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Abstract. The mission objectives of the Infrared Atmo- gramme; the resulting record of spectrally resolved radiances
spheric Sounding Interferometer (IASI) are driven by the should span at least 15 years. Geophysically, the accuracy of
needs of the Numerical Weather Prediction (NWP) and cli-these radiances is very important for a number of reasons.
mate monitoring communities. These objectives rely uponFirstly, these radiances have a direct impact on the derivation
the IASI instrument being able to measure top of atmospher®f air and surface temperature, humidity, and composition
radiances accurately. This paper presents a technique armrofiles for which 1ASI is already beginning to deliver in-
first results for the validation of the radiometric calibration teresting results. This atmospheric composition data will be
of radiances for IASI, using a cross-calibration with the Ad- significant for climate, as well as numerical weather predic-
vanced Along Track Scanning Radiometer (AATSR). Thetion applications. Secondly, the spectrally resolved radiances
AATSR is able to measure Brightness Temperature (BT) tocan be used to study directly the long-term radiance change
an accuracy of 30mK, and by applying the AATSR spec- over decadesHarries et al. 2001), or to directly test radi-

tral filter functions to the IASI measured radiances we areation schemes within General Circulation Models (GCMs)
able to compare AATSR and IASI Brightness Temperatures(Huang et al.2007). Finally, a long-term series of calibrated
By choosing coincident data points that are over the sea antadiances can and will be used for the direct testing of the
in clear sky conditions, a threshold of homogeneity is de-outputs of GCMs (e.gHaskins et al.1999 Brindley et al,
rived. It is found that in these homogenous conditions, thel999; calibrated radiances are effectively to be considered
IASI BTs agree with those measured by the AATSR to within a geophysical product in themselves, as they represent Top
0.3 K, with an uncertainty of order 0.1 K. The agreement is of the Atmosphere (TOA) radiation at the appropriate wave-
particularly good at 11 pm where the difference is less thanengths of the data.

0.1K. These first results indicate that IASI is meeting its tar-  There are two important consequences of developing cli-
get objective of 0.5K accuracy. It is believed that a refine- mate time series of either radiance itself or derived geophys-
ment of the AATSR spectral filter functions will hopefully ical products. Firstly, it is important to intercompare well-
permit a tighter error constraint on the quality of the IASI calibrated, long-term instruments, where possible, thus pro-
data and hence further assessment of the climate quality ofiding independent verification of radiances. Secondly, it is
the radiances. a valuable and necessary exercise to undertake such tests as
part of a long-term testing strategy which can evaluate trends
in instrument calibration. This paper is directed towards the
development of a methodology for the former, and the pro-
vision of first results for this aspect for the IASI instrument.

The Infrared Atmospheric Sounding Interferometer (IASI) is 1€ intercomparison studied here is between the calibrated
a nadir sounding Fourier transform spectrometer flying op-2nd geophysically located, Level 1, TOA radiances from the
erationally on the MetOp-A satellite, and which will oper- AS! and the Advanced Along Track Scanning Radiometer
ate also on the two subsequent satellites of the MetOp pro(AATSR) on ENVISAT.

This paper is organised as follows: the description of the
IASI and AATSR instruments used in the cross-calibration

Correspondence tdS. lllingworth is provided in Sect2. Section3 describes the cross-
BY (smi3@le.ac.uk) calibration technique used to radiometrically calibrate the
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IASI instrument and presents the results of this process. Sec- The AATSR instrument uses an exceptionally stable on-
tion 4 concludes this study with some perspectives on thisboard calibration system for its infrared channels, resulting
work, discussing what the results of the cross-calibration im-in a high intrinsic radiometric sensitivity and accuracy. Two
ply for the radiometric accuracy of the IASI instrument. targets (“hot” and “cold” at approximately 301 K and 263 K
respectively) are viewed every scan for calibration, and the
detectors are cooled to 80 K by a Stirling Cycle cooler to en-
sure that the radiometric noise of these channels at 270 K is
<0.05 K. The AATSR is radiometrically calibrated to a high
accuracy; pre-launch calibration using high-accuracy exter-
The IASI instrumentClerbaux et al.2009 is a nadir view- nal black bodies indicated that the AATSR BTs were within

ing Fourier transform spectrometer. The MetOp Equator30 MK Of target temperatures for the 11 and 12 um chan-
crossing time is 09:30 Local Solar Time (LST) in a polar sun- N€ls Smith et al, 2001). The heritage of the instrument
synchronous orbit. A swath (120 views) is achieved in 8 S,deS|gn is well proven since AATSR is the third instrument

allowing global coverage twice a day, and each IASI pixel (.for results for radiometri.c design and accuracy of the ear-

has a footprint of 12 km diameter at nadir. The instrument/i€r ATSR-1 and ATSR-2 instruments see elgytlow et al.

