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Abstract The Earth-observing Aqua spacecraft was launched on 4 May 2002 and has now completed

20 years of collecting and transmitting data regarding the Earth's radiation budget, atmosphere, oceans, land,
and ice. Although launched with a design life of 6 years, four of its instruments continue to operate and
provide high-quality data streams more than 20 years after launch. The Aqua data are readily available to users
worldwide and have been used in thousands of scientific publications and in numerous practical applications,
including weather forecasting, air-quality assessments, and monitoring of forest fires, dust storms, volcanic ash
plumes, oil spills, and crop yields.

1. Introduction

The National Aeronautics and Space Administration's (NASA's) Aqua spacecraft was launched on 4 May 2002,
with a design life of 6 years. It has now been in orbit for 20 years, during which time it has orbited the Earth
over 106,000 times and collected data that have been used in over 20,000 scientific publications and in numerous
practical applications.

For most of its first 20 years after launch, Aqua has been in a carefully controlled sun-synchronous orbit at an
altitude of ~705 km, orbiting the Earth every 98.8 min and crossing the equator going north at approximately
1:35 p.m. local time and going south at approximately 1:35 a.m. local time. Throughout these 20 years on orbit,
Aqua has been collecting and transmitting data on the Earth's radiation budget, atmosphere, oceans, land, and ice.

The data collected by the Aqua Earth-observing instruments during an orbit are stored temporarily in Aqua's
onboard solid state recorder (SSR) and downlinked to ground stations in Alaska and/or Norway's Svalbard island
complex as Aqua passes over the north polar region. This results in a science data flow of ~88 Gbytes per day
transmitted to the level O processing facility at NASA's Goddard Space Flight Center (GSFC), from where they
are transmitted to various data processing facilities, which typically receive the data between 30 min and 2 hr after
the data were collected. Aqua also transmits real-time data through direct broadcast continuously throughout an
orbit, except during the periods of downlink from the SSR. The direct broadcast data are available to anyone with
an appropriate antenna and are estimated to be captured and processed by over 200 ground stations worldwide.
This allows immediate use of local data, which can be particularly important in times of disasters such as forest
fires.

This article provides a summary of the Aqua Earth-observing instruments, a brief history of Aqua from launch
through its first 20 years on-orbit, and an overview and sample highlights of the science and practical applications
benefiting from the Aqua data.

2. The Aqua Earth-Observing Instruments

Aqua carries on board six Earth-observing instruments: the Atmospheric Infrared Sounder (AIRS), the Advanced
Microwave Sounding Unit (AMSU), the Humidity Sounder for Brazil (HSB), the Advanced Microwave Scan-
ning Radiometer for the Earth Observing System (EOS) (AMSR-E), the Clouds and the Earth's Radiant Energy
System (CERES; two copies), and the Moderate Resolution Imaging Spectroradiometer (MODIS) (Figure 1).
The three sounders (AIRS, AMSU, and HSB) combine to form a powerful sounding system centered on the
AIRS instrument, and this sounding system has a single AIRS/AMSU/HSB Science Team, generally referred to
as the AIRS Science Team, covering all three instruments. Separate science teams exist for each of the CERES,
MODIS, and AMSR-E instruments.
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Figure 1. Schematic of the Aqua spacecraft, its six Earth-observing instruments, 12-panel solar array, and x-band antenna.
The solar array extends 14 m and provides solar energy to the spacecraft battery and instruments. Advanced Microwave
Sounding Unit (AMSU)-A1 and AMSU-A2 are the two physically unconnected components of the AMSU instrument. (Line
drawing courtesy of Aqua's spacecraft company Northrop Grumman [formerly TRW], with labels added.)

AIRS is the one Earth-observing instrument that is fully unique to Aqua. It is a 2,382-channel grating spectrome-
ter with 2,378 channels measuring infrared radiation at a spatial resolution of 13.5 km at nadir and four channels
measuring visible/near-infrared radiation at a spatial resolution of 2.3 km at nadir. AIRS provides vertical profiles
of atmospheric temperature and water vapor, plus measurements of atmospheric carbon dioxide, methane, ozone,
and sulfur dioxide and various cloud and surface parameters. When built, it was a major technological advance
over all previous space-based spectrometers, which typically had 15-20 detectors measuring broad bands of
infrared radiation. AIRS instead has 2,378 infrared detectors, each measuring a specific wavelength and trans-
mitting close to 3 million measurements a day. Furthermore, each AIRS detector has a redundant backup, in case
the primary detector fails, and the detectors are maintained at a stable temperature through an innovative cryo-
cooler, resulting in the high level of stability that enables AIRS data to be used to accurately determine signals of
climate change. More information on the AIRS instrument can be found in Aumann et al. (2003) and in Pagano
et al. (2022), the latter also including the technology efforts aimed at the next generation of grating spectrometer
infrared sounders.

AMSU is a 15-channel sounder measuring microwave radiation at 23-90 GHz (0.3-1.3 cm) with a spatial reso-
lution of 40.5 km at nadir. It is identical to AMSU-A instruments that have flown on a series of National Oceanic
and Atmospheric Administration (NOAA) satellites since 1998. AMSU provides temperature profiles from the
surface to an altitude of 40 km, along with information on cloud liquid water. It also facilitates cloud clearing of
AIRS observations and allows for enhanced AIRS retrievals in partially cloudy scenes. More information on the
AMSU instrument can be found in Mo (1996) and in Lambrigtsen (2003).

