with minimal surface sensitivity
1.0 K in stratospheric channels
2.0 K inwindow and water vapour channels

While this is certainly not optimal, the values may be considered reasonable and conservative, consistent
with other aspects of the AIRS usage.
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4, WP 4 Design/ development/ initial testing of an assimilation strategy for
NWP and a production strategy for CO2.

On the basis of the studies described in WP3 the ECMWF 4DV AR assimilation system has been modified to
use AIRS radiance data and allow the simultaneous estimation of CO,. We have implemented CO, in the
assimilation system as an independent column variable for both the troposphere and stratosphere meaning
that CO, is not atracer variable in the transport model and is only estimated at the observation locations. No
background error correlations exist between CO, and all the other assimilation variables and there is a'so no
vertical error correlation between the tropospheric column and the stratospheric column. In practice this
means that, while the forecast model variables like temperature and water vapour appear in the control vector
as 3-dimensional fields at initial time t0, CO, appearsin this control vector as a vector of column variables at
all observation locations. The link between the initial state and the states at observation locations and times
does not exist for CO..

This procedure alowed for a relatively quick implementation of CO, in the data assimilation system
allowing us to explore the capabilities of the system to estimate CO,. Although this implementation makes
full use of the accurate temperature and water vapour analysis fields constrained by all available
observations, it also has some limitations. By assimilating column CO, values instead of full profiles a hard
constraint is applied to the analysis in the form of afixed profile shape. This removes some of the flexibility
in the adjustments and can lead to errors if the used profile shapeis far from the truth.

The two column estimates can vary independently and are separated by a variable tropopause estimated from
the background temperature profile based on a lapse rate definition. This ensured that information from the
stratosphere did not dominate the tropospheric analysis results. However, any potential useful correlations
between stratospheric CO, and tropospheric CO, are disregarded. Another drawback is that the extend of the
tropospheric column is quite variable. Depending on the tropopause height and the cloud top height, the
column varies from shalow to deep allowing respectively less or more channels to be used in the
tropospheric analysis.

While the operational data assimilation system uses severa bands throughout the spectrum (see WP1), the
CO, data assimilation system currently only uses the longwave CO, band. This was done to minimize the
effect of other absorbers on the CO, estimates, while the AIRS observations were still be monitored and
adjusted. On the longer term the CO, estimation will be part of the full operational system using al available
AIRS aobservations.

4.1 Impact of AIRS on the NWP system

The baseline AIRS configuration described above has been tested at full resolution in 12hr 4ADVAR using
cycle 25R4 of the IFS between 10 Dec 2002 and 19 March 2003 (a total of 100 cases) and is subsequently
referred to as “AIRS’. The control against which the AIRS impact is compared (subsequently referred to as
“CTRL") is generaly the operational system. In summary, results with the ‘AIRS' system show a small but
consistent positive improvement over the ‘CTRL’ system. We show a couple of diagnostics to demonstrate
this.
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4.1.1 Changes to the analysis.

Figure 12 shows a difference map (AIRS minus CTRL) of RMS analysis temperature increments at 500hPa
(averaged over a ten day period in December 2002). While the contour interval is extremely fine (shading
starting at 0.1K) the map shows that there are dlightly larger increments over the oceans (where most of the
AIRS radiances are used) and a small (but fairly consistent) decrease in increments at radiosonde stations
when the AIRS radiances are assimilated (the large increase over central Africa originates from the use of
AIRS data over lake Chad that is treated as “sed’ in the assimilation). The reduced increments at radiosonde
stations is an encouraging diagnostic and shows that the extra work being done by the AIRS data in the
analysisimproves the agreement with radiosonde data through the assimilation cycle.

Figure 12 Difference map showing RMS analysis increments of the AIRS system minus those of the CTRL
for temperature at 500hPa (averaged over 10 days). Shading starts at 0.1K.

4.1.2 Impact on forecast quality.

Averaged over 100 cases there is a very small, but very consistent improvement at all ranges in the Northern
Hemisphere (the results of significance testing are contained in Table 1 and Table 2 show that the
improvement is statistically significant at the 1% level for day-5). For the European area (embedded in the
Northern Hemisphere statistics) the positive impact is marginally clearer, but less significant. In the Southern
Hemisphere, only a slight improvement is seen at day-3 (significant at the 5% level) and beyond this no
improvement is seen over the CTRL (the negative impact at day™0 was not found to be significant < 10%).
The verification of temperature forecasts from the 2 systems is generally consistent with the height resultsin
the mid-latitudes, but they additionally show a positive impact of the AIRS in the tropical temperatures at
200hPa. The same statistic for the southern hemisphere shows larger RM S errors when AIRS data are used,
but a closer investigation indicates a large systematic difference between the AIRS and CTRL analyses,
localized to the edge of the Antarctic continent and not evident at any other level than 200hPa.

In the statistical significance testing of the forecast impact (shown in Table 1 and Table 2) red indicates a
positive impact due to AIRS and blue a negative impact. The percentage figure indicates the level at which a
t-test found the results statistically significant. If no significance better than 10% is found the result is
marked with an X.
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The assimilation of AIRS radiances with the baseline system described here shows no adverse effects in the
analysis (in terms of the fit to other observations) and dlightly reduced analysis increments at radiosonde
locations. Overall the forecast performance of the baseline AIRS assimilation scheme is encouraging,
essentially showing a consistent positive impact in most areas and parameters.

Table 1 Sgnificance testing of 1000 hPa (first figure) and 500 hPa (second figure) height forecast

verification

Forecast Range Northern Southern Europe
Hemisphere Hemisphere

day-3 5% /1% 5% / 10% X /2%

day-5 0.1% /1% 10% / X 10% / 5%

day-7 XX X /X XX

Table 2S gnificance testing of 1000 hPa (first figure) and 500 hPa (second figure) wind forecast

verifications
Forecast Range Northern Southern Europe
Hemisphere Hemisphere
day-3 X /5% 0.1%/0.1% 10% / 0.5%
day-5 0.1%/0.1% 2% [ 5% 5% / X
day-7 0.1/2% X/ X X 110%

Estimation of CO»,

Some first results of the CO, data assimilation scheme are presented here to illustrate the capabilities of the
system. The background values used in the assimilation, shown in Figure 13, were zona mean monthly
averaged mixing ratios based on surface flask observations from the previous year (GlobalView, 2003).
These averaged flask observations are based on maritime air samples and a constant value of 2 ppmv was
added to compensate for the annual trend. The background error was set to 30 ppmv and was deliberately
taken large to minimise the contribution of the background to the analysis in these preliminary experiments.
Individual analysis values at the observation locations were gridded onto a 1° x 1° latitude longitude grid for
a whole month. Within a grid box the data were averaged using a weighted average with the analysis errors
as weights. This 1° x 1° grid was then smoothed with a 15° x 15° moving boxcar average. Each individual
grid box needed to have more than 10 observations within a month to be included in the smoothing
averaging. Therefore, some geographical areas have no data in the final monthly mean fields because of
consistent high cloud cover.
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Figure 13 Background (left) and analysis (right) CO, distribution for February 2003.

Figure 13 shows the CO, analysis results for February 2003 and Figure 14 for August 2003. The left panels
show the background values and the right panels show the actual analysis results. Both figures show that the
analysis adds structure to the zonal background field. Although the main north-south gradient remains,
meridional variability is produced by the analysis. In the equatorial region the analysis tends to have more
CO; in the convective areas, especialy in the West Pacific. Another feature can be observed over the
southern part of North America. A careful analysis was done using AMSU-A data to see if these features
were caused by biases in the temperature analysis. This seems indeed to be the case for the high values over
southern North America in February, where a cold bias is observed in the temperature analysis field
compared to AMSU-A measurements. This could cause a positive bias in the CO, field. However, for the
other regions such a cold analysis bias is not present. Also, plots of AIRS first-guess departures (the
difference between the observed brightness temperatures and the model simulated brightness temperatures
from the 6-hour forecast) that drive the analysis show the same patterns as the CO, analysis field. These
patterns are very dissimilar from the AMSU-A first-guess departures and can therefore not be explained
completely by errorsin the temperature forecast.
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Figure 14 Background (left) and analysis (right) CO, distribution for August 2003.

The higher CO, values on the west side of Africain February could be explained by biomass burning effects.
Similar patterns in the MOPITT carbon monoxide observations can be observed over that area in February
2003 (see http://www.eos.ucar.edu/mopitt/data/index.html). The high values in the western Pacific are
probably more surprising. One explanation could be that anthropogenic emissions from Southeast Asia are
lifted up and transported to the western Pacific by the general circulation. During this part of the year thereis
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a circular wind pattern in the middle troposphere bringing air east from the Southeast Asian coast and then
south to the middle of the Pacific. However, more careful analysis of the results should be carried out before
drawing firm conclusions. For example, clouds are detected in our cloud detection scheme within a small
error margin. Therefore, it is in principle possible to have a systematic error in the lower channels due to
undetected clouds resulting in a CO, bias of a few ppmv. Also, air-mass dependent errors in the radiative
transfer (e.g., the spectroscopy) could cause systematic errorsin the CO, analysis results on regional scales.

5. Conclusions and Recommendations

Based on the experience gained during the project we can draw the following conclusions and make the
following recommendations:

Advanced infrared sounders provide thousands of spectral channels. However, it is not feasible to use all
these channels (e.g. bandwidth limits in the trans-Atlantic line for AIRS data). Data reduction or
compression methods have to be used in order to transmit and process the satellite data in near real time. At
present, ECMWF uses a careful selection of 324 channels from the AIRS instrument that represents al
relevant atmospheric variables of interest. The amount of datais even further reduced by using only 1 out of
every 9 footprints. Spectral data compression methods could be used as well to reduce the amount of data to
be assimilated in the NWP system. These methods provide the whole observed spectrum after data
transmission and have the potential to reduce the noise in the spectra as well. However, a careful analysis has
to be made for the cut-off point to make sure that small signals are not treated as noise.

The instrument noise characteristics of the AIRS instrument are quite good, but the noise is still large
compared to the actual CO, signal. This results in noisy CO, analysis results, especially in the stratosphere.
Significant averaging is therefore needed to reduce the noise. Any instrument with better noise
characteristics would improve the individual CO, results and therefore alow for shorter time averages than
the currently used monthly means.

Improved radiative transfer modelling is also required to obtain better results. Because the CO, signal is so
small, small errors in the spectroscopy will have an impact on the CO, results. Temperature dependent
spectroscopy errors could even create regiona biases that are difficult to correct in flux inversion
calculations. A first attempt to correct these regional biases in the radiative transfer has been described in
WP2, but more careful analysisis needed. Proper modelling of solar effects in the short-wave spectral range
would allow the use of this spectral band. There are many CO, sensitive channels in this spectral region and
including these in the data assimilation would improve the CO, results.

Based on the promising CO2 results ECMWF is now heading towards operational monitoring of CO..
Within the proposed GEMS project, atmospheric CO, will be estimated from AIRS, 1ASI, and CrIS
observations. At the same time, major efforts will be made to model the carbon fluxes at the surface using
relevant satellite data. On the long-term this should lead to a full monitoring system using al relevant
satellite data to constrain atmospheric CO, as well as the surface fluxes.

To improve this monitoring capability, instruments specially designed to observe CO, could be avery useful
addition. Infrared sounder instruments are generally not sensitive in the lower troposphere and also have a
low signal-to-noise ratio with respect to CO,. Most of the signal in these observed radiances comes from the
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atmospheric temperature variability and little from CO, itself. Furthermore, the required accuracy for CO,
observations (on the order of 1%) makes the estimation of CO, from infrared radiances a daunting task. As
an aternative approach, a satellite sounder with high spectral resolution in the near-infrared seems to be
promising. Studies in the United States for the upcoming Orbiting Carbon Observatory (OCO) mission seem
to suggest that this approach can achieve the required accuracy. These measurements are also sensitive to the
lower troposphere, which is a real advantage. Main problems here are the low signal-to-noise ratio over the
ocean (apart from sun glint areas) and the extensive radiative transfer modeling needed to accurately
simulate the atmospheric scattering effects. A long-term approach would be the use of active instruments,
such as near-infrared lidar, but this will need extensive scientific study and technical development, which is
outside the scope of this study.
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Annex 1 - Executive Summary

This is the first quarterly report for the contract study on measurement of seasonal CO, fluctuations from
space. The statement of work identifies four distinct workpackages (radiative transfer, data sampling, use of
real AIRS data and system implementation) and schedules these to run in sequence. Whilst this structure is
logical it has proved expedient to tackle areas in three of the four workpackages during this first period.

In WP1 (radiative transfer) the fast radiative transfer model (RTTOV) has been incorporated within the
ECMWEF integrated forecast system and simulates AIRS and AMSU measurements. Validation aspects are
awaiting adaptations to this code, namely the enhancement of the dependency on trace gases including CO,
from fixed to variable quantities; these are expected to be complete early in 2002.