covers the spectral range between 645-2760c15.5— (19949) founded on well-designed black bodies for radiome-

3.6 pm), but in three overlapping bands: 645-1240tm ters Mason etal.1996. o _

(5.1-3.6 um), 1200-2000 crh (8.3-5.0 um), and 1960— In this paper, only the nadir-view AATSR data in the 11

2760 cnt? (15.5-8.3 um). The instrument has a maximum and 12 Hum channels are qsed as the channel at 3.7 um does

optical path difference of2 cm giving a nominal apodised not provide both day and night data, _an_d also the full AATSR

spectral resolution of 0.5 cnt, with a spectral sampling of bandpass does not fall completely within the IASI band pass.

0.25 cnt! (Blumstein et al.2004. The AATSR Levgl 1B V2.0 data were obtained from the
The 1ASI instrument is designed to be calibrated to anNEODC UK Archive of AATSR data.

absolute brightness temperature of at least 1 K (objective

0.5 K). It is radiometrically calibrated using views of an o

internal hot blackbody, whose temperature can be modified Cross calibration of IASI and AATSR

and is carefully monitored (typically 293 K), a cold black- .

body held at a temperature below 100 K (typically 95 K), and 3-1  Overview of concept

views of deep space. In addition, a non-linearity correction

is performed for the Band 1 (B1) detector which is photocon- 3 L L

ductive. Details are given iBlumstein et al(2004, which cesses such as pre-fllght calibration, o_n-b_oard cal_lbrat_|on

notes that accuracies of better than 0.25 K are shown b)g\nd_, in the case of optical sensors, vicarious calibration

ground calibration, and that effects include the non-IinearityagaInSt well—kn_own_ targets; these approaches are well doc-

of B1, as well as small deviations from perfect emissivity of umented (e.gPinguirard and Slated999. For the thermal

the internal blackbodies and the ground calibration referencdra-red, pre-flight and on-b_oard. callbratlon.arg also stan-
blackbodies. dard. However the cross-calibration of satellite instruments

The IASI data used in this paper are the Level 1C data,againSt “well-known” targets has proved to be more of an .
which consist of geolocated and apodised spectra. The dafésue’ because scene temperature and atmospheric state vari-
ility are critical parameters, and a mismatch in time (for

used in this paper are the operationally produced version 2.8 o ) .
data set. obtained from the UMARE Archive of IASI data. example), can cause significant differences in observed TOA
' radiances. Further issues arise because of differing spectral

22 AATSR filter functions and differing views of the instruments to be
compared. Some of these issues have been examined, for
The AATSR, on the Environmental Satellite (Envisat), is example, byMerchant et al.(2003, who developed radi-
used here as the reference inter-comparison instrument; th@nce correction factors for the Visible Infrared Spin-Scan ra-
Envisat equator crossing time is 10:00 LST. The AATSR is diometer on-board the Japanese Geostationary Meteorologi-
a dual-view, scanning radiometer with a 1 footprint for cal Satellite (GMS-5), using equivalent data from the ATSR-
the nadir view at the sub-satellite point. It has seven chanz instrument.
nels, including three thermal channels: the two split-window The advent of spectrometers such as IASI and the Atmo-
channels at 11 and 12 um, and a third infrared channel aspheric Infrared Sounder (AIRS) has provided more scope
3.7 um, which is only used at night as it is contaminated byfor cross-calibration against radiometer TOA data, since the
reflected solar radiation during the day. The filter functionsradiometer may be more easily compared using integration
for the 11 and 12 pm channels are shown in Rig.More of the measured TOA spectral radiances of IASI/AIRS for
details about the AATSR instrument are giverLiewellyn- co-located fields-of-view. A particularly attractive aspect of
Jones et ali2001); Smith et al.(2001); ESA (2008. this comparison is that the integration can utilise exactly the

2 The instruments

2.1 IASI

Sensor radiometric calibration involves well-known pro-
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Fig. 1. The time since 00:00 on 01/09/2007 that the IASI and AATSR measurements were made. The first full AATSR swath of the day

is shown, along with the first central scan-line of the IASI instrument; the start-time of the IASI and AATSR swaths being 00:35:55 and
00:32:18 respectively. The red box indicates one of the areas on this day that were selected for cross-calibration, chosen because of th
similar temporal values and spatial coincidence between the two instruments.