HSB is a 4-channel sounder measuring microwave radiation at 150-190 GHz (0.16-0.20 cm) with a spatial
resolution of 13.5 km at nadir. It is identical to the AMSU-B instruments that have flown on a series of NOAA
satellites since 1998, and it was provided to the Aqua program by Brazil's Instituto Nacional de Pesquisas Espa-
ciais (INPE, Brazil's National Institute for Space Research). Until HSB ceased operating in 2003, the HSB data
were used to detect high levels of precipitation and to derive atmospheric humidity profiles and cloud liquid water
profiles. More information on the HSB instrument can be found in Lambrigtsen (2003) and in Lambrigtsen and
Calheiros (2003).
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AMSR-E is a 12-channel passive microwave radiometer measuring microwave radiation at 6.9-89 GHz, with
spatial resolutions ranging from 6 X 4 km for the 89 GHz measurements to 74 X 43 km for the 6.9 GHz measure-
ments. AMSR-E was provided by Japan's National Space Development Agency (NASDA; later merged into the
Japan Aerospace Exploration Agency (JAXA)). AMSR-E is no longer operating but was a tremendous success
in collecting 9 years of data (its design life had been 3 years) on a wide variety of atmospheric and surface varia-
bles, followed by intercalibrations with Japan's follow-on AMSR2 instrument on its Global Change Observation
Mission-Water (GCOM-W) satellite. AMSR-E data allowed the derivation of rainfall rates, oceanic surface wind
speeds, integrated water vapor and cloud water amounts, sea surface temperatures (SSTs), sea ice coverage and
characteristics, snow water content, and soil surface wetness. Because of measuring at microwave rather than
visible wavelengths, the data on surface variables were obtained during darkness as well as daylight and under
most weather conditions, including the presence of nonprecipitating clouds. More information on the AMSR-E
instrument can be found in Kawanishi et al. (2003). HSB and AMSR-E are the two non-U.S. Earth-observing
instruments on Aqua. AIRS, AMSU, CERES, and MODIS were all provided by NASA.

CERES is a 3-channel scanning radiometer measuring radiation from 0.3 pm to >100 pm, with a spatial resolu-
tion of 20 km at nadir. One channel measures reflected shortwave radiation, one measures total outgoing radi-
ation, and one measures the outgoing radiation in the 8-12 pm atmospheric window. Aqua has two CERES
instruments, flight model (FM)-3 and FM-4. The first CERES instrument, a proto flight model, was launched on
27 November 1997 on the tropical rainfall measuring mission (TRMM) and is no longer operating. The next two
CERES, FM-1 and FM-2, were launched on 18 December 1999 on the Terra satellite and are still operating; and
CERES instruments also fly on the Suomi National Polar-Orbiting Partnership (NPP) satellite and the NOAA-20
satellite. The central purpose of each CERES instrument is to collect data on the Earth's radiation budget. Each
CERES instrument can operate in a cross-track scanning mode or in a rotating azimuth plane mode, with the
cross-track scanning providing long-term Earth radiation budget measurements and the rotating azimuth plane
scanning providing additional angular radiance information, leading to improved accuracy in the data products.
More information on the CERES instrument can be found in Wielicki et al. (1996).

MODIS is a 36-band cross-track scanning radiometer measuring visible and infrared radiation in the range
0.4-14.5 pm, with data product spatial resolutions ranging from 250 m to 1 km. The Aqua MODIS is the second
of two MODIS instruments, the first having been launched on 18 December 1999 on the Terra satellite. MODIS
measures a wide variety of atmosphere, ocean, and land variables, including cloud optical depth, cloud particle
size, water vapor, aerosols, atmospheric temperature, SST, ocean color, sea ice coverage, land cover type, net
primary productivity, leaf area index, and snow cover. Having MODIS on both Aqua and Terra has allowed these
measurements to be made under both morning and afternoon conditions, as Terra's sun-synchronous orbit has
had Terra crossing the equator for most of the past 20 years at approximately 10:30 a.m. and 10:30 p.m. local
time, complementing Aqua's early morning and early afternoon crossing times. More information on the MODIS
instrument can be found in Barnes et al. (1998) and in Xiong and Barnes (2006).

3. A Brief History of Aqua From Launch Through Its First 20 Years on-Orbit

The Aqua satellite was launched into space from Vandenberg Air Force Base, 15 km northwest of Lompoc, Cali-
fornia, in the early morning of 4 May 2002, promptly at the start of its 10-min 2:55-3:05 a.m. (local California
time) launch window. The spacecraft was carried into orbit on board a Delta II rocket, the bulk of which dropped
into the Pacific, as planned, shortly after launch. The rocket's second stage propelled Aqua from California south
across the Pacific, over Antarctica, and north to Africa, with spacecraft separation from the rocket's second stage
occurring over Africa (in view of NASA's Malindi tracking station in Kenya) at 59 min 30 s after launch. Twelve
and a half minutes later, as Aqua flew over northern Europe, its solar array was unfurled in view of the Svalbard
tracking station. With the successful unfurling of the solar array, which provides solar power to the spacecraft and
its on-board instruments, control of the spacecraft shifted from Mission Control at Vandenberg to Earth Science
Mission Operations (ESMO) at NASA Goddard Space Flight Center in Greenbelt, Maryland.

