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ABSTRACT

The Atmospheric Infrared Sounder (AIRS) on the EOS Aqua Spacecraft was launched on May 4, 2002. Early in the
mission, the AIRS instrument demonstrated its value to the weather forecasting community with better than 6 hours of
improvement on the 5 day forecast. Now with over eight years of consistent and stable data from AIRS, scientists are
able to examine processes governing weather and climate and look at seasonal and interannual trends from the AIRS
data with high statistical confidence. Naturally, long-term climate trends require a longer data set, but indications are
that the Aqua spacecraft and the AIRS instrument should last beyond 2018. This paper briefly describes the AIRS data
products and presents some of the most significant findings involving the use of AIRS data in the areas of weather
forecast improvement, climate processes and model validation, cloud and polar processes, and atmospheric composition
(chemistry and dust).
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1. INTRODUCTION

The Atmospheric Infrared Sounder (AIRS), shown in
Figure 1, is a hyperspectral infrared instrument on the
EOS Aqua Spacecraft, launched on May 4, 2002.
AIRS has 2378 infrared channels ranging from 3.7 pm
to 15.4 um and a 13.5 km footprint at nadir. The
AIRS is a “facility” instrument developed by NASA as
an  experimental demonstration of advanced
technology for remote sensing and the benefits of high
resolution infrared spectra to science investigations'.
AIRS, in conjunction with the Advanced Microwave
Sounding Unit (AMSU), produces temperature profiles
with 1K/km accuracy on a global scale, as well as
water vapor profiles and trace gas amounts for CO,,
CO, SO,, O3 and CH,. AIRS data are used for weather
forecasting, climate process studies and validating
climate models”. For more information see
http://airs.jpl.nasa.gov.

1.1 Standard Products

A list of the primary AIRS/AMSU/HSB standard deliverable products from Version 5.0 are given in Table 1. The
product file type and the current best estimate summary of the performance of the product are listed in the second and
third columns respectively. The fourth column lists the validation status of the product to identify the regions where the
product has been demonstrated to be valid. Products are provided globally regardless of their validation status.
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Figure 1. The Atmospheric Infrared Sounder Instrument at BAE
Systems in Lexington Ma. prior to launch.
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The AIRS products are divided into three types. Level 1B products are calibrated and geolocated upwelling radiances
from the four major subsystems on the AIRS/AMSU system. There are 2378 infrared AIRS spectral channel radiances,
4 Vis/NIR AIRS spectral channel radiances, 15 microwave channels from the AMSU, and 4 from the HSB. HSB data
are still available for the first 9 months of the mission, but since the HSB is no longer operational, recent data are
unavailable. The second type of data are the Level 2 products. Level 2 products are geolocated geophysical quantities,
usually offered on the scale of the AMSU footprint which is approximately 45 km at nadir. This is due to the cloud
clearing methodology involving a 3x3 matrix of raw AIRS footprints and one AMSU footprint. The third type of data
products are Level 3 products. Level 3 products are gridded spatially (1 degree latitude and longitude bins) and
temporally (1 day, 8 day and monthly) and usually contain all standard Level 2 products. We also list research products
for AIRS (at a low state of validation) at the bottom of the table. Recently CO, and CO were added to the core products
due to their maturity and value to the scientific community. CO, data are post processed and resident in a separate file.
Definitions of the validation types is given below the table, but generally products are ready for scientific investigations
when their validation status has reached stage 2.

1.2 Data Access

All AIRS products are available at the Goddard Earth Sciences Data and Information Services Center (GES/DISC) at
http://disc.sci.gsfc.nasa.gov. In addition to data products, data readers, user guides and verification/validation reports
are also available at this location. Additional information on the AIRS Project and science applications can be found at
the AIRS home page http://airs.jpl.nasa.gov.