Wang and Caa2007), but so far such comparisons have not

\ used an instrument like the AATSR, which has been designed
| AR 11 for high radiometric accuracy. In this study we focus inten-

|| TSR 12 em tionally on comparing the IASI and AATSR instruments, for
which we have a good knowledge of radiance calibration on
the ground, but wish to intercompare the performance of the
systems in space. In particular, we examine how well such a
comparison can be carried out by focussing on the intercom-
parison for surfaces with well understood characteristics, in a
manner analogous to the vicarious calibration of visible sen-
sors.
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Wavelength (um) Thermal infra-red TOA radiances vary strongly with wave-

length, surface temperature and emissivity, atmospheric tem-

eratures, atmospheric composition (particularly humidity),
Fig. 2. Spectral filter functions for the 11 ym and 12 pm channelsp P P P y )

for the Advanced Along-Track Scanning Radiometer (AATSR) on f’;md CI?Udj.' There.fto.re’.dforlt?e mos.tdaccura;te mterfclompal.r-
Envisat ESA 2008, ISON Ot radiances, It IS 1adeal 10 consider surraces or largely

uniform emissivity, closely matched in time and space, and
observed with similar viewing angles. These factors are now

_ _ considered in turn. Since thermal emission at 11 um and
assumed spectral passbands of the radiometers, without the ym does not substantially change its characteristics diur-

need for interpolation or radiative transfer modelling (seengally, both day and night data are used in the comparison.

Sect. 3.2 for exact conditions). Geophysically, it enables e AATSR thermal channels at 11 um and 12 pm are

TOA radiance measurements from radiometers, usually afjesigned to be able to determine surface temperature, par-
higher spatial resolution, to be linked radiometrically to TOA ticularly over the oceans, with very good accuracy. For the

spectrally resolved radiance measurements at lower Spati"ﬂresent purpose, scenes with both a uniform surface emis-
resolutions. This provides a nice match of characteristics forsivity and small changes of surface temperature with time
testing climate models, especially if such a combined systemye jgeal. Oceans satisfy both criteria in general (rather than
of TOA radiance measurements can form a long time series|ang) and thick clouds may at least satisfy the first criterion
Preliminary work for such spectrometer-radiometer inter- but quite possibly the second. Therefore, this paper focusses
comparisons has been performed, (e@u et al, 2005 firstly on clear sky ocean scenes and subsequently considers