Following launch, each of the Earth-observing instruments was turned on and checked out before beginning its
Earth-observing role (Table 1). The one major issue that arose during the check-out of the instruments came when
the initial data were returned from AMSR-E on 24 May 2002. These data were clearly flawed, but within days the
Japanese AMSR-E experts determined the cause of the problem and provided ESMO with corrective instructions
to relay to the spacecraft and AMSR-E. The flaws in the data were thereby removed, allowing a high-quality “first
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Table 1
Dates for the Powering on of Each of the Aqua Earth-Observing Instruments, for the First Light Images for Each Instrument, and, in the Cases of the Two
Instruments That Are no Longer Operating, for the End Date of Science-Quality Data Collection, Plus References for the Instrument Details

Instrument Powered on First light End date References for instrument details

AIRS 5/6/2002 6/14/2002 Ongoing Aumann et al. (2003); Pagano et al. (2022)

AMSR-E 5/4/2002 6/4/2002 10/4/2011 Kawanishi et al. (2003)

AMSU 5/12/2002 6/14/2002 Ongoing Mo (1996); Lambrigtsen (2003)

CERES FM-3 5/7/2002 6/22/2002 Ongoing Wielicki et al. (1996)

CERES FM-4 5/7/2002 6/22/2002 Ongoing Wielicki et al. (1996)

HSB 5/14/2002 6/14/2002 2/5/2003 Lambrigtsen (2003); Lambrigtsen and Calheiros (2003)
MODIS 5/24/2002 6/24/2002 Ongoing Barnes et al. (1998); Xiong and Barnes (2006)

Note. AIRS, Atmospheric Infrared Sounder; AMSR-E, Advanced Microwave Scanning Radiometer for the Earth Observing System; AMSU, Advanced Microwave
Sounding Unit; CERES, Clouds and the Earth's Radiant Energy System; HSB, Humidity Sounder for Brazil; MODIS, Moderate Resolution Imaging Spectroradiometer.

light” image to be produced from AMSR-E on 4 June 2002, averaging data from 2 to 4 June 2002. By the end of
June 2002, all six of Aqua's Earth-observing instruments were returning high-quality data streams. The remaining
full checkout of all the spacecraft subsystems was declared complete on 1 September 2002, 120 days after launch.

On 5 February 2003, the Aqua mission suffered its first major loss, when the HSB instrument ceased to operate
due to a scan mirror motor failure. Although disappointing, the loss of HSB was not devastating to the mission
because the AIRS Science Team had been well aware of the possibility that the HSB and AMSU sounders might
fail before AIRS and were well on the way to developing algorithms to ensure that the core AIRS data products
could continue to be produced even in the face of the loss of one or both of the HSB and AMSU instruments.
Once the HSB failed, the AIRS/AMSU/HSB algorithms were replaced by AIRS/AMSU algorithms.

A much lesser problem occurred on 30 March 2005, when the shortwave channel on the CERES FM-4 failed.
Prior to 30 March 2005, typically one of the two CERES on Aqua would be operating in its cross-track mode,
collecting data for long-term Earth radiation budget measurements, while the other Aqua CERES would be oper-
ating in its rotating azimuth plane mode, collecting angular radiance data. The angular radiance data were needed
for creating CERES angular distribution models (ADMs), and the record until 30 March 2005 provided sufficient
data for the ADMs, making the rotating azimuth plane operations no longer essential. Both CERES on Aqua
could then be operated in the cross-track mode, with all three channels of FM-3 and two of the three channels of
FM-4 continuing to collect high-quality data.

On 1 September 2008, 6 years after the end of its 120-day checkout period, Aqua completed its 6-year “prime”
mission and entered into its “extended” mission, that is, extended beyond the 6-year design life. On 2 December
2008, Aqua's end-of-prime-mission review was successfully held, establishing that Aqua had fulfilled each of its
10 Mission Success Criteria and thereby was declared a success. The 10 Mission Success Criteria were:

1. Produce the first high-spectral-resolution global infrared spectra of the Earth. [Accomplished with AIRS
data]

2. Obtain a highly accurate temperature profile of the troposphere. [Accomplished with AIRS data; Figure 2]

3. Extend the improved TRMM rainfall characterization to the extra tropics. [Accomplished with AMSR-E
data; Figure 3]

4. Produce the first global SST daily maps under nearly all sky conditions for a minimum of 1 year. [Accom-
plished with AMSR-E data]

5. Produce large-scale global soil moisture distributions for regions with low vegetation. [Accomplished with
AMSR-E data]

6. Produce calibrated global observations of the Earth's continents and ocean surfaces. [Accomplished with
MODIS data]

7. Capture and document two seasonal cycles of terrestrial and marine ecosystems and atmospheric and cloud
properties. [Accomplished with MODIS data]

8. Produce two seasonal/annual Earth radiation budget records. [Accomplished with CERES data]

9. Produce improved measurements of the diurnal cycle of radiation by combining Aqua and Terra measure-
ments. [Accomplished with CERES data]
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Figure 2. AIRS temperature profile over Chesapeake Bay (smooth curve) juxtaposed with a radiosonde profile (more jagged
curve), for 13 September 2002. (Plot from Wallace McMillan of the AIRS Science Team, with relabeling.)