Table 1. AIRS Standard and Research Products and their Validation Status

AIRS Product PrT"y‘L“e“ Ac(c\‘,‘g‘cy Val Status (V5)
Core: Radiances

AIRS IR Radiance L1B-AIRS <0.2K @ 250K Stage 3
AIRS VIS/NIR Radiance LIB-VIS 15-20% Stage 1
AMSU Radiance L1B-AMSU 1-3K Stage 3
HSB Radiance L1B-HSB 1-3K Stage 3
Core: Geophysical

Cloud Cleared IR Radiance L2 1.0K Stage 2
Sea Surface Temperature L2 1.0K Stage 2
Land Surface Temperature L2 2-3K Stage 1
Temperature Profile L2 1 K/km Stage 3
Water Vapor Profile L2 15% / 2km Stage 3
Total Precipitable Water L2 5% Stage 3
Fractional Cloud Cover L2 20% Stage 2
Cloud Top Height L2 1 km Stage 2
Cloud Top Temperature L2 20K Stage 2
Carbon Monoxide L2 15% Stage 2
Carbon Dioxide (Mid-Troposphere) Post-Proc 1-2 ppm Stage 2
Core: Necessary*

Total Ozone Column L2 5% Stage 2
Ozone Profile L2 20% Stage 2
Land Surface Emissivity L2 10% Stage 1
IR Dust L1B-Flag 0.5K Stage |
Research Products

Methane L2 2% Stage 1
OLR L2-Support 5 W/m® Stage 1
HNO3 L1B-Post 0.2 DU Stage 1
Sulfur Dioxide L1B-Flag 1 DU Stage 1

*Necessary Products are required to retrieve accurate temperature profiles (1K/km) in all conditions

Validation Status Definitions (Common to all Aqua Instruments)

Stage 1: Validation Product accuracy has been estimated using a small number of independent measurements
obtained from selected locations and time periods and ground-truth/field program effort.

Stage 2: Validation Product accuracy has been assessed over a widely distributed set of locations and time

periods via several ground-truth and validation efforts.

Stage 3: Validation Product accuracy has been assessed, and the uncertainties in the product well-established
via independent measurements made in a systematic and statistically robust way that represents global

conditions.




2. WEATHER FORECAST IMPROVEMENT

The most fundamental product from AIRS is the calibrated radiances and geolocation in the Level 1B data product. The
upwelling infrared spectrum contains a wealth of information about the state of the atmosphere including the
temperature profile, water vapor profile, and the trace gas amounts mentioned above. The AIRS radiances are
assimilated into Global Circulation Models (GCM's) at weather prediction centers worldwide including NCEP, ECMWF
and the UK Met Office. Six hours on the 5 day
forecast has been achieved by assimilating AIRS data
at the National Center for Environmental Prediction
(NCEP) and the European Center for Medium-Range
Weather Forecast (ECMWF) by assimilating 1 in 18
footprints and an additional 5 hours on the 5 day
forecast or more has been shown to be possible™.
AIRS radiances are also being assimilated into
regional weather forecast models with significant
forecast improvements including precipitation
estimates out to 48 hours. AIRS and the Infrared
Atmospheric Sounding Interferometer (IASI) impact
to operational 24-hour forecasts at ECMWF are _
roughly comparable and are second only to the : B ST ...
collective impact of four AMSU units’.  This Figure 2. Hurricane Jimena, a dangerous Category 3 storm with
demonstrates the value of infrared to the operational ~ winds of 110 knots (125 miles per hour), is seen in this Sept. 1,
forecast despite the use of only a small fraction of the 2009 infrared image from the AIRS instrument. (E. Olsen, JPL)
data.