Several aspects of WP2 (data sampling) have progressed significantly. Methods for achieving the necessary
reduction in AIRS data volume prior to transmission have been studied. The options, channel selection or
eigenvector compression of the entire AIRS spectrum, have been evaluated and preliminary conclusions
favour the use of selection as the eigenvector technique is relatively immature in this application and could
lead to poorly understood degradation of the data. The 4.2 and 4.5 pum bands have been identified as most
useful for CO, estimation and within these, the 4.2 um band is well sampled within the planned Near Real
Time (NRT) dissemination system, the 4.5 um band is not. Improved coverage of this band has been
requested. The CO, signal is also significant within the 15 um band but with ambiguous signals from ozone
and water vapour; concurrent use of the particular ozone (9.6 um) and water (6-7 pm) bands is therefore
strongly recommended. A formal study on channel selection for information content is being undertaken and
preliminary results support the NESDIS NRT selection; extension of this study to CO, sensitivity is planned.

Most progress has been made within WP3 (science study). End to end flow of smulated AIRS and AMSU
data through the ECMWF system has been established. Redlistic (cloud affected) AIRS simulated radiances
are being used for the development, testing and evaluation of a candidate cloud screening algorithm. The
digital filter algorithm utilises estimates of the clear radiances from the NWP model, employs a novel
channel ordering system and estimates the lowest peaking cloud-free channel in a particular sounding.
Detection is based on the expected general behaviour of the cloud signal. Results of preliminary testing using
simulated data show that the method is capable of efficient detection of cloud-free measurements. Residual
contamination is within instrument noise levels for tropospheric sounding channels. A second cloud
screening algorithm, which would be an extended application of a published method (English and Eyre
1999), is under preliminary investigation.

No progress has yet been made on W P4 (system implementation).

Al-1. WP 1Validation of afast radiativetransfer model (RTM) for AIRS

Validation of the fast radiative transfer model (RTTOV-AIRS) requires the validation of both the fast model
against its training model (GENLNZ2 line by line output) and the validation of the training data. Fast models,
which unavoidably add some error to RTM cal culations compared to the most accurate LBL calculations, are
required in any practical situation. However, the current situation for infrared RTM calculations is that errors
tend to be dominated by inaccuracies in the basic spectroscopic data, i.e. in the LBL calculations.
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Al1-1.1 Validation of RTTOV against LBL data

Fast model validation against the training LBL model is relatively straightforward and has been done for the
AIRS RTTOV under separate contract, Matricardi et a, 2001. In CO, sounding bands the fast model bias
against the LBL is generally lessthan 0.03 K and the standard deviation less than 0.05 K. There are a number
of channels, particularly within the 15 pm band, where both bias and standard deviation can be up to 0.2 K.
This is within AIRS instrument noise levels (Figure 1) but there could be justification for omitting these
channels from the CO, estimation process.

Channels in water vapour and ozone sensing bands have higher fast model errors but even these have been
reduced by careful choice of fast model predictors to rms values of less than 0.3 K. In summary, the fast
model is not expected to contribute significant errors in the majority of channels and the minority that do can
be eliminated as these errors are very well characterised.

Al-1.2 Validation of GENLN2 LBL data

Validation of the LBL mode underlying the fast model is a more complicated task. It can be tackled
indirectly by intercomparisons of different LBL models or directly by comparisons to measured spectra.
Intercomparisons do not reveal basic spectroscopic errors that are common between LBL models. At present
this section draws entirely upon Rizzi et a. 2001 for a preliminary look at validation of GENLN2. Measured
spectra were obtained from the High resolution Interferometer Sounder (HIS) (on board the ER-2 at 20 Km)
during the first Convection and Moisture Experiment. Two LBL codes (GENLN2 and HARTCODE) were
compared to the measured spectra. Results are somewhat compromised by errors from natural atmospheric
variability and HIS noise but some interesting results are obtained.

Differences between HIS and the two LBL codes are similar indicating the two codes are in good agreement.
In spectral regions where the HIS variability (along the flight track) is low, it is inferred that the differences
are attributable to LBL (spectroscopic or algorithmic) errors. We can comment on two important regions for
CO;, estimation. Around 15 pum there appear to be problems with the LBL simulation of the high frequency
branch of the band; rms errors up to 0.8 K are found. At 4.5 pum, HIS variability is increasing but there is
evidence for LBL errors of at least 0.5 K. No reliable information is available at 4.2 pm. At 0.2 cm™
resolution the errors in the 15 and 4.5 um bands can be seen to be highly structured with positive-negative
deviations of around 0.5-1K related to the individual absorption line positions. AIRS channels in these bands
have awidth of around 1 and 3 cm™ respectively — in neither case wide enough to average the oscillations (as
would asimilarly placed HIRS channel for example).

These results, athough preliminary, serve to demonstrate that validation of the LBL aspect of the RTM is
extremely important. Errors of the magnitude reported in Rizzi et a. 2001 are very significant and a strategy
to handle or remove them needs to be devel oped.

Al-2. WP 2 Science study to optimise AIRS data usage for NWP applications and for CO, work

The purpose of this workpackage is to establish strategies for handling and making best use of the large data
volumes represented by the Aquainstrumentation at full spectral and spatial resolution. Tasks in this area are
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therefore divided into spectra sampling, spatial sampling /averaging and use of other Aqua platform
instrumentation.

Al1-2.1 Spectral sampling

Two approaches to spectral sampling have been investigated; the sampling of channels and / or bands of the
AIRS measurements and the compression of the full AIRS spectrum using el genvector compression.

Al-2.1.1  Eigenvector compression

Compression of the AIRS data by this method is detailed in Appendix A. Essentially a measured spectrum is
projected onto the eigenvectors of a prepared training sample and a (limited) number, M, of the resulting
projection coefficients are transmitted to the user. The data compression obtained arises from the use of an
incomplete set of eigenvectors, the premise being that much the information content of the complete spectra
may be retained; the discarded coefficients are assumed to describe mainly measurement noise.

Asaresult of our initia studies we may conclude the following:

The rate at which the reconstruction error grows as the value of M decreases (i.e. with increasingly efficient
compression) has been investigated in simulation by a number of studies (e.g. Huang and Antonelli 2001,
Goldberg pers.com.). It has been found that using 200 leading eigenvectors alows each channel to be
reproduced in the absence of clouds with a rms reconstruction error within the expected instrument noise
limits for AIRS. To achieve the same reconstruction accuracy in cloudy-sky conditions it has been estimated
that up to 500 eigenvectors would be required. However, some important points should be considered

1) The studies performed so far by Goldberg suggest the eigenvectors need to be updated regularly (i.e.
recomputed every month or so) to maintain the same reconstruction accuracy. While the logistics of
updating and transmitting the results to the NWP centres is not difficult, the drift is obviously a
cause for some concern (suggesting an air-mass or seasonal variation). Such drifts would potentially
create difficultiesin the implementation of an effective bias correction scheme.

2) Reproducing the spectra to within the instrument noise (in an rms sense) may not be adequate for
NWP or CO, estimation. The choice of metric to measure reconstruction error is very important as
some aspects of the spectra (relating to different atmospheric features, possibly with low variance)
are clearly more important in NWP than others. Also, and as a general rule, elements in the
processing chain that introduce noise should be avoided unless they are absolutely necessary.

3) Many NWP centres will require access to cloudy radiances (if only to perform their own cloud
detection) and thus a compression factor of less than 5 (2377/500) is not a huge saving (compared to
the efficient “technical” compression tools such as BUFR that do not degrade the accuracy of the
data).

With these points in mind the use of eigenvectors as a solution to the purely technical problem of excessive
data transfer volumes may not be best (given the risk of degrading the data in a less than fully understood
way) and a purely technical (non-loss) compression seems more appropriate.
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Al1-2.1.2 Band and channel selection

Severa bands within the AIRS spectrum have been identified as useful for NWP and CO, estimation
purposes. As the CO, absorption bands are very important for temperature sounding, the two reguirements
are by no means mutually exclusive. Although somewhat arbitrary, the following bands have been defined to
aid description and are treated independently in the prototype cloud screening method (see WP 3).

LW (‘Longwave 15 um CO,) 15.4t011.1 um
o3 (‘Ozoneg 9 pum Os) 9.99 to 8.09 pm
6M (‘6 micron’ 6 um H,0) 8.07 t0 6.23 um
Swi (“Shortwave-1' 4.5 um CO,) 45810 4.44 um
Sw2 ( Shortwave-2' 4.2 um CO,) 4.20t0 3.75 um

As a first step in defining the utility of an AIRS channel measurement, the response of the channel to a
standard perturbation in each principle atmospheric quantity was determined using the line by line model
(GENLNZ2). The atmospheric quantities and the standard perturbation considered were air temperature (T, 8T
= model error), skin temperature (Ts, dTs = model error), CO, (dCO, = seasonal climatological), water
vapour (g, 6g = model error), N,O (0N,O = Seasonal climatological) and Ozone (O3, 603 = model error).
‘model error’ indicates a perturbation equivalent to current estimates of the ECMWF NWP 6h shortrange
forecast error. Radiance perturbations from the LBL model were convolved with the Flight Model
specification of the AIRS channel response functions. The O3 and 6M bands are not directly relevant to the
CO; egtimation problem and are not discussed here. They will of course contribute to the estimation through
improved temperature, moisture and ozone analyses.

Results for the portion of the LW band sensitive to CO, are shown in Figure 2. The response to CO; is seen
to be at or around the basic instrument noise level, indicating that a moderate amount of data averaging will
deliver areasonably high signal to noise level'. However, there are several other significant responses in this
band which will complicate interpretation. Naturally, a strong response is seen with respect to atmospheric
temperature. This signal however, can probably be well determined either directly, or, more likely, through
the assimilation system, by the AMSU-A instrument measurements made coincidently with the AIRS
measurements (see 2.3). Less tractable problems will arise from the signals from ozone and water vapour.
Assimilation of the O3 and 6M bands AIRS data will significantly reduce model uncertainties in these
quantities but their presence will undoubtedly, in the context of CO, estimation, lead to signal aliasing unless
great careistaken.

The grey bars on Figure 2 show the channels that NESDIS currently plan to disseminate at launch. They
appear qualitatively reasonable, with selections either aiming for low water and ozone contributions or the
opposite, and avoiding channels with significant multiple contributions. Channel selection has been put on a
more quantitative basis by implementing the method of Rodgers 1998 which determines the relative
information content of each channel compared to the information already held by an assimilation system.
Although initial tests using this method give an optimized channel set that includes around 40% of the
NESDIS selection, the accuracy of temperature and humidity retrieval (evaluated using a one-dimensional
variational analysis scheme) is very similar with both optimized and NESDIS channel sets, except in the

! This assumes of course that there are no significant bias errors present due to, for example, calibration and
Spectroscopic inaccuracies.
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stratosphere. Studies with the Rodgers method will be extended to include a) larger numbers of channels and
b) information content on trace gases and CO, in particular.

The responses in the SW bands are shown in Figure 3. The SW-2 (4.2 um) band appears extremely
promising as it is @) very clean —no ozone and only traces of water vapour sensitivity, and b) subject to low
instrument noise levels (< 0.2 K). Some problems have been revealed by detailed study related to cloud
detection (see WP 3) and levels of solar contamination during daylight need to be established before being
sure that this is a high priority band for temperature and CO, sounding. The figure shows that NESDIS
currently plan to transmit the whole of the CO, sensitive part of the SW-2 band.

The SW-1 (4.5 um) band shown on the same figure reveals aimost equally good characteristics at the shorter
wavelength end of this band with instrument noise levels lower even than the SW-2 band. At longer
wavelengths (>4.43 um), water vapour, N,O and CO (from 4.54 — 4.81 um not shown) contributions become
significant. What is apparent in this band is the lack of channels in the planned NRT stream; this is being
addressed in consultation with NOAA-NESDIS.

Al-21.3 Summary

EOF compression, whilst a neat theoretical construct, has some characteristics that make it an undesirable
strategy at this stage. The alternative route of preselected channels transmitted uncompressed appears
preferable.

All bands of the AIRS instrument measurement are of utility to the CO, estimation problem, if not directly
then through improved temperature, humidity and moisture analyses.

Within bands there is qualitative evidence that the selection of channels made to date by NOAA-NESDIS is
appropriate apart from the lack of channelsin the 4.5 um band. This conclusion is supported by preliminary
studies of information content although these have so far only been conducted within the context of
information on temperature and humidity.

Al1-2.2 Spatial sampling/ averaging

No work has been undertaken yet on sampling or averaging strategies.