10. Produce combined cloud property and radiation balance data to allow improved studies of the role of clouds
in the climate system. [Accomplished with CERES and MODIS data]

After a highly successful 9 years of data collection, AMSR-E suffered a major anomaly on 4 October 2011,
ending its science data collection. The instrument was restarted on 4 December 2012, but attempts to return it
to its fully operational rotation rate of 40 revolutions per minute (rpm) failed, preventing it from resuming its
earlier science-level data collection. Still, it successfully operated at 2 rpm for the next 3 years, and this allowed
AMSR-E to provide valuable cross-calibration data for JAXA's follow-on AMSR2 instrument launched on 18
May 2012, on Japan's GCOM-W satellite. AMSR-E transitioned to survival mode on 9 December 2015 and was
powered off on 3 March 2016.

On 20 February 2021, Aqua reached the milestone of having completed 100,000 orbits of the Earth. By this time,
Aqua was running out of fuel, and decisions had to be made regarding how best to allot the remaining fuel. Fuel
is used for maneuvering the spacecraft, for instance to avoid space debris and to maintain tight control over the
spacecraft's orbit. When launched, Aqua carried 225 kg of fuel. For Aqua's first 19 years on orbit, this fuel supply
allowed ESMO to maintain Aqua in a tightly controlled sun-synchronous orbit at an altitude of approximately
705 km, with equatorial crossing times (mean local times (MLTs)) of 1:30-1:36 p.m. when going north across
the equator and 1:30-1:36 a.m. when going south. This was done through orbit-controlling maneuvers of the
spacecraft several times a year. By the end of 2021, less than 30 kg of fuel remained, and the decision was made
to cease further orbit-controlling maneuvers, reserving the remaining fuel for debris avoidance maneuvers and,
eventually, orbit-lowering and end-of-mission maneuvers. As a result, since January 2022, Aqua is operating in a
free-drift mode, with its altitude slowly decreasing and the MLT of its observations slowly drifting to later times.
Projections indicate that, if the mission continues to operate in its current free-drift mode, the MLT of the Aqua
observations will drift from the 1:36 p.m. and 1:36 a.m. MLTs in January 2022 to approximately 3:50 p.m. and
3:50 a.m. MLTs in August 2026, when power generation limitations would likely end the science data collection.

The quality of the Aqua measurements is expected to remain high as the orbit drifts, although the impact of
the drift on the Aqua data products will depend on the individual products and their uses, with, for instance,
the altered illumination and viewing angles impacting the long-term consistency of the MODIS bidirectional
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Figure 3. Globally mapped rainfall rates for October 2005, from Aqua Advanced Microwave Scanning Radiometer for the Earth Observing System (AMSR-E) data
(top image) and from Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) data (bottom image). (Images from Chris Kummerow and Ralph Ferraro
of the AMSR-E Science Team.)

reflectance distribution function (BRDF) time series and the use of the BRDF in vegetation monitoring (e.g.,
see Petri and Galvao (2019) and Yan et al. (2022) for illumination and viewing angle complications for BRDF
and vegetation monitoring). The drift could also lead to scheduling conflicts at the Aqua data downlink stations.

Although HSB and AMSR-E are the only two Aqua instruments that are no longer operating, there have been
several instances, over the course of Aqua's 20 years on orbit, when one issue or another has arisen with the
other instrumentation aboard the spacecraft. The two such anomalies that occurred most recently, in the first half
of 2022, were a problem with the SSR on 22 February 2022, and a problem with the power controller for the
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Figure 4. Aqua Moderate Resolution Imaging Spectroradiometer (MODIS) global image from 22 February 2022,
highlighting (in blue ovals) the effects of the loss of approximately 19 s of MODIS data every two orbits. Black indicates
missing data, and the close-to-horizontal black strips show the missing data from the 22 February 2022 solid state recorder
anomaly. The larger, regularly spaced, closer-to-vertical slanted black strips show the missing data between the satellite
orbits; the location of the slanted black strips shifts from day-to-day, so that averages over two or more days do not have such
missing data. (Image from NASA WorldView, https://worldview.earthdata.nasa.gov, with ovals added.)

spacecraft's electrical subsystem on 31 March 2022. In both cases and all previous such cases, ESMO was able
to resolve the problem and return the spacecraft to nominal operations. In the SSR case, the anomaly became
apparent when approximately 19 s of corrupted AIRS and MODIS data were being transmitted every two orbits
of the Earth (e.g., Figure 4). ESMO was able to determine that the corrupted data came from submodule 255 of
the SSR, after which ESMO corrected the problem on 23 March 2002, by successfully instructing the spacecraft
to no longer use submodule 255. The power controller (PC) anomaly occurred when there was an unexpected
shift from the primary PC-A controller to the secondary PC-B controller. This anomaly is thought to have been a
“single event upset” (SEU) and not likely to reoccur, which is fortunate as it resulted in the temporary cessation of
data collection from all four still-operating Earth-observing instruments (AIRS, AMSU, CERES, and MODIS).
After extensive troubleshooting, ESMO was able to determine that PC-A was still viable and successfully shifted
the control back to PC-A on 13 April 2022, reestablishing nominal operations for all spacecraft and instrument
functions by 16 April 2022.

As of 4 May 2022, the 20th anniversary of the launch of this satellite with a six-year design life, Aqua's AIRS,
AMSU, CERES, and MODIS instruments are all continuing to collect high-quality science data.