o
o
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results for cloudy scenes (see Se&3 for the classifica- integrated to “AATSR-like” radiances, and then converted
tion system) over the ocean. Surface temperature (and clouth radiometric brightness temperatures (BTs), which are the
fields) change more rapidly over land than ocean, and the raequivalent form of the AATSR TOA radiances. The AATSR
diance is more view angle dependent over land, thus precludspectral filter functions for the channels 11 um and 12 pm
ing the use of land data for accurate radiometric calibrationare shown in Fig2. For the selected regions, the mean
work. and standard deviation of the AATSR BTs within each 1ASI
In order for a very good cross-calibration to be performed, pixel were then calculated, and also the match-ups flagged
the measured BTs for both instruments need ideally to bdor cloud and sea/land. The standard deviations are subse-
taken from the same geographic (latitude and longitude) lo-quently used to illustrate the homogeneity of the scenes and
cation (co-located view), and measured at similar times. Thedor the cloud scenes to perform a cross-calibration consistent
AATSR achieves global coverage approximately once everywith the clear sky comparisons.
three days, with a repeat cycle of 35 dafSA, 2008. In Further classification was performed using the flags as-
comparison IASI achieves twice daily coverage with a 29 daysociated with the AATSR data flags for land and cloud,
repeat cycle Camy-Peyret and Eyrd999. As the two in-  since the AATSR instrument has the higher spatial resolu-
struments have equator crossing times that differ by only halftion. The AATSR contains a detailed cloud-filtering system
an hour, there will be some measurements where the twavhich labels each AATSR pixel as being either “clear sky”
orbits become coincident at approximately the same timeor “cloudy”; the cloud processor is describeddavody et al.
Fig. 1 shows that on 01/09/2007 the views of the two instru- (2000. The cloud and land filters of the AATSR data set
ments coincided on both a spatial and temporal scale. Thevithin each IASI coincident view were used to separate the
red box indicates an example area in which this occurs. Thenatch-ups into different sub-groups which could be further
comparisons that are performed in this study consider all datanalysed. IASI pixels containing only “land” AATSR pix-
that was taken on 01/09/2007, and for which there is a spatia¢ls were assumed to have been taken over the land, whilst
and temporal coincidence, as outlined below. those containing only “sea” AATSR pixels were assumed to
Considering the temporal domain, the match ups were lim-be have been taken over the sea; land pixels were not sub-
ited to only those occurring within 20 min, in order to limit sequently used in the analysis. Any IASI pixels which were
the possibility that the cloud scene will have changed be-deemed as being over both land and sea (such as a coastline)
tween the IASI and AATSR views of the same scene. Twentywere also discarded, as they were too few in number to draw
minutes was chosen as a threshold value in order to givany significant statistical conclusions from. The IASI mea-
a reasonable time constraint allowing match-ups but rulingsurements over ocean were then separated into three further
out the vast majority of cloud formation in the very homo- groups: data that was cloud-free (contained only clear sky
geneous ocean scenes (see filters below) chosen for analATSR pixels), data that was fully-cloudy (contained only
sis. This threshold difference is similar to that adopted bycloudy AATSR pixels), and data that was fractionally cloudy
Merchant et al(2003 who applied a mean time difference (contained both clear sky and cloudy AATSR pixels). Thus
between two co-located satellite data sets of 24 min. each match-up between IASI was labelled with the AATSR-
In nadir mode the AATSR instrument scans betweenlike IASI BT, the mean AATSR BT in the IASI pixel and the
+21.433, whilst the 1ASI instrument makes measurements standard deviation of the AATSR BTs, the sea/land flag and
with viewing angles ranging from-48.3 to +48.3 across  a cloud group flag.
the swath. So far we have considered all of the AATSR
and IAS|I measurements, irrespective of the differences in theé.4  Cross-calibration results
satellite viewing angle. A difference in the viewing angles
between the measurements made by the two instruments WiReSUItS for the differences between IASI equivalent BTs and
introduce an offset, caused by the different atmospheric patihe AATSR mean BTs are shown in Fig).for each classifi-
lengths that radiation from the measured scene must travetation (clear sky, cloudy etc.) and for the 11 um channel as
to the detector. This offset will principally depend on the & function of the AATSR BT standard deviation within each
amount of water vapour in the atmosphere: for a polar win-IASI pixel. The clear sky data show very small deviations
ter, this difference could be close to zero, whereas for a largéd mean standard deviation of 0.08 K for both the 11 and
angular difference in a tropical atmosphere, this differencel2 Hm comparisons) with much larger variations for the pix-
could be as much as 0.4 K at 12 pholyes 2005. Due to els containing fractional or cloudy pixels. The fractional and
this fact only match-ups where the absolute difference of thecompletely cloudy data have very large standard deviations,

satellite zenith angles is less thahake considered. as well as mean differences, as expected. Hence we consider
first the clear sky data.
3.3 Radiance comparisons The results for the cross-calibration over the 11 pm and

12 pm spectral domains, for measurements taken over the
Having defined the match-ups between the IASI and AATSRsea and in cloud free conditions, are shown in BigThis
data sets, the IASI spectrally resolved TOA radiances wereplot shows that there is a very strong correlation between the
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Fig. 3. Comparison of 11 um IASI equivalent BTs minus mean AATSR BTs in each IASI pixel versus the standard deviation of the AATSR
BTs in each pixel(a) all pixels; (b) clear sky pixels{c) cloudy (all pixels);(d) fractionally cloudy. All match-ups have been selected over
the oceans. The small spread of AATSR BTs within each IASI pixel under clear sky conditions is clearly shown.