A1-2.3 Simultaneoususe of other instrument data

AMSU-A datafrom AQUA will be available at full resolution to supplement the AIRS data. It is anticipated
that information from the AMSU-A will be used via its incorporation within the assimilation (improving the
quality of the temperature analysis) and not by direct mapping of the AMSU-A radiances to the AIRS
footprint. However, there may be a case for explicit colocation of AMSU-A and AIRS prior to the
assimilation to assist cloud detection in the latter. There are initiatives within the AIRS science team to fund
the colocation of AQUA/MODIS data to the AIRS footprint which would be another valuable resource for
cloud detection. It is not yet clear if thisfacility will be active on day-1.
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A1-3. WP 3 Science study with real AIRS data

This workpackage is concerned with providing the infrastructure and pre-processing techniques required to
handle AIRS data prior to assimilation into the NWP system. Whilst clearly we do not have access at present
to real AIRS data, much can be achieved with the use of simulated measurements. Progress in this
workpackage includes establishing the data flow for AIRS in the IFS (Integrated Forecast System) and a
substantial study of the problem of cloud detection in the AIRS measurements.

Using the NESDIS supplied simulated AIRS data to supply location and viewing geometry, we have the
facility to calculate smulated clear and cloudy AIRS observations using atmospheric fields from the
ECMWF model (Chevalier et al, 2001). For testing purposes, a limited 6 hour data set consisting of 4633
soundings with global coverage has been generated (see Figure 11 for locations).

Al1-3.1 DataFlowinthelFS

The technical data flow of AIRS data through the IFS has been established. The AIRS data will arrive in
BUFR format from NOAA/NESDIS and the ECMWF Observational Database (ODB) has been modified to
recognize and make available the observed radiances to the assimilation system. The analysis modules
(relating to quality control, observation errors, interfaces to the radiative transfer model and post anaysis
diagnosis) originally designed to handle raw radiance data from other platforms have been extended and
adapted to deal with AIRS data. End-to-end tests have been sucessfully performed with NESDIS simulated
data.

A1-3.2 Cloud screening

Cloud effects on infrared radiances are extremely strong and it is very important to have a robust and
effective strategy to deal with this. At present, although the modelling of cloud radiative transfer is
developing rapidly and the promise of assimilation of cloud affected radiances becoming closer, the accuracy
required (particularly for CO, estimation) implies that we must develop a strategy for screening observations
with cloud rather than explicitly modelling cloud effects. Previous cloud screening methods have the limited
aim of determining whether the field of view (fov) contains cloud or not. Many ‘cloud contaminated’ fovs
will nevertheless contain measurements in channels that are entirely responsive to the atmosphere above the
cloud. In the context of CO, estimation (i.e. low signal to noise) it makes sense to attempt to utilise these
measurements.

In developing a cloud screening method we have aimed to:

i) Retain measurements wherever possible,
i) Utilise the forecast model estimates of the cloud-free radiances
iii) Utilise the high number of AIRS channels and their extensive coverage in the vertical,

iv) Be conservative so that residual contamination isvery low.

ii) gives us a background against which even small cloud effects can in principle be detected and iii) alows
us to achieve i) by retaining measurements in channels that respond to the cloud-free atmosphere above the
cloud.
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The strategy has been to order the AIRS channels according to some criteria such that cloud effects are
monotonically increasing and then apply a filter to the measured minus estimated brightness temperatures to
identify at which channel (in the ordered space) the cloud effect becomes significant. Channels peaking
higher in the atmosphere can then be considered clear of clouds and used in the subsequent assimilation;
channels peaking lower can be rejected.

Al-3.21 Channd ordering

AIRS channels are ordered according to the pressure at which the ratio of radiance effect of an opaque black
cloud to the total clear radiance (OR/R) exceeds a threshold of 0.01 (appendix B describes this process and
the other options that were available in more detail). This method essentially corresponds to ordering
according to the location of the tail of the weighting function. Ordering is done dynamically (i.e. for each
sounding) to allow for the variations in channel weighting functions with atmosphere.

Figure 4 shows the distribution of assigned pressure levels for the 228 NRT channels obtained using the test
data set. A clear progression of channels through the troposphere can be seen in the LW (channels 20-50)
and SW2 (180-190) bands where variations in the channels' assigned pressures are of order 50mb. The upper
parts of these bands show awider spread of pressures related to the presence of the tropopause inversion. If a
channel radiance ratio does not reach threshold value in a cold sense before the tropopause is reached, then a
large pressure differential is required for the radiance ratio to reach threshold value in a warm sense as the
cloud progresses through the warmer stratosphere. Channels with a delicate balance in this region can
therefore flip between quite different levels because of changes in the atmospheric profiles. The 6M band
(120-160) shows clearly the large range of pressures resulting from humidity changes. Also seen is that the
long wavelength side (SW2) of the 4 um CO, absorption band (175-182) is not well represented in the NRT
set; al the upper sounding channels are missing. Finally, note that the O3 band (90-110) channel pressures
are almost all very near the surface: although they have a strong response to O3, they are al also partia
window channels and with the low radiance ratio threshold used, they are assessed as low peaking. Channel
49 (13.8665 um) has assigned pressures anywhere from 600 to 30 mb caused, we speculate, by ozone
absorption obscuring low level sensitivity in high ozone profiles.

Al1-3.2.2 Synthetic AIRSradiances

AIRS simulated measurements, expressed as brightness temperatures, from clear and cloudy atmospheric
conditions have been calculated, these will be denoted by T and Tg"*® respectively. To complete the
simulation, a term to allow for errors in the NWP model must be added to Tz, and a term to allow for
noise in the measurements model must be added to Tg%*Y. Estimates are available for each:

Measurement noise is obtained from the AIRS Flight Model data (see Figure 1: an envelope to the
scatter is fitted for the purposes of this study). Noise is assumed to be uncorrelated and is
respresented by the (diagonal) covariance matrix O.

Model noise is characterised by the model error covariance B which, in this case, is constructed from
separate covariances for the temperature, humidity and ozone profile errors and terms representing
surface parameters (skin temperature etc.) An implication of this is that temperature and humidity
(and ozone) errors are not intercorrelated; this is unikely to be true but at present this is the best
approximation available.
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The jacobians of the RTM model, Hr =dTg/dT, Hg =dTg/dQ and Ho = dTg/dO; are used to map
model errorsinto measurement space: M = H.B.H" where " represents the matrix transpose.

Random realisations of M are added to the ssimulated clear measurements, and random reaisations of O are
added to the cloudy simulations (which are the proxy AIRS measurements)?. This process, which of course
alows for the re-ordering of channels, isillustrated in Figure 5 and Figure 6. The cloud screening problem is
essentially one of extracting the cloud signal from the combined signal and noise, 3Tg = (Tg"™¥ + O) —
(Te%* + M). Two methods have been explored and evaluated on the test data set as described in the
following sections.

Al1-3.2.3 Digital filter screening

The digital filter method is based on the assumption that, in channel ordered space, a cloud signal will
monotonically increase (in the direction top of atmosphere downwards) from the first affected channel. Once
a significant cloud signal is detected in a low peaking channel, the 8T signa is analysed ‘upwards to
establish the point at which the cloud signal ends and thus establish the first cloud-free channel. A low pass
filter is required to smooth high frequency M +O noise and prevent the filter stopping prematurely. Appendix
D givesfull details of the filter implementation.

The digital filter method has potential advantagesin that it:
is based on sound physical reasoning
detects equally well cold cloud over warm surfaces (normal) and warm cloud over cold surfaces.

does not make detailed prior assumptions about either the cloud signal or the model and observation
statistics.

istuneable: window width trades off cloud-free channel resolution against sensitivity
Its potential disadvantages are that:

it cannot use statistical information

it may be sensitive to the exact channel ordering

it is not capable of treating all bands (4 -15 pm) together®.
Al-3.24  Quantitative evaluation of filter performance

Using synthetic data the performance of the detection system can be evaluated quantitatively. It is known
whether a channel for a given sounding is cloud-free as both cloudy and cloud-free model derived brightness

2 We actually add realisations of M+O to the difference 5Tg since the cloud screening operates on these differences and
not on the brightness temperatures.

3 Over short wavelength ranges within bands the effect of cloud is relatively constant; between bands the effect
changes significantly (mainly due to enhanced scattering for shorter wavelengths.
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temperatures are available®. The error due to cloud for a channel incorrectly classified as clear can therefore
be assessed. It would be ssmple of course to design afilter to be extremely stringent which obtained very few
mis-classifications and accumulated very low errors; the cost would be severe loss of data. A measure of the
detector efficiency is therefore included in our analysis. Channel / soundings are classified into one of four
outcomes: Clear ‘hit’ (determined clear, actually clear), cloudy ‘hit’, cloudy ‘miss (determined clear,
actually cloudy) and clear ‘miss’ (determined cloudy, actualy clear). The *hits are obviously successful
outcomes, a clear ‘miss’ does not introduce errors into the system but leads to loss of data and a cloudy
‘miss’ leadsto errors.

The error analysis figures referred to in this section consist of four sections each. Figure 7 is an example for
the digital filter detection on the LW band. Top left shows the counts of the four classifications. The abscissa
(in al plots) is the ordered channel number from highest assigned pressure to lowest (since the channels are
ordered dynamically a channel number cannot be assigned to a particular AIRS channel). The lower left plot
shows the efficiency of channel use defined as the number of times an (ordered) channel was determined
clear divided by the number of times it was actually clear. High efficiencies are desirable but of course must
be traded with accuracy. The top right plot shows the mean (line) and standard deviations (bars) of the effect
of cloud on the clear misses. Bottom right shows similar statistics but for al determined clear cases (the clear
hits do not contribute any error). This latter plot and the efficiency are perhaps the most significant results
although the statistics of the clear misses need to be monitored since even alow number of highly erroneous
observations can have serious detrimental effect on the model analysis.

Figure 7 are the LW band results using our best estimates of the filter controlling parameters (only the first
60 channels are shown as, in the remainder, the surface response becomes very high). The hit rate plot shows
that hits (solid and dot-dash) dominate the results but that a significant number of clear misses are found for
channel numbers between 20 and 40 - the bulk of the tropospheric channels (see Figure 8 for the vertical
location of a selection of LW channels). Cloudy misses are apparent in low numbers from channel 15 to the
surface. The efficiency plot shows that a good proportion of upper level channelsis utilised, and low peaking
channel usage, e.g. channel 40, remains as high as 40%. Mean errors in the cloudy misses are quite small
(absolute values < 0.05 K) for channels down to number 30 although some higher standard deviations are
seen. Below this, mean errors increase steadily to about —0.1 K and standard deviations to about 0.4 K.
Around the lowest tropospheric, non surface sensing, channel 40, the mean error is about —0.1K and the
standard deviation around 0.15 K. The statistics for the all-clear cases lower right show the higher channel
values reduced significantly because of domination by the clear hits. For lower channels the mean error
asymptotes at around —0.06K with a standard deviation around 0.3K. At channel 40 the mean and standard
deviation are respectively, —-0.04 and 0.1K. This performance is quite favourable compared to an AIRS
instrument noise of around 0.2K in this band. Note that the results described here are for an assumed noisein
the surface skin temperature of 1 K, i.e. an ocean-type surface accuracy. However, results for an assumed
error of 5K, i.e. aland-type accuracy, are very similar.

Results for the SW-2 band are shown in Figure 9 (only the first 16 channels of the 45 are shown (see Figure
10 for the vertical location of a selection of SW-2 channels). Results are comparable to Figure 7 with some
significant differences. More cloudy misses are apparent and these occur at low numbered channels giving

4 A threshold for the difference nevertheless has to be defined; a cloud effect of absolute value lessthan 0.01K is
assumed to indicate a cloud-free measurement.
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rise to lower efficiencies than found for the LW band. This is mostly due to a residual sensitivity at high
pressure (long tails in the weighting functions) found even in the channels peaking high in the atmosphere.
This implies it is quite difficult to find a SW-2 band measurement that is completely cloud-free; the error
plot for the cloudy misses shows however, that the contamination caused is at a very low level and channels
in this band remain useful. Mean errors in the misses and all-clears are significantly lower than in the LW
band. Care must be taken interpreting these figures since from the lower channels (> 10) it is apparent that
warm cloud (cold surface) is a significant contributor. It is possible that in global statistics like these, warm
and cold biases could cancel, however, standard deviations in channels 0-10 of < 0.03 K show thisis not the
case here. Below channel 10 biases and standard deviations are larger, but these are surface sensing channels.

Al1-3.25 Summary

A cloud screening system has been designed coded and tested on simulated clear and cloudy AIRS
measurements. It operates and relies on reordering of the AIRS channels within bands according to their
sensitivity to cloud in order to screen for clear channels rather than clear fields of view. The benefits of this
areillustrated in Figure 11 and Figure 12 showing respectively, a map of the lowest clear channel and some
example channel sets that are made available. Efficiencies and error statistics of the scheme applied to the
test data are very encouraging. A second, statistically based, filter is under preliminary investigation.

A1-4. WP 4 Design/ development/ initial testing of an assimilation strategy for
NWP and a production strategy for CO..