4. Science Using Aqua Data

The Aqua data are freely available for use by scientists and others from around the world. Specifically, AIRS,
AMSU, and HSB data are available from the Goddard Earth Sciences Data and Information Services Center (disc.
gsfc.nasa.gov/AIRS), AMSR-E data and MODIS snow and ice data are available from the National Snow and Ice
Data Center (nsidc.org/data/amsre and nsidc.org/data/modis, respectively), CERES data are available from the
Langley Research Center (LaRC) Distributed Active Archive Center (DAAC) (eosweb.larc.nasa.gov), MODIS
land data are available from the Land Processes DAAC (Ipdaac.usgs.gov), MODIS atmosphere data are available
from the Level 1 and Atmosphere Archive and Distributed System (ladsweb.nascom.nasa.gov), MODIS ocean
color data are available from the Ocean Biology Processing Group (oceancolor.gsfc.nasa.gov), and MODIS SST
data are available from the Physical Oceanography DAAC (podaac.jpl.nasa.gov/datasetlist?searchAQUA). The
ready availability and high quality of these data have made them widely used by the science community, with
over 20,000 papers incorporating Aqua data. This section provides an overview of how the data have been used,
through a small but illustrative sampling.

4.1. Water Measurements From Aqua

“Aqua” being Latin for “water,” the Aqua spacecraft was named for the large amount of information it reveals
about water in the Earth system. This includes water in its liquid, solid, and gaseous forms, including liquid
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Figure 5. Global mean daytime cloud fraction, February 2000 to March 2022, from the Moderate Resolution Imaging
Spectroradiometer (MODIS) instruments on Terra (solid curves) and Aqua (dotted curves), separated to global ocean
coverage (black curves), global land coverage (red curves), and full global coverage, combining ocean and land (blue curves).
(Plot from MODIS Science Team member Michael D. King, who created the figure from Level 3 data processed by Nandana
Amarasinghe. The plot is updated from Figure 5 in King et al., 2013, through using Collection 6.1 rather than Collection 5 of
the MODIS data sets and expanding the plot with an additional 9 years of data. The Terra time series begin in February 2000,
marking the start of the Terra MODIS data set; the tick marks for the subsequent years, 2001-2022, are placed at the start of
each year.)

ocean and lake water, solid ocean and lake water (i.e., sea ice, lake ice, and icebergs), atmospheric water vapor,
atmospheric liquid and solid water (e.g., in clouds), precipitation, soil moisture, snow cover, and land-based ice.

Key components of the water cycle are all included in Aqua-derived data products. For instance, SSTs have
been derived from both MODIS data (e.g., Kilpatrick et al., 2015) and AMSR-E data (e.g., Nielsen-Englyst
et al., 2018), evaporation from AIRS data (e.g., Boisvert et al., 2020), evapotranspiration from MODIS data
(e.g., Mu et al., 2011; Nishida et al., 2003), water vapor from AIRS data (e.g., Irion et al., 2018; Worden
et al., 2019), precipitation from AMSR-E data (e.g., Joseph et al., 2009), and soil moisture from AMSR-E data
(e.g., Bhagat, 2015; Jackson et al., 2009).

Cloud data from Aqua have received considerable research attention, in part due to the combined importance of
clouds in the climate system and the uncertainties regarding their role in ongoing and predicted climate change.
Cloud measurements from AIRS/AMSU and MODIS include cloud-top height, cloud-top temperature, cloud
particle phase, cloud optical thickness, cloud effective radius, integrated water path, and fractional cloud cover
(e.g., Naud & Kahn, 2015 for AIRS/AMSU data and Platnick, Meyer, et al., 2017 for MODIS data). A notable
result, determined from Aqua and Terra MODIS data, is that clouds cover approximately 67% of the Earth at any
time, in contrast to the 50% estimate that was common prior to the MODIS data (King et al., 2013) (Figure 5).
AIRS data are allowing enhanced descriptions of cloud microphysics (Kahn et al., 2014), and AIRS and CERES
data together have been used to determine the effects of cloud microphysics on outgoing longwave radiation
(Huang et al., 2014). Similarly, MODIS and CERES data have been used to examine the radiative effects of
different cloud regimes (Oreopoulos et al., 2016).

AMSR-E water measurements were incorporated with other satellite data to establish a global drying trend in soil
moisture between 1988 and 2010 (Dorigo et al., 2012) and have also been used in flood analyses (e.g., Temimi
etal.,2011), as have MODIS data (Fayne et al., 2017). The absence of water can be an even more serious problem
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than excess water, and both the AIRS data and the MODIS data have proven valuable in the analyses and moni-
toring of drought conditions (e.g., Farahmand et al., 2015 using AIRS data; J. Zhang, Mu, & Huang, 2016 using
MODIS data).

Aqua data have been used in numerous studies to examine interconnections involving water within the Earth
system, including the use of AIRS data to examine the sensitivity of tropical deep convection events to SSTs
(Wong & Teixeira, 2016), the use of CERES data to show that over the tropical oceans shortwave reflection by
low clouds decreases when the ocean warms (Brient & Schneider, 2016), and the use of AIRS and AMSR-E data
to quantify the increases in ocean to atmosphere moisture fluxes as Arctic sea ice decreases (Boisvert et al., 2013).

4.2. Climate Change Measurements From Aqua

The Aqua instruments measure far more than water, and among the most important groupings of its measure-
ments are the measurements regarding climate change.