Forecast improvement using AIRS has also been demonstrated by assimilation of AIRS temperature profiles.
Assimilation of AIRS temperature profiles improves the anomaly correlation score in the northern hemisphere from 0.82
to 0.85, a significant improvement for one instrument’. Another study of assimilating AIRS profiles examined the
forecast impact to tropical cyclone Nargis in the Northern Indian Ocean®. In this study a control run assimilated the
conventional and satellite data currently operational without AIRS data, while the AIRS run assimilated AIRS quality
controlled temperature retrievals. In the control run, the cyclone dissipates and fails to make landfall, while the AIRS
run successfully produces the cyclone within 50 km of true location in 5 of the 7 daily forecasts preceding landfall. In a
related study, forecast simulations using the GEOS-5 Global Circulation Model (GCM) show significant improvement
in prediction of rainfall intensity when assimilating AIRS cloud cleared geophysical products when compared to the
control or assimilation of clear sky radiances’.

Recent research using AIRS data for forecast improvement continues in different ways. AIRS Temperature and Water
Vapor soundings at full spatial resolution (clear only) significantly improve typhoon vortex and forecast of rapid
intensification. This demonstrates potential importance of high spatial IR soundings in forecasting tropical cyclones".
Typically data from microwave instruments is not used over surface ice due to the unknown emissivity. AIRS data helps
identify the surface ice emissivity in the microwave enabling more microwave data to be used in data assimilation’.

3. CLIMATE PROCESSES AND MODEL VALIDATION

Quantifying climate forcings due to increased greenhouse gas emissions are not the major uncertainties in global climate
models. The largest uncertainties are associated with the cloud and water vapor feedback processes. Until now,
observations of upper tropospheric water vapor was limited, making validation of model water vapor feedback with
increasing surface temperature problematic. Scientists using AIRS data have shown a positive correlation between sea
surface temperature and water vapor at 250 mb. This indicates a “positive” upper tropospheric water vapor feedback
with increased surface warming'’. Another study compared water vapor zonal profiles for a warm year (2007) with a
cooler year (2008). In this study a significant increase was seen in the warmer year in the upper troposphere with the
biggest changes in the tropics, again confirming water vapor feedback is positive with increased global warming''.

Models require validation of their “climatology”, and usually use reanalysis from forecast centers. Like the weather
models, the water vapor fields in the reanalysis are limited in their accuracy. AIRS data provide a highly accurate daily



source of global three dimensional water vapor fields. Several independent studies were performed using AIRS data to
evaluate the climatology of water vapor fields in the major climate models used today. Results have shown that the
models have considerable errors in the vertical and horizontal distribution of water vapor on an annual climatology'*'*'*.
It is believed this is a consequence of compensating errors in the vertical distribution of the water vapor climatology.
Drier lower troposphere air is compensated by a wetter upper troposphere in the models to produce an overall correct
outgoing longwave radiation (OLR)". A new method to compute OLR uses AIRS principal component reconstructed
radiances. The results show a mean difference of 0.3 W/m® from CERES with a standard deviation of 2.7 W/m®. These
results indicate that AIRS can be used to monitor CERES and serve as a backup in the event of failure'®, but more
importantly, the AIRS provides attribution of the observed OLR to changes in geophysical variables such as temperature
profile, water vapor profile and dust aerosols.

Intraseasonal oscillations of intense rainfall and drought are regular annual processes in Indonesia and the Tropical
Western Pacific. Called the Madden Julian Oscillation (MJO), the cycle has a period of about 45 days and occurs in the
Northern Hemisphere winter, November — April. The AIRS high resolution vertical and horizontal data of temperature,
water vapor and ozone amounts have improved scientist’s ability to validate theories governing the MJO'"'®. For
example, AIRS observations show a warm/moist pre-conditioning of the mid troposphere prior to intense rainfall and a
cold/dry pre-conditioning prior to drought; temporal and spatial distributions better match expectations than model
predictions. The AIRS enables observation of temperature waves at other spatial frequencies including gravity waves
and mountain waves. Gravity waves are oscillations in the vertical temperature profile over a horizontal distance. AIRS
provides good coverage and horizontal resolution enabling observations in and above the troposphere'®. Each year Polar
Stratospheric Clouds (PSCs) form when the temperature in the stratosphere drops below 195K. Certain types of PSCs
convert reservoirs of chlorine to an activated form that destroys ozone. Scientists used AIRS data to identify a case
whereby formation of PSC’s were caused by of an Antarctic Peninsula mountain wave event™.