No progress made to date on this workpackage.
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Appendix 1A: EOF compression
1A.1 Background

In the timeframe we expect AQUA to be launched (Spring 2002) it is unlikely that telecommunications links
will alow the timely transfer of spectra containing all 2378 AIRS channels at the required spatial resolution.
As a “day-1" solution NASA/NOAA/NESDIS plan to disseminate a reduced channel set (approximately
300) in near-real-time (NRT) to NWP users. However, the selected channels are essentially fixed and may
not be the most appropriate for use in al meteorological situations. Thus there is interest in techniques that
would allow compression of the spectra before transfer (to a more manageable data volume) and
reconstruction of the full spectra by the user after transfer. This note outlines some very preliminary work
that has been done (mostly by M. Goldberg at NOAA/NESDIS) using truncated principal components of the
AIRS spectra as an efficient representation of the full channel set.

1A.2 Theory

Using a diverse training population of K full spectra, each represented by a vector Sc of length N (the
number of channels) the elements of the observation covariance matrix C may be computed

C | :%g[s,k—é].[s,k—é] 1)

whereS is the mean radiance in channel i . The covariance may then be diagonalized by the eigenvector
transformation

C=VAV' @)

where V is a matrix containing the eigenvectors of C and A is a diagonal matrix of the corresponding
eigenvalues. For any single observed spectrum S, we can compute its projection (or rather the differences of
it from the popul ation mean) upon the I"" eigenvectors of C

N _
P« =Z[S,k—8i].\/i,l (3

the projection coefficients being a vector of length N (i.e. the same length of the spectrum vector equal to the
number of channels). The radiance in each channel i of the original spectrum is reconstructed from the
eigenvectors using

SR=§+2P|V|J (4

If all of the eigenvectors are used in the reconstruction S* will be an exact reproduction the original
spectrum, but there is (obviously) no compression of the original information. However, we may choose to
project the original spectrum S on only the first M (<N) eigenvectors (using equation 3) ordered by the
magnitude of their eigenvalues. The reconstruction (using equation 4) will no longer be exact and introduce a
reconstruction error vector EX. The smaller the value of M the more compression of the original information
volume is achieved, but the reconstruction errors aso grow.
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1A.3 Practical implementation

A scenario for practical application of the above technique is as follows. The eigenvectors of the training
sample covariance C are computed off-line by the data producer and transmitted just once to the data user
and stored. As a new observed spectrum S is obtained, the coefficients P of its projection on the first M
eigenvectors are computed by the data producer. The coefficient vector P (of length M) is transmitted to the
data user as a compressed representation of the observed spectrum. The data user then reconstructs a full
spectrum S and has access to all N channels. The compression factor is clearly N/M.

Reconstruction errors

The rate at which the reconstruction error grows as the value of M decreases (i.e. with increasingly efficient
compression) has been investigated in simulation by a number of studies (e.g. Huang and Antonelli 2001,
Goldberg pers.com.). It has been found that using 200 leading eigenvectors allows each channel to be
reproduced in the absence of clouds with a rms reconstruction error within the expected instrument noise
limitsfor AIRS. To achieve the same reconstruction accuracy in cloudy-sky conditionsit has been estimated
that up to 500 eigenvectors would be required. However, some important points should be considered

1. The studies performed so far by Goldberg suggest the eigenvectors need to be updated regularly (i.e.
recomputed every month or so) to maintain the same reconstruction accuracy. While the logistics of
updating these and transmitting the results to the NWP centres is not difficult, the drift is obviously a
cause for some concern (suggesting an air-mass or seasona variation).

2. Reproducing the spectra to within the instrument noise (in an rms sense) may not be adequate for
NWP. The choice of metric to measure reconstruction error is very important as some aspects of the
spectra (relating to different atmospheric features, possibly with low variance) are clearly more
important in NWP than others. Also, and as a general rule, we should avoid elements in the
processing chain that introduce noise unless they are absol utely necessary.

With these points in mind the use of eigenvectors as a solution to the purely technical problem of excessive
data transfer volumes may not be best (given the risk of degrading the data in a less than fully understood
way) and a purely technical (non-loss) compression seems more appropriate.

Other scientific applications of the theory

In addition to efficient representation of the information in the radiance data, it is argued by Huang and
Antonelli 2001 that the truncated eigenvector reconstruction can be also be tuned to simultaneously remove
instrument noise from the data. This is the case if the contribution of instrument noise to the origina
measured data only projects on the higher order (low eigenvalue) eigenvectors (which are of course removed
by the truncation process). Also, some NWP centers (e.g. the UKMO, Collard, pers. com.) are using the
approach to detect and reject clouds in the radiance data. These are clearly very interesting NWP applications
of the eigenvector theory and they should be studied further. However, to do this the complete spectrum
should be communicated to the NWP centres as issues as important as noise filtering and cloud detection
have to be tuned with the tolerances of the particular NWP system in mind and cannot be done by the data
producer.
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Appendix 1B: Details of the channel ordering procedure

Several ‘measures for ordering channels in the vertical were considered, the primary aim being to ensure
that in a cloudy atmosphere of any kind, the effect of the cloud on the measurements is a monotonic increase
with order number. In fact, this requirement can be relaxed somewhat since it is only in the region of the
channels with small cloud impact (i.e. inthe 0 - 1 or 2K effect) that monotonicity is required (channels with
larger impacts can easily be eliminated). The latter consideration leads to ordering measures that are based
on the low altitude / high pressure tail of the channel weighting function. The characteristic level for a
channel is determined as the point a which a particular measure exceeds a threshold. Measures considered
were a) the transmittance to top of atmosphere (TOA), threshold e.g. 0.05, b) ratio of radiance at TOA
originating from below the leve to the total, threshold e.g. 0.05, c) brightness temperature effect (8Tg) of an
opague black cloud, threshold e.g. 0.5K and d) ratio of radiance effect of an opaque black cloud to the total
clear radiance dR/R = (Ruea-Rdioudy)/Raea, threshold 0.01. Measure @) has the slight drawback that both the
temperature structure of the atmosphere and any non-linearity in the Planck function (e.g. in the SW bands)
is not accounted for. The remaining measures are all more or less equivalent and differ mainly in the ease
with which the RTM interface (RTTOV-6) can accommodate them. It is also more intuitive to use a measure
which is directly related to the response to cloud, abeit a dightly unredlistic black cloud. In practice,
measure d) has been adopted since RTTOV includes an opaque black cloud computation at all levels. Since
cloud signal's can sometimes be positive in sign (warm cloud over colder surfaces), the threshold is applied to
the absolute value of the radiance ratio. This allows the ordering procedure to operate successfully through
surface and other (e.g. tropopause) inversions.

A channel weighting function in general will have a dependency on the atmospheric state, obvious examples
are channels sensitive to water vapour where the level of maximum response is considerably higher in the
amosphere for high water contents. All channels have some such dependency so that an ordering determined
for a particular atmosphere may not be accurate for a dissimilar atmosphere. Consequently, we order the
channels dynamically, i.e. for each sounding location a new order is calculated according to the RTM
calculations for the model atmosphere.
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Appendix 1C: Thedigital filter cloud detection method

The digital filter operates by detecting a physically intuitive cloud signature within the 8Tg signal. It relieson
a) a smoothing filter of some kind to remove high frequency (in channel space) noise from the H.B.H'+O
terms and b) a monotonically increasing or decreasing effect from the cloud. The process has been refined
since the original implementation now takes the following steps:

1. Find the ordered channel, i, corresponding to the maximum assigned pressure; the filter will not
search lower than this and channels below this level are assumed cloudy / unusable.

2. Caculate a smoothed 8Ty signal, S(0Tg), with a boxcar filter of width determined by the particular
band.

3. Determine whether a detectable ‘gross’ cloud signal, !S'*(3Tg)! > Threshgr, is present at this lowest
channel. If so, determine from the sign of S'®(5Tg) whether the cloud effect is warm or cold.

4. Proceed in the higher pressure channel direction whilst the following conditions apply:

a | < ingh, Where inign is the index of the highest peaking channel deemed potentially cloud
contaminated (i.e. not completely in the stratosphere), AND

b. !S(3Tg)! > Threshgr. OR
c. S™(8Tg) - S*(8Ts) > Threshy.q for ‘cold’ cloud; < Threshy for ‘warm’ cloud. OR
d. S™(8Tg) - S*(8Ts) > Threshy. for ‘cold’ cloud; < Threshy, for ‘warm’ cloud.

5. When the filter stopsafinal check is made that !S(8Tg)! < Threshgr.

Some explanation for the various parameters of this filter is in order. A smoothing operation is required as
the model and instrument noise in the raw signal rarely allows detection of a monotonic cloud effect. The
premise is that model and instrument noise are relatively uncorrelated in the ordered channel space whereas
the cloud signal is highly correlated and monotonically increasing. A lowest considered channel, ijo, iS
employed as it is found that including many surface sensing channels often leads to low gradients in S(&Tg)
and premature termination of the filter. Check b) that there is till a detectable gross cloud signal prevents
this termination in most cases but not for signals that are less than the gross threshold. c) is the basic filter
mechanism and checks that the supposed cloud signal continues to decrease monotonically and d) is a
extension to this mechanism to allow the filter to step beyond false signal maxima that are due to model
noise. Step 5) is only invoked if the channel ing, has been reached and the signal is till a detectable gross
cloud effect. In practice, such a signal would have to originate from an unusualy large model noise term.
Figure App 1C- 1 shows an example of the filter in operation.

The variable parameters of the digital filter are the thresholds, the maximum assigned pressure and the
smoothing width. Performance is least sensitive to the gradient threshold, Threshy.g, Which is set at 0.01 K.
The gross threshold, Threshgr, is more important. Too large (Ioose constraint) a value and filter terminations
(either through step 3) or check b.) lead to afew channels with damaging errors being classified as clear. Too
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tight and the filter will classify channels with only model and measurement noise as cloudy; this is loss of
good data and essentially loss of signal. An appropriate value for Threshgr can be determined from statisitics
of the smoothed model + measurement noise errors. Although these vary considerably in the high
stratosphere and very near surface, a standard deviation of around 0.25 K is found in the tropospheric
channels for the filter smoothing widths determined as optimum here. Using avalue of 0.5 K for Threshgr is
therefore equivalent to a 20 cutoff and should not lead to inappropriate data loss.

Filter smoothing width is aso important. The width has to be sufficiently long to remove structure in the
signal due to model and measurement noise that would otherwise lead to premature termination of the filter.
However, the longer the filter window width the less precise the detection system can be about the first
affected channel. Determination of the optimum width is largely a matter of experimentation and knowledge
of the likely model noise structure. In the LW CO, band there are correlated model noise structures
originating from groups of channels sensitive to ozone and water and the filter window width has to be
relatively long; a value of 10 channelsis used. The SW CO, band is ‘cleaner’, model noise originates only
from temperature errors and the filter window width can be shorter; avalue of 5 channelsis used.

The last filter parameter is the maximum assigned pressure level. Its value appears to be less critical
providing it serves to remove channels with high surface sensitivity from the system. An RTM level of 43
(pressure of 1013 mb) is used.
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20 30 40 a0l

Figure 5. Cloud signal and noise, illustration only. Shows JTg profiles (in ordered channel space); cloud
signal (synthetic) in yellow, observation noise, O, in red and model noise, M, in black.
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20 a0 40 an

Figure 6 Cloud signal and noise, illustration only. Shows the combined signal from Figure 5 (the
‘available’ signal) from which the cloud signal must be deduced.
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Figure App 1C- 1 Example of the digital filter operation. The JOTg signal is the black line, S JTg) is shown
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Annex 2 - Executive Summary

This is the second quarterly report (hereafter 2QR) for the contract study on measurement of seasonal CO,
fluctuations from space. We report here only on progress made since the first quarterly report (1QR) except
where repetition or a summary is required for clarity. The statement of work identifies four distinct
workpackages (radiative transfer, data sampling, use of real AIRS data and system implementation) and
schedules these to run in sequence. Whilst this structure is logical it has proved expedient to tackle areas in
al of the workpackages during this second period.

In WP1 (radiative transfer) an enhanced version of the fast radiative transfer model (RTTOV) that includes
CO; as a variable quantity has been completed. Some issues pertaining to the CO, jacobians at 4.2 um
remain and the code needs incorporation into the ECMWF | FS.

In WP2 (data sampling) the 'missing' channels from the important 4.5 pm band are now available within an
extended (281 channel) Near Real Time (NRT) dissemination system. Work on channel optimisation for CO,
channel by collaborators (LMD) broadly confirms the channel selection but suggests some additiona
channels that might be added in future definitions of the NRT set.

Within WP3 (science study) the candidate cloud screening algorithm described in the first report and the
channel ordering system has been incorporated into the IFS. An aternative algorithm based on Bayesian
analysis of the measurements has been developed. The method is based on prior knowledge of the statistical
character of cloud-free measurements. Results of preliminary testing using simulated data show that the new
method has a detection efficiency and accuracy comparable to the digital filter (hereafter referred to as the
Low Pass filter) method. Consequently, both methods will be retained for study until tests with real data
establish a clear preference.