The CERES instruments measure outgoing radiation at the top of the atmosphere, categorized for Earth observa-
tions as both shortwave radiation (ultraviolet and visible) and longwave radiation (infrared and microwave). The
CERES Science Team has compared the outgoing radiation measured by the CERES instruments on Aqua and
Terra with the incoming radiation measured by the total irradiance monitor (TIM) on the Solar Radiation and
Climate Experiment satellite to quantify the radiative imbalance at the top of the atmosphere, determining that for
the period 2001-2010, the incoming radiation to the Earth exceeded the outgoing radiation by 0.50 + 0.43 Wm™2
(Loeb et al., 2012).

It is widely thought that the radiative imbalance at the top of the atmosphere is caused at least in part by the
increase in greenhouse gases in the Earth's atmosphere. The AIRS instrument not only obtains information on
the Earth's most abundant greenhouse gas, water vapor, mentioned in the previous section, but also on the second
and third most abundant greenhouse gases, carbon dioxide (CO,) and methane (CH,) (Figure 6), which are the
greenhouse gases most discussed in the context of human-induced increases. In fact, the AIRS CO, product
provided the first global daily CO, concentration maps and did so with an accuracy better than 2 parts per million
by volume (ppmv) (Chahine et al., 2005, 2008). Calibration of the AIRS Pacific Ocean CO, data with the in situ
measurements from Mauna Loa provides a close match for both the strong annual cycle and the upward trend
in the CO, record (Strow & Hannon, 2008). Regarding methane, the AIRS data for the period 2003-2016 show
that despite the latitudinal variation in atmospheric methane, with markedly more methane in the northern hemi-
sphere than in the southern hemisphere, at every latitude the amount of atmospheric methane has increased (Zou
et al., 2019).

Global warming is also well recorded in the AIRS data, as illustrated for the 2003—2017 period in Susskind
et al. (2019). Comparison of the AIRS data with global records derived from in situ data sets shows a very close
match in regions well covered by in situ data but greater differences in regions with limited in situ data, confirm-
ing that for global records, the satellite data are preferred (Susskind et al., 2019).

Among the expected consequences of warming is a reduction in sea ice, and sea ice reductions have indeed been
recorded with AMSR-E and other data sets. CERES data have been used to estimate the increased solar radiative
heating in the event of a total disappearance of Arctic sea ice throughout the sunlit portion of the year, finding that
the effect would be equivalent to one trillion tons of CO, emissions (Pistone et al., 2019).

4.3. Air-Quality Measurements From Aqua

MODIS images of such phenomena as dust storms, fires, and volcanic eruptions provide striking depictions of
instances of low air quality (e.g., Figure 7), and both MODIS and AIRS data have been used in assessing forest
fire impacts on air quality (e.g., Adame et al., 2018; Field et al., 2016; Kim & Sarkar, 2017; Miller et al., 2011).

AIRS data are also used to monitor and assess aspects of air quality that are not directly visible, in particular
through AIRS-derived data sets on carbon monoxide, ozone, and methane (e.g., Figure 8). Findings include a
prominent decrease in northern hemisphere atmospheric carbon monoxide over the period 2002-2019 (Buchholz
et al., 2021), an increase in atmospheric methane in India over the period 2003-2021 (Hari et al., 2022), and
analyses of the transport of carbon monoxide and ozone pollutants across the Pacific from Asia to North America
(Hsu et al., 2012; Huang et al., 2017; Lin et al., 2012).
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Figure 6. Selected time series of Atmospheric Infrared Sounder (AIRS) tropospheric greenhouse gases from 1 September 2002 to 20 March 2022: (a) Upper
tropospheric carbon dioxide, 40°N-50°N zonal mean; (b) Mid-tropospheric methane, 40°N—50°N zonal mean. The plotted data are 15-day averages from the AIRS
(CLIMCAPS-AQUA) daily Level 3 products and reveal both the annual cycles and the upward trends of these two key greenhouse gases. (Plots provided by Vivienne
Payne and Paulo Penteado of the AIRS Science Team, with relabeling.)

4.4. Use of Aqua Data in Earth System Model Formulations and Evaluations

Aqua data have been widely used during the formulation and evaluation of Earth system models. In fact, the
AIRS/AMSU, AMSR-E, CERES, and MODIS data are the most downloaded data sets in the Observations for
Model Intercomparisons Project (Obs4MIP), which was created explicitly to facilitate the use of satellite data
to evaluate the performance of Earth system models (Teixeira et al., 2014). Additionally, AIRS data have been
used to constrain the water vapor feedback in models (Gordon et al., 2013) and to test model forecasts of cloud
parameters (Garand et al., 2011), to evaluate Coupled Model Intercomparison Project Phase 5 (CMIP5) models
(Tian et al., 2013), and to assess a climate model's cloud schemes (Stubenrauch et al., 2019) and a climate model's
representation of atmospheric gravity waves (Holt et al., 2017); MODIS ocean color and SST data have been
used in the modeling of ocean ecosystem dynamics (Mahadevan et al., 2012); and CERES data have been used
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(a) Dust Storm

Figure 7. Sample Aqua Moderate Resolution Imaging Spectroradiometer
imagery showing air quality issues: (a) Dust storm in the Middle East on
24 April 2022; (b) Fires and smoke in eastern Russia on 8 August 2021.
(Images from NASA's Earth Observatory; the dust image is from https://
earthobservatory.nasa.gov/images/149772/mediterranean-dust-storm, and
the fire image is from https://earthobservatory.nasa.gov/images/148678/
an-unusually-smoky-fire-season-in-sakha.)

to evaluate climate model parameterizations of clouds (Baran et al., 2016;
Eidhammer et al., 2017) and deep convection (Wang & Zhang, 2016), to eval-
uate modeled top-of-the-atmosphere and surface radiative fluxes (Dolinar
et al., 2015; Li et al., 2013; Loeb et al., 2022), and to provide insights on the
surface radiative flux biases in CMIP5 global climate model (GCM) compar-
isons (Boeke & Taylor, 2016; Loew et al., 2016; Schneider & Reusch, 2016;
X. Zhang, Liang, et al., 2016). These are just a few examples to illustrate the

widespread use of Aqua data in model formulations and evaluations.