4. CLOUD AND POLAR PROCESSES

Clouds also play a very important role in climate science. Solar reflective sensing instruments such as MODIS, GOES

and MISR provide vital information on the cloud shortwave response to the climate system. Cloudsat, CALIPSO and

CALIOP provide exceptional cloud profiles and phase information. Infrared also has an important role in understanding

clouds. In particular, the hyperspectral infrared is particularly good at detecting and characterizing cirrus clouds?'.

These clouds have a tendency of providing a negative feedback (warming effect) since they radiate at a lower

temperature and are not as effective in shielding solar radiation. AIRS provides this information simultaneously and co-

located with temperature and water vapor allowing scientists to better understand the processes affecting cloud
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Figure 3. Isotherms of surface temperature at 273K retrieved by AIRS in
June, July and August, for 2003-2008 overlaid on image of surface
temperature for 2008.



MODIS are used to identify an increase in downwelling shortwave radiation by 32W/m? in the Arctic region in 2007
leading to warming in excess of 2.4K. Increased air temperatures and decreased humidity as measured by AIRS explain
the reduction in cloudiness.” In an independent study with similar results, AIRS data are used to show that also in 2007,
the number and strength of the temperature inversions is higher than in other years®®. Both studies confirm the anomaly
was driven by atmospheric conditions.

5. ATMOSPHERIC COMPOSITION

The profile of ozone and the total burden are produced from the AIRS retrieval as a necessary part of the temperature
and water vapor retrieval. Scientists have successfully retrieved other trace gases including, CO, CH4 and CO2 from
AIRS because of the broad global daily coverage and the paucity of available data sets for CH4 and CO2 from other
platforms.

Total Column Ozone (DU)

AIRS measures the total column and profile of ozone with
approximately 2 pieces of information in the boundary between
the tropopause and the stratosphere. This makes the AIRS ozone
ideal for studies of stratospheric-tropospheric exchange during
severe convection events and the global transport of ozone through
the Brewer-Dobson circulation. AIRS ozone is visible during
polar night allowing a good view of formation and decline of the
annual polar ozone hole (Figure 4). AIRS ozone data have
undergone rigorous validation using aircraft data and
ozonesondes”’.  More recently AIRS Ozone data have been
validated with aircraft and compare well with IASI, and OMI. In
particular all three capture the vertical and horizontal variability

well in the UTLS?. Figure 4. AIRS Total Ozone shows ozone hole in
September 2005.

2005.09.27

AIRS’ 1600 km cross-track swath and cloud-clearing retrieval

capabilities provide daily global CO maps over approximately 90% of the Earth. Figure 5 shows an image from the
AIRS near-real-time CO server which provided twice daily imagery during the 2010 summer wildfires in Russia.
Validation indicates AIRS CO retrievals are approaching the 15% accuracy target set by pre-launch simulations®. AIRS
has become a regular source for CO data along with MOPITT, TES and SCIAMACHY and was used to estimate the
global emissions of CO at approximately 1350 Tg/Year which is much higher than bottoms up estimates. The difference
is hypothesized to be from residential heating and vehicle cold starts®.

Russia Wildfires 2010-05-14 AIRS GO (ppbV)

Figure 5. AIRS near real time data helps track CO plumes during Russia wildfires on
August 14, 2010.



The most significant trace gas retrieved by AIRS for the study of anthropogenic effects on climate is carbon dioxide in
the Mid-Troposphere (5-7 km). The AIRS mid-tropospheric CO, data have been shown to be accurate to +1.20 ppmv
when compared to aircraft observations at the same altitude®'. Global monthly maps of mid-tropospheric CO, have been
generated, and identify global transport patterns in the mid-troposphere (See Figure 6). These results aid climate
modelers in parameterization of mid-tropospheric transport processes of CO, and other gases. Recent analysis suggests
that the influences of El Nifio events and polar vortex on the CO, concentration are apparent in the AIRS data. During
El Nifio, mid-tropospheric CO, is enhanced in central Pacific Ocean and diminished in the western Pacific Ocean. In the
polar region, mid-tropospheric CO, is diminished if the polar vortex is strong and polar mid-tropospheric CO, is
enhanced if the polar vortex is weak™.