Progress on WP4 (system implementation) has been made since the availability of the CO, enhanced RTM.
Simulation studies have been performed that show the expected capability of the AIRS measurements for
CO, estimation under certain assumptions about noise levels etc. Sensitivity to instrument and RTM errorsis
shown to be high emphasising the need for stringent cloud detection and RTM validation / tuning. A strong
sensitivity to the prior knowledge of the CO, is also shown, particularly the effects of correlations between
tropospheric and stratospheric amounts. The simulations aso confirm that the AIRS sounder is significantly
more useful for CO, estimation than is the currently operational infrared sounder HIRS. Neither instrument is
capable however of estimating anything other than broad column average quantities.

A2-1. WP 1Validation of afast radiativetransfer model (RTM) for AIRS

The fast radiative transfer model (RTTOV) has been extended to include variable CO, profile concentrations;
both the forward (radiance calculation) and jacobian (radiance gradient calculation) models are complete.
The validation of this model consists of two aspects. accuracy with respect to the LBL model and the
underlying accuracy of the LBL model itself (see 1QR). The addition of the variable CO, profile to RTTOV
(on the models 43 levels) was achieved with no discernable degradation of the accuracy with respect to the
LBL. We have no further information concerning the underlying LBL accuracy compared to that presented
in 1QR.
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The jacobians of the new model with respect to the CO, profile, ar/aCO, , are tested by comparison to values

obtained by perturbation of the forward model and exact agreement is found. In general, the jacobian for a
channel sensitive to CO, is negative where the local lapse rate is negative (decrease of temperature with
height) and vice-versa. The physical reasoning for thisis that increased CO, causes greater absorption and a
therefore mean emission from higher in the atmosphere. For a small selection of channels in the 4.2 um
band, this predictable and understandabl e behaviour is not followed; positive jacobians are found for aregion
of the troposphere where there is a clear negative temperature gradient. Similar channels in the adjacent 4.5
um band do not show the effect. Comparisons with jacobians from other models (LMD) are underway and
the reasons for this possibly anomal ous behaviour are being sought.

A2-2. WP 2 Science study to optimise AIRS data usage for NWP applications
and for CO2 work

1QR described the reasons for, at least in the first instance, employing channel selection rather than
eigenvector compression as a means of handling large data volumes. In 1QR it was highlighted that the
current NESDIS Near Real Time (NRT) channel set (228 channels) did not include important CO2 sounding
channels in the 4.5 pum band. This omission was communicated to NESDIS (Goldberg pers comm.). A new,
(281 channel), NRT set has been defined by NESDIS which includes at least 9 channels from the 4.5 um
CO, band. Results by other researchers (Chédin, pers comm.) using forma methods of channel selection
suggest further useful channels giving atotal around 324, however, this selection is unlikely to be available
from NESDIS on Day-1. Simulation studies (see WP4, this report) show that the 281 channels will provide
CO, estimates of only marginally degraded accuracy compared to the 324 suggesting that the more limited
set is adequate in the context of this study. It is understood that NESDIS will make available by ftp all-
channel data from limited portions of the AIRS data stream. These data may be useful for testing more
complete channel sets.

A2-3. WP 3 Science study with real AIRS data
A2-3.1 Cloud screening

In 1QR the method of cloud screening AIRS measurements by the method of dTg ‘digita filtering’ (now
referred to more accurately as ‘low-pass filtering’) of a forecast model minus measured brightness
temperature vector was described. The vector is first re-ordered by the channel effective pressure and split
according to wavelength (band separation). This technique has been coded and tested within the IFS using
the ssmulated AIRS data described in 1QR.

A second technique, suggested by the work of English and Eyre 1999 is based on statistical rather than pure
physical principles. It has been developed and tested outside of the IFS in a manner analogous to that used
for the Low-pass filter method.

A2-3.1.1 Bayesian detection

The Bayesian method works by testing the probability that a measured 6Tg vector has come from a clear
sounding (English and Eyre 1999). Statistics of clear soundings are known since they are described by the
forecast model and measurement error covariances (see 1QR). The method is extended to detect clear
channels within a sounding by testing successive segments of the entire channel set from top of atmosphere
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downwards. When a segment returns a sufficiently low probability of being clear, then al the channels
within the segment and below are considered cloud affected. Appendix C gives a detailed description of the
method.

The Bayesian method has potential advantagesin that it:

» utilises reasonably well known statistics

* detectsequally well cold cloud over warm surfaces (normal) and warm cloud over cold surfaces.
* iscapable of treating all bands (4 -15 mm) together (this has not so far been investigated)

* istuneable: window width trades off cloud-free channel resolution against sensitivity

* isnot sensitive to the exact channel ordering.

Potential disadvantages are that

* |t cannot use physical constraints (e.g. that the cloud signal is amonotonic function in an ordered
channels space)
* It may be sensitive to incorrect specification of the ‘reasonably well known’ statistics.

A2-3.1.2  Quantitative evaluation of filter performance

The description of the evaluation follows that in 1QR but we repest it here for clarity.

Using synthetic data the performance of the detection system can be evaluated quantitatively. It is known
whether a channel for a given sounding is cloud-free as both cloudy and cloud-free model derived brightness
temperatures are available . The error due to cloud of a channel incorrectly classified as clear can therefore
be assessed. It would be simple of course to design afilter to be extremely stringent which obtained very few
mis-classifications and accumulated very low errors; the cost would be severe loss of data. A measure of the
detector efficiency is therefore included in our analysis. Channel / soundings are classified into one of four
outcomes: Clear ‘hit’ (determined clear, actually clear), cloudy ‘hit’, cloudy ‘miss (determined clear,
actually cloudy) and clear ‘miss’ (determined cloudy, actually clear). The ‘hits' are obviously successful
outcomes, a clear ‘miss’ does not introduce errors into the system but leads to loss of data and a cloudy
‘miss’ leadsto errors.

The error analysis figures referred to in this section consist of four sections each. Figure 1 is an example for
the Bayesian filter method on the LW band. Top left shows the counts of the four classifications. The
abscissa (in all plots) is the ordered channel number from highest assigned pressure to lowest (since the
channels are ordered dynamically a channel number cannot be assigned to a particular AIRS channel). The
lower left plot shows the efficiency of channel use defined as the number of times an (ordered) channel was
determined clear divided by the number of times it was actually clear. High efficiencies are desirable but of
course must be traded with accuracy. The top right plot shows the mean (ling) and standard deviations (bars)
of the effect of cloud on the clear misses. Bottom right shows similar statistics but for all determined clear
cases (the clear hits do not contribute any error). This latter plot and the efficiency are perhaps the most
significant results athough the statistics of the clear misses need to be monitored since even alow number of
highly erroneous observations can have serious detrimental effect on the model analysis.

Bayesian filter results for the LW band are shown in Figure 1. Considering the difference in approach of this
filter from the low-pass filter version (1QR figure 7), the results are remarkably similar and we highlight
only the differences. Efficiencies are lower for the Bayesian filter by around 10% overall. For channels 0-25
(stratosphere and high troposphere) the Bayesian misses and al-clear mean and standard deviations are
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lower than the low-pass filter, especialy in the all-clear set because of a significantly lower number of
cloudy misses. For the tropospheric channel numbers 25-40 biases are smaller in Bayesian especially
towards channel 40, but standard deviations are similar. Below channel 40 (surface channels) biases in the
low-pass filter level off whereas the Bayesian values continue to increase. Standard deviations in the
Bayesian scheme are however, slightly lower.

SW-2 band Bayesian filter results are shown in Figure 2 and can be compared to low-pass filter results in
1QR figure 9. For channels from 0-8 there is very little difference in the schemes performance with the
exception of significantly higher efficiency in the Bayesian scheme. In the lowest channels of this group
there is a dightly lower standard deviation in the digita filter result. Below channel 8, the Bayesian filter is
less efficient (around 10 rather than 20%) but returns significantly better error statitics.

A2-3.1.3 Summary

Two detection systems have been designed coded and tested on simulated clear and cloudy AIRS
measurements. Both methods operate and rely on reordering of the AIRS channels within bands according to
their sensitivity to cloud in order to screen for clear channels rather than clear fields of view. Efficiencies and
error statistics of the schemes applied to the test data show remarkable similarities. Considering the
uncertainties in the ssimulated data (especially the use of model cloud fields to produce ‘ measurements’), the
results are too close to alow a firm recommendation at this stage except that we should retain the possibility
to further develop either scheme when real AIRS data become available.

A2-4. WP 4 Design/ development/ initial testing of an assimilation strategy for
NWP and a production strategy for CO,

Progress in this work package has been made in understanding some of the characteristics of the inversion
problem for AIRS CO, estimation. This has been achieved by utilising the estimated error in a one
dimensional variationa analysis the which assumes linearity about the solution and normally distributed
errors, both of which conditions are likely to be held in this circumstance. Although this analysis differs from
the likely implementation of a CO, estimation system (3 or 4 dimensiona variationa anaysis) it
nevertheless provides useful insight.

A2-4.1 Expected estimation error

Given prior information with error covariance B, measurements with error (observation and forward model)
covariance (O+F) and measurement jacobian H (the gradient of the measurements with respect to the
atmospheric state x), the expected error covariance of the maximum probability estimate of x is (e.g. Rodgers
1976):

S=B-BH"(HBH +O+F)™"HB
where T denotes a matrix transpose.

A2-4.1.1 Background error covariance, B

The state vector x consists of profiles (on the 43 levels of the RTTOV RTM) of temperature, humidity,
ozone and CO,. B is then the error covariance of the prior estimate we have for x and here it is appropriate to
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use values for B that represent the error in the 6 hour ECMWF forecast model. Although there is some
uncertainty in the values for temperature, humidity and ozone and correlations between these variables are
not modelled at all, a degree of confidence can be placed in them.

The B matrix for the CO, profile is harder to define because a) it has no direct representation in the forecast
model so that climatological values are used for a priori and b) there are few in situ profile measurements of
CO, so the covariance of the climatology is poorly defined. A preliminary CO, B matrix has been
constructed under the following assumptions:

1. The atmosphere is considered to consist of three regions: boundary layer (BL), troposphere and
stratosphere. These regions are more or less separated by the presence of stable layers which to a
variable degree inhibit mixing of air and therefore the distribution of CO, for which the principle
sources and sinks are at the surface.

2. Variances (diagonal elements of B) are set to characterize known seasonal variations in CO,
concentration as measured by the global surface flask system. This is the appropriate error if afixed
single value climatology is used. Seasonal variations are well measured at the surface (and, we may
therefore conclude, in the BL) and the relatively few aircraft sampling data (e.g. Nakzawa et al.
1991) suggest that the amplitude of variation is preserved in the troposphere. The same data suggest
that the amplitude of seasonal variation in the stratosphere is diminished (and probably decreases
with atitude) and has a phase lag compared to the troposphere and BL. Vaues used in this study are
6, 5 and 4 ppmv for the BL, tropospheric and stratospheric variances respectively.

3. Correlations of the CO, concentration within the three layers are almost impossible to define from in
situ measurements available. Here we have followed Engelen 2000 and assumed a correlation scale-
length consistent with CO, concentrations from the CSU GCM model. A value of 25 km has been
suggested (Engelen pers comm.) which implies an expected high degree of correlation.

4. Correlations of the CO, concentration between the three layers are equaly difficult to determine
from in situ measurements. Flask measurements made at the U.S. Dept of Commerce NOAA Mauna
Loa Observatory at 3397 m (i.e. in the troposphere) and the NOAA/CMDL Cape Kumukahi site at
3m (i.e. in the BL) are geographically within 75 km of each other. The monthly averaged CO,
concentrations from the two stations are shown in ref1; the values show a high correlation (0.937).
Such a high correlation probably reflects the oceanic environment (i.e. weak source / sinks and weak
BL inversion) and the relatively long time scale average. This time scale is however consistent with
expected averaging periods required for reliable estimation. For the stratospheric-tropospheric
correlation we assume a small negative value following the evidence (albeit tenuous) from Nakzawa
et al. 1991. It is possible that more realistic estimates of correlations could be derived from modelled
CO, distributions and we will be pursuing this approach. For this study, we assume a broad BL-
troposphere correlation of 0.9 and a stratosphere-troposphere correlation of —0.4.

A2-4.1.2 Measurement noise

The effective measurement noise consists of the observation noise, O, and the noise from errors in the
forward modelling. O is reasonably well defined from the instrument flight model characterisation (see 1QR
figure 1) with values between 0.05 and 0.4 K NeAT depending on channel. For the 4 and 15 um CO;
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sounding channels, NeAT values are generally close to 0.2 K and we assume this value for all channels for
the measurement noise here. This noise source is assumed, and is likely to be, uncorrelated.