5. Practical Applications of Aqua Data

In addition to their scientific value, Aqua data have been widely used in prac-
tical applications. Notable examples include:

1.

AIRS/AMSU data are routinely assimilated in near-real-time (generally
within 2 hours of the observations) in operational weather prediction
centers around the world. In fact, the AIRS instrument is recognized as
one of the most important satellite instruments in the past 20 years for
improving weather forecasts (Cardinali & Healy, 2012; Raju et al., 2015;
Reale et al., 2018; WMO, 2012). It was the first advanced infrared
sounder to be used operationally in numerical weather prediction (NWP),
and experiences with AIRS have “played an important part in preparing
the NWP community for rapidly exploiting the next generation of opera-
tional hyperspectral sounders,” a sentiment expressed in a review article
from the United Kingdom (UK) Met Office and the European Centre
for Medium-Range Weather Forecasts (ECMWF) on NWP assimilation
of satellite data (Eyre et al., 2022). Among the specific improvements,
assimilation of AIRS data has been found to improve tropical cyclone
forecasts at major NWP centers (Li et al., 2012; Liu & Zou, 2015) and
to improve the representation of polar lows and a tropical-like cyclone in
the Mediterranean Sea (Ganeshan et al., 2022).

MODIS-derived winds are also assimilated in operational forecast
systems worldwide, with positive impact (e.g., Santek, 2010).

CERES data products from Aqua and Terra are available online at https://
power.larc.nasa.gov within a week of the observations, through an effort
of the Prediction of Worldwide renewable Energy Resource (POWER)
project; and in the 4 years May 2018-May 2022, over 98 million data
requests for these products were filled. Many of the requests have come
from the agriculture and energy communities. The data support such
agricultural efforts as crop modeling (Van Wart et al., 2015), assessment
of regions for crop suitability, and estimation of potential evapotranspira-
tion to help inform irrigation planning. Among the energy applications,
the data are used to assess the performance of solar photovoltaic technol-
ogies (e.g., Armendariz-Lopez et al., 2016), to address issues regarding
renewable energy and energy efficiency, and to monitor energy usage
at the University of Michigan, Auburn University, NASA, 3M, Johnson
Controls, and elsewhere.

4. MODIS data products regarding phytoplankton, cyanobacteria, and algae blooms have helped inform local
populations of when these toxic water conditions exist or are imminent (e.g., Kahru et al., 2018). For one
explicit example, the Aqua MODIS data are used along with numerical models in the California Harmful
Algae Risk Mapping system in order to provide operational predictions of harmful conditions along the
California coast, allowing better-informed management decisions by recreational managers, marine mammal
rescue teams, and others (Anderson et al., 2016). For another example, Aqua MODIS data have identified
and continue to monitor what since 2011 has become an annual development of a massive sargassum bloom
stretching from the coast of western Africa westward to the Gulf of Mexico. Such monitoring can forewarn
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Figure 8. Global map of carbon monoxide on 27 September 2005, as derived from AIRS data, most prominently showing high levels of carbon monoxide in Brazil and
off the Brazilian coast, due to fires burning in the Amazon and winds transporting the carbon monoxide eastward. (Image from the NASA Goddard Space Flight Center
Scientific Visualization Studio, https://svs.gsfc.nasa.gov/3882, created by Lori Perkins, Tom Pagano, Edward Olsen, and Hai Nguyen.)

10.

communities in its path of the approaching foul-smelling reddish-brown vegetation, often containing thick
mats of seaweed (Wang et al., 2019).

AIRS/AMSU sulfur dioxide data, often highlighting volcanic emissions, are used operationally by
NOAA to notify the Volcanic Ash Advisory Center when high sulfur dioxide concentrations exist, for
the purpose of assisting pilots in avoiding aviation hazards; and MODIS data on volcanic emissions are
used by the Federal Aviation Administration for the same purpose. In the specific case of the eruption
of Iceland's Eyjafjallajokull volcano in April and May 2010, both MODIS and AIRS imagery were
used in determinations of flight cancellations and rerouting of flights to, from, and within Europe at
that time (Prata & Prata, 2012; Walker et al., 2012). AIRS data are also used by the European Space
Agency's Support to Aviation Control Service for near-real-time monitoring of volcanic plumes (Brenot
et al., 2014).

AIRS near-surface humidity data are used by the County of Los Angeles, California, in a semi-operational
prediction system for influenza outbreaks. More broadly, the AIRS data have been used to determine
geographically variable threshold values of humidity that signal the likely onset of flu breakouts throughout
the contiguous United States (U.S.) (Serman et al., 2022).

The County of Los Angeles uses MODIS land surface temperatures in efforts to develop climate adaptation
and mitigation strategies (Hulley et al., 2019).