AATSR and IASI BTs, in both the 11 um and 12 um spectral AATSR BTs for all such data points. It is immediately clear
regions, over a temperature range of just greater than 10 Kthat the temperature range is now larger; the correlation coef-
It also shows that the IASI instrument overestimates the BTsficient is also improved, but this is as expected and is simply a
compared to those measured by the AATSR instrument. Foconsequence of the increase in temperature range. The mean
the 11 um spectral region, a mean IASI-AATSR BT differ- differences between IASI equivalent BTs and AATSR mean
ence of—0.05 K can be observed, compared to 0.23 K in BTs are now—0.05 K for the 11 um channel and 0.19 K for
the 12 um region. In both spectral regions, the mean BT dif-the 12 um channel (error of 0.03 K on the mean for both;
ference is less than 0.3 K, with a small standard deviation66 points), with the agreement between the two instruments
indicating that the IASI instrument is in agreement with the still remaining good to at least 0.3 K over this wide range of
AATSR instrument to at least this level, in cloud-free scenes.temperatures.
Therefore the indication would be that IASI is likely to be  Based on the assumption that the AATSR is intrinsically
meeting its target objective over ocean clear sky conditions.radiometrically calibrated to an accuracy of 30 mK, these
The clear sky comparisons for this day are limited in their results would seem to indicate that the IASI instrument is it-
temperature range. However, the real criterion for conduct-self able to measure BTs to an accuracy of better than 0.3 K.
ing a comparison is a uniform scene rather than requiring thédowever, the comparison does rely on knowledge of the
scene to be free of clouds. Therefore, the comparisons wer@ATSR spectral filter functions. Currently there are some
extended to include fully-cloudy pixels where the AATSR uncertainties in the exact knowledge of these filter functions
BT standard deviations were less than 0.395 K for the 11 unto at least the 0.2 K level. Therefore, the current results are
case, and less than 0.334 K for the 12 pm differences (theskest viewed as indicating an absolute comparison of the two
thresholds represent the maximum values of the clear skynstruments to probably the 0.3 K level, and consequently an
standard deviations). As a further restrictive test of ho-absolute calibration uncertainty for IASI of 0.3 K
mogeneity for the scene, any IASI pixels which contained
AATSR BTs which were greater thamw3rom the modal av-
erage of the AATSR BTs within the scene were rejected. Fig-
ure 5 shows the resulting relationship between the IASI and

www.atmos-chem-phys.net/9/6677/2009/ Atmos. Chem. Phys., 9, 66832009



6682 S. lllingworth et al.: 1ASI validation

1.00 ‘ ‘ ‘ ‘ 1.00
2951 r (a) s
—~ 280 — —~
050 < 050 <
290 = =
< m < m
e & 260 B %
. & ) 0.00 2
o 2851 0.00 % o . <
) ) |
= ! =
S ] = T 2or o h B
L y= 1.00083x - 0.195554 ] - _ y= 0.998818x + 0.401567 ] 050 =
280 R = 0.999749 050 3 r R = 0.999842 i 2
Mean difference = —0.0540377 4 200 Mean differen‘ce‘ = —0.0499970 _
Standard Deviation = 0.0655690 L Standard Deviation = 0.213229 i
275 ‘ ‘ ‘ ‘ 100 . ‘ ‘ : —1.00
275 280 285 290 295 220 240 260 280
IASI BT (K) IASI BT (K)
1.00 T 1.00
L i o) "] £
295 ] C (b>
290 -
r 050 < E 050 &
290 - = =
< r m < k! m
~ ~ | - — o
i o B ] o
<
o 85 ] 000 % . 0.00 <
w | |
& 1 g E B =
< Py 270 I, PP | @
y= 0.994284x + 1.41819 1 050 = y= 0.990605x + 2.49181 050 =
280 R = 0.999605 7] I R = 0.999513 Vg
Mean difference = 0.233161 - Mean difference = 0.185228 1 -
r Standard Deviation = 0.0756406 260 & Standard Deviation = 0.226582 E
2750 . . . . ~1.00 . . . Bl 100
275 280 285 290 295 260 270 280 290
IASI BT (K) IASI BT (K)

Fig. 4. Comparison of 11 pm and 12 pm IASI equivalent BTs minus Fig. 5. Comparison of 11 pm and 12 um IASI equivalent BTs mi-

mean AATSR BTs in each IASI pixefa) 11 pm;(b) 12 pm. All nus mean AATSR BTs in each IASI pixe{a) 11 pm;(b) 12 pm.

match-ups have been selected over the oceans and represent clédl match-ups have been selected over the oceans and represent ho-

sky conditions. For both the 11 um and the 12 pm comparison thergnogenous conditions (see Se8#). For both the 11 pm and the

were a total of 41 clear IASI pixels. 12 um comparison there were a total of 66 IASI pixels which met
this criteria, which in both cases was comprised of 41 clear, and 25
fully cloudy, IASI pixels.