Forward model noise, F, can be separated into (see 1QR) fast model and line-by-line (or ‘spectroscopic
error’) contributions. Fast model error can be quantified by comparison to LBL calculations. LBL errors
require intensive field or laboratory measurements. Neither term is well characterised at this point in the
study athough it is known that the fast model errors are of order 0.05 K or less (see 1QR 1.1) and are
therefore not a significant contribution compared to O. The LBL errors are likely to be larger (see 1QR 1.2)
and correlated. Here we are forced to assume a simple characterisation of the fast model error; a value of 0.3
K istaken for al channels with no correlation. Because O and F are assumed uncorrelated, the total effective
assumed noise is 0.36 K

A2-4.1.3 Channel selection

The baseline selection used in these results is the 281 channels currently selected for NRT transmission by
NESDIS. For future testing, other channel sets will be used, notably those determined to be optimal for CO,
estimation.

A2-4.1.4  Sensitivity of estimation error

This section applies the linear error estimator to the baseline values and perturbed values of B and O+F to
measure the sensitivity of the CO, estimation. Figure 4 shows the results for the baseline values. Top |eft
shows the clear potentia for AIRS to provide information on temperature; errors are typically reduced from
1 to 0.5 K. Humidity errors are aso reduced significantly except in the near surface layers. Lack of
information near the surface for constituent retrieval from infrared measurements is a result of high (near
unit) surface emissivity and low temperature contrast. Error reduction in the ozone is surprisingly modest.
Significant error reduction is seen in the CO, error with the tropopause and BL boundaries marking changes
in estimation skill. Unlike the humidity estimation and contrary to the theory, there appears to be information
on CO; in the BL. In this case, the error reduction is due to the high correlation assumed in the CO, a priori
error profile so that information from sensitivity high in the atmosphere influences the estimate in the BL.
There is nothing wrong with this result, if the assumed correlations are correct (for example for the monthly
timescale) then this estimation is possible. It merely suggests that BL perturbations due to strong CO,
sources or sinks, although uncorrelated with the deep troposphere on a short timescale, filter through on the
monthly scale. (For discussion resolution see 4.1.5 Vertical resolution.)

The sensitivity of the CO, estimation error to the stratospheric-tropospheric correlation is shown in

Figure 5. It is clear that the broad nature of the sounding channel weighting functions mean that the high
degree of overlap between the two regions leads to poor estimation when the correlation is low. Accuracy in
the BL appears to have the opposite behaviour with higher accuracy for lower stratospheric-tropospheric
correlation; a result which is difficult to understand at present but may be related to a physicaly
unreasonable B, see 4.1.5 Vertical resolution.

Figure 6 gives the sensitivity to the assumed measurement, O, and forward model, F, noise level; the lowest
level, 0.2 K, effectively corresponds to zero F. Whilst F is uncertain at present, the figure shows clearly the
stringent requirements on RTM errors if estimates of reasonable accuracy are to be obtained. F may well be
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correlated between channels which will make the effect shown here (which assumes uncorrelated) somewhat
optimistic. Fisaso likely to be correlated between soundings making the effect of averaging (measurements
or estimates) |ess effective at noise reduction.

A2-4.15 Vertical resolution

Figure 7 shows the averaging kernels for the temperature and CO2 estimates calculated using the baseline
parameters. The averaging kernel isthe response, at each level, to auniform perturbation in the true profile.

%: BH'(HBH™ +O+F)"H
X

The left-hand plots show the kernels and the right plots show the total of each kernel. The coloured vertical
bar on the right-hand plot indicates the level to which the kernel is associated, e.g. kernelsin dark blue are
for levels at the top of the atmosphere. Associating the levels to kernels for the temperature estimate is
straightforward as the kernels are narrow, indicating that the temperature estimate at a level responds to
perturbations at the same and nearby levels, but not to distant levels, i.e. the temperature estimate has good
vertical resolution. For CO, with the low information content and high assumed vertical correlation, the
kernels are less intuitively placed. Clearly none of the kernels indicate any response to low-level CO,; a
result we expect. Kernels for the BL levels (orange coloured) respond to CO, perturbations from the mid-
high troposphere and the lower stratosphere. Kernels for tropospheric levels (red) correspond to mid and
high troposphere but with little or no resolution and kernels for the stratsphere (blue) respond to
perturbations in the low stratosphere and negatively to perturbations in the high troposphere. There is
obviously no significant vertical resolution in the estimates and the (artificial) correlations assumed give rise
to rather distinct sensitivies. This is emphasised by the right-hand plots which show the area of each kernel.
For the temperature sounding the areas are around unity in the troposphere indicating that most of the
response to perturbation originates from the measurements and not the a priori (Rodgers 2000, p47). The
kernel areas for the CO, estimation are generaly significantly less than unity. The exception is for the BL
where values > 1 are seen. Thisis the region where there is no direct measurement information and athough
(as stated above) information is communicated down from the troposphere, to have a sudden increase in
measurement effect in the BL is certainly anomalous. We have ascertained that the explanation lies in the
rather crude covariance, By, Which correlates all BL levels to al tropospheric levels with a value 0.9 and
have since improved the representation of Bg,,. However, the main results stand and we present the result as
areminder that great care must be taken over these issues.

The lack of vertical resolution in the CO, estimation means that care must be taken interpreting the error
estimates for profile retrieval; it is a good approximation to say that only an unevenly weighted column
average quantity is estimated with an error more or less as shown for the profile (given the high correlation).
Future work will consider interpreting profile estimates in terms of column amounts and the more general
question of whether the column average is a more appropriate variable for estimation than a profile.
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Appendix 2A: The Bayesian cloud detection method

This method utilises the fact that cloud contaminated signals, §Tg°, will have statistical characteristics which
are not well described by the statistics of the clear atmosphere 6Tg. Cloud detection is achieved by
calculating the probablility that a given 6Tg vector belongs to a population described by the clear atmosphere
covariance H.B.H"+0. The probability is defined by the Chi-squared quantity ¥* = 8Ts. (HBH+0) ™" 6Tg"
and a threshold (high) can be put on the value of % above which the observation can be considered likely to
be cloud affected. y? is not a normalised quantity, however, and it’s magnitude will vary with the length of
the vector 8Tg. Therefore we use the associated probability implied by % for the vector length, P(x?), and
define a threshold (low) below which the sounding is considered unlikely to have arisen from a cloud-free
situation. (In a stable system with fixed number of channels it will be more efficient to use a threshold on
directly.)

If applied to the complete 6T vector this method is quite powerful and in this case does not rely upon the
channel ordering described in 1QR. Figure 2A 1 shows that, in a simple test scenario (smplified cloud and
model/observation noise), aimost complete discrimination is possible when cloud effects are up to 2 K
maximum (in the lowest channel) and model noise is 0.5 K. However, as we are attempting to establish
which channels in a particular sounding are cloud free as opposed to which entire soundings are cloud free,
the method is adapted as follows. Having ordered the channels in the vertical we can assume that, in general,
asubset of the N channels (from channel 1 to N, say) are cloud-free and the remainder (N+1 to N.) are cloud
affected. The P(yx%) quantity can then be calculated for each position of a moving window of width W < N,
and the channels in the window classified cloud-free or otherwise. An example of this process using the
simplified definitions of cloud effect and model noise is shown in Figure 2A-2. The essential adjustable
parameters of this filter are the window width and the threshold probability. It is not obvious a priori what
the optimum window width will be as there are conflicting effects. A long window allows for better
discrimination of the statistics (in the limit, a window width of 1 channel would be a weak discriminator
because no correlation information would be available) but will generally contain cloud affected and cloud-
free channels which weakens the signal. A long window also reduces the precision to which the first cloud
affected channel can be located. The probability threshold can be used to tune the detection to the desired
trade-off between conservative detection (i.e. low residual cloud contamination) and high data quantity.
Some applications may be able to tolerate more noise in the measurements than others, however, for CO,
estimation, it islikely that the trade-off would be towards high low contamination.
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Figure 1 Detection statistics for the y* filter operating on the LW band measurements from the synthetic
data set. See text for details
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Figure 3 Monthly mean CO, flask estimates from two nearly adjacent sites: Mauna Loa at 3397m and
Cape Kumukahi at 3m.

~ 200
£

= 400
ol .
2 BO0f
@ :
o BOO|
10001

0
— 200}
£ i
~ 400}
ol I
2 600
@ :
o 800
10000

Termnperature

T
-

1.0 1.5 20 25 3.0

00 0.
Error {K)
Ozone
Bockgrouns | ]
— — — iD=Var
G 1 Z 3 4 ! &

Error (Kg/Kg)=1e7

Pressure {mb)

Pressure (mb)

200|
200
800}

a00]
1000t

Fumidity

0.0 0.

2 04 0.6 0.8 1.0 1.2
Error (Kg/Kg)=1e3

Caorbon Dioxide

200 -
400 '
a00 '
300 '

1000 g

T

O 1 Z2 3

Error {ppriv)

Figure4 Linear error estimates for temperature, humidity, ozone and CO, for the baseline system (see
text for details).

Annex 2-12

ESA Contract Report



0

Measurement of Seasonal CO, Fluctuations from Space — Annex 2

Carbon Dioxide

: : : I : : : T :
- Bazkground o
f R(S—T) = —0.4
i . = 0.4 ]
200 U = 0.8 —
400 |- —
500 — —
800 — _|
teool . oo e
o 2 4 o} 8

Error {pprmv)

Figure 5 CO, error estimates for various assumed stratospheric-tropospheric correlations (R(S-T)).
Other parameters take baseline values.
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Figure 6 CO, error estimates for various assumed measurement and forward model noise levels. Other
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cloud contaminated profiles (bottom). The cloud contaminations applied are realisations of the synthetic
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Annex 3 - Executive Summary

This is the third quarterly report for the contract study on measurement of seasonal CO, fluctuations from
gpace. We report here only on progress made since the first and second quarterly reports (1QR, 20QR) except
where repetition or a summary is required for clarity. The statement of work identifies four distinct
workpackages (radiative transfer, data sampling, use of real AIRS data and system implementation) and
schedules these to run in sequence. Whilst this structure is logical it has proved expedient to tackle areas in
al of the workpackages during this third period.

In this period AIRS reduced channel set (324) data has undergone extensive testing in the ECMWF
experimental system and has recently (7/10/2003) become part of the operationa system. Experiments with
an enhanced assimilation system enabling CO, estimation have been made.

In WPL1 (radiative transfer) much experience has been gained from the operational monitoring of the AIRS
data. Radiative transfer errors of the character expected (1QR) are found in the 15 micron region and similar
errors are apparent in the water vapour region. Errors in the 4.5 micron band appear to be enhanced in part
by poor specification of N,O and in part by (during sunlight) non-Loca Thermodynamic Equilibrium effects.
Strategies to quantify and correct some of these errors are under devel opment.

In WP2 (data sampling) the high prevalence of cloud cover has led to improved techniques for pre-screening
the data. First considerations have been made towards examination of EOF compressed full channel data
streams.

In WP3 (science study) several enhancements have been made to the low pass filter (LP) method of cloud
detection, to avoid problems caused by erroneous NWP model surface temperatures and to allow for Polar
Stratospheric Clouds. The detection results have been vaidated using AQUA MODIS imagery and AIRS
visible channel information. A ‘cross-band’ method has aso been developed to enable cloud detection
results obtained in the straightforward 15 micron band to be applied to other less straightforward bands.

In WP4 (system implementation) work has progressed, and is reported here, on two fronts. Use of AIRS in
the NWP system continues to be studied, particularly the effects of large numbers of channels sensing the
high stratosphere and the valuable information from monitoring on radiative transfer errors. A system for
CO;, estimation from AIRS has also been developed. From an initia study with 1D variational retrievals of
CO, with a NWP atmosphere constraint (not reported in detail) we have progressed to the implementation of
a single, then double, CO, ‘sink’ variable in the full 4D variational assimilation system. Some preliminary
global estimates of column CO, are presented.

A3-1. WP 1Validation of afast radiativetransfer model (RTM) for AIRS

It was reported in 1QR that results of the CAMEX experiment (Rizzi et al 2001) showed spectroscopic
uncertainties could lead to errors in RTM forward calculations for AIRS of up to 1 K. With over one year's
AIRS data monitored against the ECMWF forecast model we are now in a position to comment on how these
spectroscopic errors appear with real data. Such monitoring potentially leads to an ambiguity between NWP
model error and spectroscopic error. However, the CAMEX experiment provides one important source of
independent information and the high vertical resolution of the AIRS dataitself can be exploited as ancther.
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The AIRS instrument has proved to be extremely stable in radiance and spectral calibration. Bias estimates
made six months apart are usually very similar except where an obvious forecast model seasonal bias is
apparent. The biases (mean observation minus forecast model first guess) for our current best cloud detection
methodology are shown in Figure 1 as red dots. The small black dots are the differences found between the
High resolution Interferometer Sounder (HIS) instrument down looking from an aircraft at 20 Km, and
calculations made using GENLN2 from the in situ atmospheric data (temperature, humidity, ozone etc).
(GENLN2 is the base line by line model used to train the RTTOV fast model used at ECMWEF.) Noise in the
HIS instrument data makes the comparison somewhat meaningless in the regions <650cm™, 1050-1150 cm’™,
1450-1800 cm™* and 2200-2400 cm™. Elsewhere, it can be seen that AIRS biases are generally consistent in
size with that expected from CAMEX. More specific details can be seen:

650-750 cm™; CO, sounding band. In the upper part of the band AIRS biases are systematically greater than
zero and less scattered than the HIS. The positive bias is probably attributable to ECMWF forecast model
bias in the stratosphere. The higher scatter in the HIS biases may be due to instrument noise, or perhaps
because of its higher spectral resolution: some averaging of on/off line spectroscopic modelling error may be
taking place in the AIRS measurements. In the lower part of the band the AIRS biases drop below zero and
this may be due to neglect of P/R branch mixing in GENLN2 (Strow, 2003) although residual cloud errors
may be contributing.