MODIS data have been used by the U.S. Department of Agriculture, other operational agencies, and the
International Group on Earth Observations Global Agricultural Monitoring (GEOGLAM) project to moni-
tor the condition of crops during the growing season. Of particular importance, this satellite-based monitor-
ing, incorporating MODIS data, can provide early identification of poor crop production in food-insecure
countries and lead to timely mobilization of food aid (Becker-Reshef et al., 2020). The MODIS data have
also been shown to improve the timeliness of forecasts of winter wheat production in the U.S., Ukraine, and
China (Franch et al., 2015).

MODIS images provide clear depictions of forest fires, dust storms, and oil spills, allowing communities
potentially affected by these events to readily monitor them (e.g., Figure 7). The fire imagery in particular
can assist forest services in decisions regarding the deployment of firefighters.

MODIS data are also used for sea ice monitoring by the Canadian Ice Service, the NOAA CoastWatch
program, and the U.S. Coast Guard.
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geoe 6. Discussion

é With Aqua data incorporated in over 20,000 scientific publications, this paper
SEO18 by necessity only presents a small fraction of results obtained from Aqua.
‘E Additional exciting areas of research with Aqua data include: (a) the use of

042 AIRS data to study atmospheric gravity waves (e.g., Kalisch & Chun, 2021;
Yao et al., 2022), including the first global maps of convectively-generated
concentric gravity waves (Gong et al., 2015) and images of the waves

0.08
458 1L e e generated from the January 2022 Hunga Tonga-Hunga Ha'apai eruption
140E 160E 180E 160W 140W . . S . .
(Figure 9); (b) the use of AIRS data to reveal significant increases in ammo-
Figure 9. Atmospheric gravity waves propagating from the 15 January nia over major agricultural regions, likely due to increased fertilizer usage

2022, Hunga Tonga-Hunga Ha'apai volcanic eruption in the south Pacific, as and animal husbandry (Warner et al., 2017); (c) the joint use of AIRS CO,
revealed in the Atmospheric Infrared Sounder (AIRS) channel 2042 radiances. data and MODIS gross primary productivity data to examine the drawdown

(Image from Tao Wang of the AIRS Science Team.)

of atmospheric CO, into the boreal forests (Pagano et al., 2014); (d) the
use of MODIS data to monitor and analyze the Great Calcite Belt in the
Southern Ocean (Balch et al., 2016; Smith et al., 2017); and (e) the use of
CERES data to examine northward Atlantic Ocean heat transport (Trenberth
& Fasullo, 2017).

For studies of climate and Earth system changes, the length of the record is enormously important, and much
work has gone into extending earlier records with Aqua data and extending Aqua data with data records that could
continue beyond Aqua. Examples of the former include: Franz et al. (2016) and Sathyendranath et al. (2019)
using MODIS data to extend ocean chlorophyll-a records from the Sea-viewing Wide-Field-of-view Sensor
(SeaWiFS); Oziel et al. (2022) using data from the Coastal Zone Color Scanner to further extend the SeaWiFS
and Aqua MODIS chlorophyll-a records back to 1979; Dorigo et al. (2012) using AMSR-E data to extend soil
moisture records from the Special Sensor Microwave Imager; and Allan et al. (2014) using CERES data to extend
Earth radiation budget records from the Earth Radiation Budget Satellite. Examples of extending Aqua data with
records that either have continued or could continue beyond the relevant Aqua measurements include the exten-
sion of AMSR-E records with AMSR2 data (e.g., Du et al., 2017 for soil moisture and other land parameters;
Meier & Ivanoft, 2017 for sea ice concentrations), the extension of Aqua CERES records with records from the
CERES on Suomi NPP and NOAA-20 (e.g., Loeb & Doelling, 2020), the extension of AIRS records with records
from the Cross-track Infrared Sounder (CrIS) (e.g., Aumann et al., 2016; Motteler & Strow, 2019), and the exten-
sion of MODIS records with records from the Visible Infrared Imaging Radiometer Suite (e.g., Levy et al., 2015
and Sayer et al., 2017, 2019 for aerosols; Franz et al., 2016 for chlorophyll-a; Hall et al., 2019 for snow cover
extent; and Skakun et al., 2018 for vegetation). Like all satellite missions, the Aqua mission will end at some
point. However, it is encouraging to know that many of the data records meticulously created with Aqua data will
be extended into the future by records from other, later missions.

Data Availability Statement

The Aqua data are archived and publicly available at the following data centers: The Goddard Earth Sciences
(GES) Data and Information Services Center (DISC) for AIRS, AMSU, and HSB data (disc.gsfc.nasa.gov/
AIRS); the National Snow and Ice Data Center (NSIDC) for AMSR-E data (nsidc.org/data/amsre) and for
MODIS snow and ice data (nsidc.org/data/modis); the Langley Research Center (LaRC) Distributed Active
Archive Center (DAAC) for CERES data (eosweb.larc.nasa.gov); the Land Processes DAAC (LPDAAC)
for MODIS land data (Ipdaac.usgs.gov); the Level 1 and Atmosphere Archive and Distribution System
(LAADS) DAAC for MODIS atmosphere data (ladsweb.nascom.nasa.gov); the Ocean Biology Processing
Group (OBPG) data repository for MODIS ocean color data (oceancolor.gsfc.nasa.gov); and the Physical
Oceanography DAAC (PODAAC) for MODIS sea surface temperature data (podaac.jpl.nasa.gov/datasetlist?-
searchAQUA). The Aqua MODIS data plotted in Figure 5 are available at https://doi.org/10.5067/MODIS/
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