AIRS Mid-Tropospheric CO2. July 2003, V5 Day 16 x 31
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Figure 6. AIRS Mid-Tropospheric Carbon Dioxide for July, 2003. Results show
unexpected “belt” in the Southern Hemisphere.

AIRS also retrieves atmospheric methane, CH,, in the upper troposphere. The accuracy of AIRS CHy is about 1.2-1.5%,
with peak sensitivity around 200 mb, which should provide the ability to map seasonal variation of CH4 and provide
valuable information of the global methane distribution in mid-upper troposphere. AIRS Scientists have observed a
significant enhancement of methane in the mid to upper troposphere in the summer season associated with upwelling
caused by the Asian Monsoons (Figure 7). The results

obtained with AIRS data are consistent with model CH4 VMR at 200 mb (ppm):

predictions™. '

The AIRS data are particularly useful for understanding
global distribution, transport, and radiative forcing of
atmospheric dust. In one study, AIRS thermal infrared
radiance data are used with a fast infrared scattering
radiative transfer model to physically retrieve the dust
column amount and dust height over both ocean and land.
AIRS-derived dust top heights compare favorably with
CALIPSO data and provide estimates of dust longwave
radiative forcing: about +1.5 and +4.5 W/m’ per unit
visible optical depth over ocean and land, respectively, 2004_09_06
compared to a shortwave forcing estimate of —50 W/m®
over ocean’. In an independent study, a very good  Figure 7. AIRS CH4 at 200 mb. Lower-tropospheric CH4
agreement is found between AIRS-retrieved AODs and  bubbles into the upper troposphere during the summer Asian
MODIS Aqua during the summer dust season. Both  Monsoon season.




instruments show a large annual transport of dust from Africa (240 Tg) to the Atlantic (140 Tg), Amazon (50 Tg),
Caribbean (50 Tg), and Europe (20 Tg)*. Finally, AIRS Water Vapor data used with MODIS Aerosol Optical Depth
(AOD) to determine relationship between water vapor and AOD. Little correlation was found indicating these two
variables can fluctuate independently of each other.”’

6. CONCLUSIONS

The Atmospheric Infrared Sounder provides a wide range of geophysical products well suited to improving weather and
climate predictions. AIRS radiances are routinely assimilated into the operational forecast and have demonstrated a
positive improvement. Continued research in the area of forecast improvements indicate that assimilation of profiles can
greatly improve forecast impact. AIRS data are used to validate climate models and despite having found biases in the
vertical distribution of water vapor in these models, the water vapor feedback agrees well with model predictions. AIRS
data have recently been instrumental in understanding cloud processes in the stratosphere and polar regions, including
the significant warming of the Antarctic in 2007. New research uses AIRS data to retrieve and understand processes
affecting the transport of dust and quantify dust longwave forcing. AIRS trace gases including O;, CO, CH,4, and CO,
have been validated to be comparable to other available sources and are used routinely for understanding vertical and
horizontal transport of these gases with global circulation patterns.

The value of hyperspectral infrared observations from space have been demonstrated with the Atmospheric Infrared
Sounder on the Aqua spacecraft. Data from AIRS compare well with IASI which also shows similar impact to forecasts
and value for atmospheric characterization. The AIRS instrument is expected to outlive the Aqua spacecraft which runs
out of fuel in the 2018 timeframe or later. Questions of continuity and improvement of the observations are being
addressed through dialogue with the user community, NASA and NOAA. Lessons learned from the AIRS experiment
will most certainly be folded into the plans once they materialize.
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