750-1000 cm™; Window region. Most AIRS channels in this region have biases that are very consistent with
the HIS departures. The two AIRS channels that clearly stand out from the main cluster also stand out in the
HIS, clearly demonstrating that these are spectroscopic in origin. (Improved water continuum modelling
(Matricardi, 2003) in GENLN2 since has improved the fit of these channels and that of the other anomalous
channelsin thisregion).

Little can be made of the CAMEX results in the 1000-1100 cm-1 ozone region since ozone was poorly
measured in the campaign. However, the ‘dipole’ error structure seen in the AIRS biases has the
characteristics of poor modelling of the ozone absorption. It is also seen in the AIRS science team RTM
kCARTA (Strow, 2003).

1200-1600 cm™; Water vapour band. The large scatter and overall shape of the biases here are consistent
between HIS and AIRS suggesting these arise from spectroscopic errors. The sensitivity of the CAMEX
results to specification of humidity, and uncertainty of the size of ECMWF forecast model biases both
suggest that this conclusion should be speculative, but that CAMEX and ECMWF should have the same
humidity bias structure would seem unlikely.
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Figure 1 Figure 1 Bias vector found with current 'best current' algorithms (red) plotted with CAMEX
GENLNZ / HISinterferometer differences. Data: June 1-5 2003.

2180-2300 cm™; (4.5 micron) CO, sounding band. This region is potentially an important sounding band for
CO; (1QR), however the AIRS biases are currently rather large; up to 1K. It is probable that two effects are
involved here. Figure 2 shows the AIRS biases in this region with the spectral signature in N,O (scaled to be
of the same magnitude).
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AIRS bias (red) and M20 sensitivity (,25em-1)
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Figure 2 AIRS biases and scaled effect of incorrect N,O concentration

In particular the signature around 2210-2240 cm™ appears to be that of N,O. Beyond 2240 cm™ the CO,
absorption becomes strong and biases here may become more a result of poor CO, line shape modelling
(Strow). In addition to the spectral signature for N,O, maps of bias in the 2230 cm™ and at 1303 cm™ (where
thereis almost pure N,O absorption) contain very similar patterns (not shown).

This region aso shows non LTE effects which are currently not modelled in the RTM. Figure 3 shows
dramatically the difference in departures observed in daylight and night-time data at 4.381 micron (2282.6
cm'™). The non-LTE contribution appears to have a strong limb effect but only a weak dependence on solar
elevation (shown by little change along track).

e depar Chanrel: 267 { 4381 um) @ ALL

Figure 3 Departuresin 4.381 micron channel showing daytime (left) and nigfht-time orbits.

Differences in monitored biases (mean observed minus model first guess departures) between daylight and
night-time data show clearly the spectral region that is affected. Figure 4 shows the observed effect and the
non-LTE effect estimated using the Oxford MIPAS LBL model (for three scenarios, al with solar elevation
600, Dudhia et al. 2001). The agreement is good enough to firmly attribute the effect to non-LTE but not to
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model it sufficiently accurately beyond about 2250 cm). Note that the estimate non-LTE effect during
night-time is negligible (not shown).
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Figure 4 Daylight minus night-time AIRS biases (black dots) compared to non-LTE calculationsin the
2200 - 2450 cmi* region.

2380-2660 cm'*; (4.2 micron) CO, sounding band. Another potentially important sounding band for CO, and
again there are significant biases present. The HIS comparison aso shows the strong positive bias through
the sounding region (2385-2405 cm™) although the HIS noise is quite high here. The rest of the region, with
relatively small and stable biasesis awindow region and of little interest to the CO, estimation.

The biases described above are typically of order 0.5 K, which, given the size of seasonal cycle CO, signals
(~0.3-04 K, 1QR), is rather large. A global bias can be corrected however (and this is done in the current
operational AIRS NWP assimilation, WP4). What is perhaps more important is the variation in the corrected
bias. Figure 5 gives an indication of this by showing, for the 15 micron band, the ‘airmass bias index’ plotted
against the bias itself. The ‘airmass index’ is simply the bias observed in high latitudes minus that observed
in the tropics and Figure 5 shows that the bias variation, by this simple measure, is approximately a half the
size of the bias. Thus, by applying a global bias correction to AIRS measurements, the residual error is
typically 0.2-0.3 K, i.e. till of order the size of the CO, signal. The CO, signa is highly correlated
(spectrally) whereas the biases are not; this may allow an assimilation system to extract CO, information.
Nevertheless, it must be recommended that an attempt to correct the airmass variation in bias be made. There

are several possible approaches to airmass bias correction which will be explored and discussed in the Final
Report.
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Figure 5 Airmass index as a function of bias for the tropospheric part of the 15 micron band

A3-2. WP 2 Science study to optimise AIRS data usage for NWP applications
and for CO, work

At the time of 20QR this work package describing the sub-selection of AIRS data was more or less complete
given the congtraints of the trans-Atlantic data links and the capabilities of the ECMWF assimilation system.
ECMWEF receives 324 channels from the 2378 complete AIRS set of which 281 were chosen by
NOAA/NESDIS and the extra 43 selected base on the work of Crevoisier et al. 2003.

Even with this relatively high data reduction the ECMWF NWP assimilation system requires further thinning
of data so that the average ‘distance’ between observations is around 1.25° . Because of the low signal levels,
the system implemented for CO, estimation has been forced to adopt a more discriminating data thinning so
that a higher proportion of cloud-free information is retained. A simple cloud detection algorithm was
implemented which acts a first filter to remove observations that are strongly affected by cloud. The
detection does not have to be very precise as the full cloud detection system (1QR, 2QR) follows in the 4D-
Var assimilation stage. The simple filter is based on methods used for HIRS (Li et a. 2000). All observations
for which any of the following are true are not used:

1. BT(ch 787, 10.897 um) < 255K [night and day]
2. BT(ch 787, 10.897 pm) minus BT(ch 2209, 3.977 mm)  >4K [night only]
3. BT(ch 2209, 3.977 um) minus BT(ch 787, 10.897 mm)  >2K [night only]

Test 1 is a simple cold threshold in the 11 pm window channel. Tests 2 and 3 are thresholds on the difference
between the 3.9 and 11 pm window measurements. Test 2 is triggered by cloud emissivity (lower at 3.9 mm)
and test 3 istriggered by the effect of partia cloud cover on the Planck function at the two wavelengths.

The effect of thisfilter is to remove most high and middle level cloud. It aso removes much data over polar
regions, but this is considered acceptable since the potential for CO, estimation in these regions is any case
severely limited (by low level tropopause and small temperature lapse rates, see WP 4).
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A3-3. WP 3 Science study with real AIRS data

In this period we have performed a validation of the LP filter cloud detection method that has been adopted
for the operational processing of AIRS data. The validation is made using either the AIRS visible channel or
collocated Aqua MODIS imagery. Notice that with both it is only possible to detect gross errors or
corroborate hypothesized failures since both data are window channel imagery and cannot be reliably used to
obtain cloud altitude.

The Aqua visible instrumentation consists of 4 channels in the visible and near-IR at 2.3 km resolution
creating an 8 x 9 image in each AIRS field of view. The MODIS instrument provides many more
wavelengths at higher spatial resolution but it technically harder to collocate with the AIRS footprint.

In summary, the validation led to several improvements in the algorithm design which are listed below. It has
shown that the improved AIRS algorithm misses only a very few cases of cloud: contamination was rarely >
0.5 K compared to model brightness temperatures. The price paid for such stringency is the frequent
assignment of cloud when the cause is model error.

The scheme improvements (referring to the original scheme in 1QR Appendix Cinitalics):
* Original scheme: Check the lowest channel departure for |departure] > 0.5 K

0 New: Search all channels with tropospheric trip levels for the minimum departure. The
rationale hereisto avoid cases where the lowest channel departure has compensating model
error and cloud effects. By searching all channels, a non-compensating regime will generally
be found.

» Original scheme: If lowest channel departureiswithin tolerance (+/-0.5 K), declare whole profile cloud
free.

o New: If minimum departure is within tolerance (+/-0.5 K), declare whole profile cloud free
unless :-

0 check lowest channel for warm departure > 0.5 K, if so, start warm cloud algorithm from
surface.

» Original scheme: Operate departure gradient and threshold checks up the profile until first
‘stratospheric’ (always cloud-free) channel.

0 New: Operate departure gradient and threshold checks up the entire profile. This avoids
serious contamination by very high tropical convection and Polar Stratospheric Clouds.

It is not appropriate to present evidence to support al these algorithm changes but we illustrate the tool s used
for validation. Figure 6 shows a composite MODI S image of the Western Mediterranean with a band of low
cloud in the Gulf du Lion and Figure 7 shows a composite of the AIRS visible channels with the AIRS
sounder location indicated by boxes.
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Haar djebnansnend

Figure 7 AIRSvisible channel composite for same scene as Figure 6

The original cloud detection scheme reported cloud-free 15 micron window channels in the AIRS sounding
highlighted (with a “T"). This is a complex case however, and athough cloud is obvious in the visible
imagery, it is in fact cloud with amost no temperature contrast with the surface temperature. This is
demonstrated by the MODIS 3.7 and 12 micron images of the cloud area shown in Figure 8.

Figure 8 MODIS 3.7 (left) and 12 micron images of the cloud in the Gulf du Lion.

The cloud is very apparent and warmer than the seain the 3.7 micron image because of solar reflection and
more or less indistinguishable (if anything slightly cooler than the sea) in the 12 micron image. The LP filter
detector (see 1QR Appendix C for details) for the 15 micron band on this sounding gives the result shown in
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Figure 9. Lower level warm cloud is indicated by the increasing positive departures in channels 100-128
(ranked space).
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Figure 9 LP filter detection on 15 micron band for ‘missed cloud’ case.

However, we know from the 12 micron MODI S image that the warm temperature is not due to cloud, so can
attribute it to a cold NWP model surface temperature. Although inappropriate in this case (i.e. the signal is
probably a model error), the figure does demonstrate the warm cloud check improvement made to the cloud
detection.

A3-4. Futureimprovementsto the cloud detection.

The water band (around 7 microns) is particularly sensitive to the issue raised above: that of model error
being misinterpreted as cloud. Thisis because the NWP model humidity error typically translates into 2-3 K
of brightness temperature increment. The 0.5 K tolerance value (see 1QR) is therefore not appropriate to this
band and could be widened, but at the expense of allowing many genuinely cloud-contaminated radiances
into the system.

An alternative method under investigation involved utilizing the 15 micron band detection results to
determine which 7 micron channels are cloud-free; so called ‘cross-band’ method. The method is
straightforward:

o Taketriplevel of lowest clear 15 micron band channel, T,
* Add (or subtract) arelaxation factor (i.e. move down (or up) in the atmosphere), T +R
* Declare 7 micron band channels with trip levels < T, +R cloud-free.

» Declare 7 micron band channels with trip levels > T +R cloudy.

The relaxation factor is empirically determined and allows for two factors when interpreting the trip level
across spectral bands. Firstly, the trip level definition (level at which opaque black cloud causes a 1%
radiance effect) implies different brightness temperature effects at different wavelengths. Secondly, cloud
effects are variable across the different bands. Relaxation factors are typically 1-3 model levels.
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Results of this technique for a mid tropospheric water vapour channel are demonstrated in Figure 10 and
Figure 11. Figure 10 shows the geographical and histogrammed distribution (inset) of clear departures
(observation minus first guess) obtained with the LP filter scheme and Figure 11 shows the same when the
cross band method is applied. The coverage is much improved in the cross band result with around three
times the number of clears found. The histogram aso appears more normally distributed; the LP filter
histogram appears skewed towards positive departures, probably aresult of the 0.5 K departure constraints in
this algorithm.
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Figure 10 Humidity channel departure map and histogram using LP filter algorithm
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Figure 11 Humidity channel departure map and histogram using Cross-band algorithm

The cross band technique appears promising for the humidity band but may also be of use elsewhere. For
example, during daytime the LP filter technique in the 4.2 micron band is compromised by solar reflection
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from clouds. Certainly we find that whilst large biases are still uncorrected in the shortwave sounding bands
the cross band method gives more reliable detection than the LP filter.