4 Conclusions

Based on the cross-calibration results in this study, integrateg@estions that highly accurate Fourier transform spectrome-
IASI radiances agree very well with AATSR BTs at 11 um ters (FTS) could be flown in future to inter-calibrate satel-
and 12 um, and indicate that IASI is meeting its target ac-lite sensors, e.gAnderson et al(2004 and the Climate Ab-
curacy of 0.5 K accuracy and achieving accuracies of bettesolute Radiance and Refractivity Observatory (CLARREO)
than 0.3 K with 0.1 K accuracy demonstrated at 11 um. Themission, have some provenance. At the same time, it is also
uncertainties on the mean differences are also relatively smattlear from this study that a very good overlap in time is re-
as they are of the order of 0.03 K, and so the larger questiomuired between the instruments to be inter-compared, and
concerns uncertainties in any bias terms. Of these, the large#hat there is a very tight requirement on knowledge of the
requirement is to reduce the uncertainty in the AATSR spec-spectral filter function for satellite radiometers.
tral filter function because although AATSR is itself radio-  Despite dealing with a limited set of data (one day of IASI
metrically accurate, the spectral filter function is needed inmeasurements were analysed) this paper is very clear both on
order to integrate the spectra radiances measured by IASbbjective and conclusions: we present the first results on the
This is currently under investigation and it should be possi-IAS| absolute radiometric calibration, which will likely be
ble in future to reduce the filter uncertainty and thus establishuseful for further climate and/or chemistry applications. The
whether there are individual instrument biases or not at theesults of the study depend more on the details of the compar-
0.3 K level or smaller. ison and methodology so that analysis of further days, whilst
More generally, the methods developed in this study showvaluable, is not as important as establishing a quality compar-
that it is possible to intercompare satellite radiances or BTdson for one day. It can be seen from the standard deviations
with a high precision, and that the spectrometer-radiometepn the mean that the random errors are already quite small
combination offers additional insights, e.g. the use of highfor one day of comparisons. This paper has also identified
spatial resolution information to characterise the homogenethe chief aspects which are important for radiometric inter-
ity of the scene, and identify scenes suitable for provision ofcomparisons for climate purposes. A clear challenge for the
the most information on instrument bias. The use of cloud-future is to improve knowledge of the biases, so that careful
covered pixels has been shown here to extend the BT rangase may be made of IASI integrated radiances for climate ap-
over which comparisons can be performed. Therefore sugplications. First the analyses should be extended to a longer
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time series of data on an operational basis. Secondly, exterESA: AATSR: Product Handbookttp://www.leos.le.ac.uk/aatsr/
sion of the analyses to warmer temperatures, e.g. over land, Whatis/handbqok.htmEOOS.

would be interesting and would extend the temperature rangéfarries, J. E., Brindley, H. E., Sagoo, P. J., and Bantges, R. J.: In-
over which the data could be used for climate applications ~Creases in greenhouse forcing inferred from the outgoing long-
with confidence. Finally, refinement of the AATSR spectral  Wave radiation spectra of the Earth in 1970 and 1997, Nature,
; ; : : : : 410, 355-357, 2001.

fllterfunctlop will hopefully permit a tighter error constr_amt Haskins, R., Goody, R.. and Chen, L.: Radiance covariance and
on the quality of the IASI data and consequently confirm a climate models. J. Climate. 12. 1409-1422 1999

likely absolute calibration uncertainty for IASI of better than Huang, Y., Ramaswamy, V., Huang, X., Fu, Q., and Bardeen, C.: A

0.3K strict test in climate modeling with spectrally resolved radiances:

) GCM simulation versus AIRS observations, Geophys. Res. Lett.,
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