A3-5. WP 4 Design/ development/ initial testing of an assimilation strategy for
NWP and a production strategy for CO,

It is appropriate to split this WP into separate sections; AIRS in NWP assimilation and AIRS for CO,
estimation.
A3-5.1 Assimilation for NWP

Since 20R AIRS data has been assimilated in the experimental ECMWF 4D-Var system and from 7 October
2003 has been operationally assimilated. The implementation of the assimilation is set up as follows:

* Near rea time data stream: 324 channelsand 1 in 18 fovs
e Internal thinning to ~250 Km
» LPfilter cloud detection
e All channels assimilated apart from the blacklisting:
o Ozoneband (difficulties with surface contributions)
0 4.5 micron band beyond 2241 cm-1 (daytime non-LTE)
0 4.2 micron band (Large biases and solar effects)
0 Low pesking channels over land (difficulties with surface contributions)
* Noise assumed according to channel:
0 0.6 K indry tropospheric channels with low surface and stratopause contributions
0 10K instratospheric channels
0 20K inwindow and water vapour channels
The blacklisting and noise levels indicate that this is a conservatively tuned system. Since this

implementation the characterization of effects due to N,O (~20 channels), CO (1 channel) and several other
poorly understood bias structures, has led us to experiment with these channels additionally blacklisted.

The baseline AIRS configuration described above has been tested at full resolution in 12hr 4DVAR using
cycle 25R4 of the IFS between 10 Dec 2002 and 19 March 2003 (a total of 100 cases) and is subsequently
referred to as “AIRS’. The control against which the AIRS impact is compared (subsequently referred to as
“CTRL") is generally the operational system. In summary, results with the ‘AIRS system show a small but
consistent positive improvement over the ‘CTRL’ system. We show a couple of diagnostics to demonstrate
this.

Changes to the analysis. Figure 12 shows a difference map (AIRS minus CTRL) of RMS analysis
temperature increments at 500hPa (averaged over a ten day period in December 2002). While the contour
interval is extremely fine (shading starting at 0.1K) the map shows that there are dightly larger increments
over the oceans (where most of the AIRS radiances are used) and a small (but fairly consistent) decrease in
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increments at radiosonde stations when the AIRS radiances are assimilated (the large increase over central
Africa originates from the use of AIRS data over lake Chad that is treated as “sea’ in the assmilation). The
reduced increments at radiosonde stations is an encouraging diagnostic and shows that the extra work being
done by the AIRS data in the analysis improves the agreement with radiosonde data through the assimilation

cycle.

Figure 12 Difference map showing RMS analysis increments of the AIRS system minus those of the CTRL
for temperature at 500hPa (averaged over 10 days). Shading starts at 0.1K.

Impact on forecast. Figure 13 and Figure 14 show a sample of forecast comparisons (100 cases) displayed
as four area-averaged mean forecast scores for 500hPa geopotential height. However, it should be noted that
these have been computed using the CTRL analyses for verification, a choice that may slightly penalize the
AIRS system. It can be seen that averaged over 100 cases there is a very small, but very consistent
improvement at all ranges in the Northern Hemisphere (the results of significance testing are contained in
Table 1 and Table 2 show that the improvement is statistically significant at the 1% level for day-5). For the
European area (embedded in the Northern Hemisphere statistics) the positive impact is marginally clearer,
but less significant. In the Southern Hemisphere, only a slight improvement is seen at day-3 (significant at
the 5% level) and beyond this no improvement is seen over the CTRL (the negative impact at day-10 was not
found to be significant < 10%). The verification of temperature forecasts from the 2 systems is generally
consistent with the height results in the mid-latitudes, but they additionally show a positive impact of the
AIRS in the tropical temperatures at 200hPa. The same statistic for the southern hemisphere shows larger
RMS errors when AIRS data are used, but a closer investigation indicates a large systematic difference
between the AIRS and CTRL analyses, localized to the edge of the Antarctic continent and not evident at any
other level than 200hPa.
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Figure 13 Mean anomaly correlation of 500hPa height for the Northern and Southern hemispheres

averaged over 100 cases (10 Dec 2002 to 19 March 2003)
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Figure 14 Mean anomaly correlation of 500hPa height for Europe and Australia / New Zealand averaged
over 100 cases (10 Dec 2002 to 19 March 2003).

In the statistical significance testing of the forecast impact (shown in Table 1 and Table 2) red indicates a
positive impact due to AIRS and blue a negative impact. The percentage figure indicates the level at which a
t-test found the results statistically significant. If no significance better than 10% is found the result is
marked with an X.
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The assimilation of AIRS radiances with the baseline system described here shows no adverse effects in the
analysis (in terms of the fit to other observations) and slightly reduced analysis increments at radiosonde
locations. Overall the forecast performance of the baseline AIRS assimilation scheme is encouraging,
essentially showing a consistent positive impact in most areas and parameters. However, averaged over the
100 cases the impact is small and warrants some discussion. The assimilation configuration is clearly
conservative and a variety of further enhancements has been discussed above. However, large improvements
over the CTRL may also be limited by the quality of the CTRL system itself. The average level of forecast
skill for the CTRL (that currently uses radiances from 3 AMSUA, 2 HIRS, 3 GEOS and 3 SSM/I
instruments) is very high and over the period tested was significantly better than forecasts from any other
NWP centre. Furthermore, atime series analysis of forecast skill shows that the CTRL system produces very
few poor forecasts or “busts’. During the 100 day trial no day-5 forecasts of 500hPa height scored less that
60% anomaly correlation averaged over either of the hemispheres. Verified over the much smaller European
area, still only 6 day-5 forecasts from the CTRL scored worse than 60%. In 4 of these cases the AIRS system
improved the forecast by 10% or more (4 AIRS forecasts scored worse than 60% over the period, but the
CTRL was never 10% better). Most of the cases where AIRS improves the poor forecasts correlate with
when adjoint sensitivity perturbations to the initial conditions (rather than “forced” perturbations) were found
to have alarge effect. However, the improvements are far less dramatic than those achieved (retrospectively)
by the sensitivity perturbations. Usually cloud was found to obscure many of the sensitive locations
(resulting in very few tropospheric AIRS radiances being used). In the one case that was relatively clear (24
Feb 2003) it appeared that the some of the analysis increments due to AIRS did correlate with the sensitivity
perturbations, but many did not. Overall it is difficult to argue that the assimilation of AIRS is dramatically
fixing bad forecasts on any regular basis. It appears more that the assimilation of AIRS (with the current
configuration) is having a small, but relatively consistent positive impact upon the forecast skill.

Table 1 Sgnificance testing of 1000 hPa (first figure) and 500 hPa (second figure) height forecast

verification
Forecast Range Northern Southern Europe
Hemisphere Hemisphere
day-3 5% / 1% 5% / 10% X/ 2%
day-5 0.1% /1% 10% / X 10% / 5%
day-7 X/ X X/ X X/ X

Table 2Sgnificance testing of 1000 hPa (first figure) and 500 hPa (second figure) wind forecast

verifications
Forecast Range Northern Southern Europe
Hemisphere Hemisphere
day-3 X /5% 0.1%/0.1% 10% / 0.5%
day-5 0.1%/0.1% 2% / 5% 5%/ X
day-7 0.1/2% X/ X X 110%
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A3-5.2 Assmilation for CO»

Since 2QR we have made preliminary steps towards assmilation of AIRS radiances in a version of the
ECMWF assimilation system that includes variable CO,. It is currently implemented as an independent
column variable meaning that CO, is not atracer variable in the transport model and is only estimated at the
observation locations. No background error correlations exist between CO, and all the other assimilation
variables. In practice this means that, while the forecast model variables like temperature and water vapour
appear in the control vector as 3-dimensiona fields at initial time t0, CO, appears in this control vector as a
vector of column variables at all observation locations. The link between the initia state and the states at
observation locations and times does not exist for CO..

This procedure allowed for arelatively quick implementation of CO; in the data assimilation system without
having to change the forecast model itself. Although this implementation makes full use of the accurate
temperature and water vapour analysis fields constrained by all available observations, it aso has some
limitations. By assimilating column CO, values instead of full profiles a hard constraint is applied to the
analysisin the form of afixed profile shape. This removes some of the flexibility in the adjustments and can
lead to large errors if the used profile shape is far from the truth. This hard constraint also means that all
vertical levels are basically fully correlated and for instance any adjustments in the stratosphere will
therefore also adjust the troposphere. In case of many stratospheric radiance channels and only few
tropospheric radiance channels this leads to a dominant stratospheric signa in the assimilated CO, column
value.

Based on first results (not shown here) that indicated that the column variable was indeed dominated by the
large amount of stratospheric AIRS channels, the column variable was split into a tropospheric column and a
stratospheric column. These two columns act as completely independent variables without any error
correlation between them in the analysis (see Figure 15). The tropopause height that separates the two
columns, is estimated from the background temperature profile based on a lapse rate definition, and varies
with location.
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Figure 15 Diagram of the 2-column setup of the CO, data assimilation. The two column estimates can
vary independently and are separated by a variable tropopause.
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This ensured that information from the stratosphere did not dominate the tropospheric analysis results.
However, any potential useful correlations (see 2R section 4.1.4) between stratospheric CO, and tropospheric
CO, are disregarded. Another drawback is that the tropospheric column is quite variable. Depending on the
tropopause height and the cloud top height, the column varies from shallow to deep allowing respectively
less or more channels to be used in the tropospheric analysis. As shown in the next section the number of
channels used in the analysis is an important determining factor of the analysis error.

A3-5.3 Analysiserror estimation

In order to do a proper spatial and temporal averaging of the analysis results, it is crucial to have an estimate
of the individual analysis errors. A proper average will give more weight to high quality analysis values and

less weight to low quality analysis values. By using the individual analysis errors as weights (w, =1/ aiz),

we get the following expression:

D WX

X =

>w

This way, we aso minimize the background bias in the averaged results. The analysis value isin principal a
weighted average of the background and the observations. If the analysis error is high, the background value
was the main contributor to the analysis value, while, if the analysis error is small, the observations mainly
determine the analysis value. Therefore, by de-weighting the analysis values with large analysis errors in the
spatial-temporal averages, the effect of the assumed background values is minimized. The analysis error
itself is estimated from the background error and the observation error as follows:

o2 =(o? +H'RH)™

where g, is the analysis error, oy, is the background error, H is the Jacobian matrix coming from the radiative
transfer model, and R is the observation error covariance matrix. The analysis error is determined largely by
the size of the Jacobian matrix (defined by the number of channels used in the analysis) and the amplitude of
the individual Jacobians (determined largely by the temperature lapse rate).

A3-6. Results

Some first results of the CO, data assimilation scheme are presented here to illustrate the capabilities of the
system. The background values used in the assimilation, shown in Figure 16, were zonal mean mixing ratios
based on surface flask observations (GlobalView, 2003) with a background error of 30 ppmv.
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Figure 16 Background CO2: zonal mean monthly averaged Global View values for May 2003

The background error was set to be large deliberately to minimise the contribution of the background to the
analysis in these preliminary experiments. Individual analysis values at the observation locations were
gridded onto a 10° x 10° latitude-longitude grid over a period of 8 days in May 2003. Within a grid box the
data were averaged using a weighted average with the analysis errors as weights. Furthermore, only analysis
values with an analysis error smaller than 20 ppmv were used in the averaging. This filters out all
observations with very little CO, information content, which would bias the resulting average to the
background. Figure 17 shows the resulting CO, distribution with clear patterns of synoptic meteorological
patterns. Also, the CO, mixing ratios are till high in the northern latitudes, but areas of decrease can be seen
aswell. This decrease in atmospheric CO; is caused by the onset of vegetation photosynthesis in the northern
hemisphere spring.
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Figure 17 Analysed tropospheric CO, values averaged for the period 1- 8 May 2003.
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Finally, Figure 18 and Figure 19 show the upper and lower estimates of the analysis error, respectively. The
upper bound was calculated by assuming that all observations within a grid box are fully correlated, which
means that the average analysis error is just a simple average of al individual analysis errors. The lower
estimate was calculated by assuming that all observations within a grid box are fully uncorrelated, which
means that the average analysis error is the root-mean-square of all individual analysis errors. The main
conclusion from these error distributions is that the CO, analysis works best in the tropics (roughly between
30° Sand 30°N). A significant reduction in the error (from 30 ppmv to 7 ppmv) can be achieved. At higher
latitudes the errors increase significantly.

1-8 May 2003

180 120 W 60 W a B0 E 120 E 180

Figure 19 Lower bound of the averaged analysis error for tropospheric CO, (see text for explanation).

This is mainly because of the decreasing number of channels due to a lower tropopause, and the decreased
temperature lapse rate. In conclusion, these first results show significant skill in tropical regionsin retrieving
tropospheric CO, from AIRS observations and possibly some skill at higher latitudes after spatial and
temporal averaging.
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