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ABSTRACT
This paper describes one of the challenges facing the flight operations teams of the International Earth Observing
constellation satellites at the 705 km orbit, including National Aeronautics and Space Administration (NASA) satellites.
The NASA Earth Science Mission Operations (ESMO) Project has been dealing with predicted conjunctions (close
approaches) between operational/non-operational space objects and the satellites in the International Earth observing
constellations for several years.
The NASA Conjunction Analysis and Risk Assessment (CARA) team provides daily reports to the ESMO Project
regarding any “close approach” high interest events (HIEs) involving the constellation satellites. The daily CARA
reports provide risk assessments that help the operations teams to determine if they need to perform a risk mitigation
action. If the conjuncting space object is an operational satellite that is capable of maneuvering, the affected satellite
team needs to coordinate their action plan with the operator of the conjuncting satellite. It is absolutely critical for the
two teams to communicate as soon as possible. The goal is to minimize the collision risk; for this to happen, both
satellite operators need to coordinate their maneuver plans.
The constellation teams have established guidelines for coordinating HIEs among themselves. This coordination
process has worked successfully for several years for satellites that are operated by other organizations in the United
States and by NASA’s international partners, all with whom NASA has a cooperative agreement. However, the
situation is different for predicted conjunctions with satellites of foreign operators that do not have an agreement with
NASA and the constellation organizations. The current process for coordinating conjunctions is neither timely nor
satisfactory. Due to the concern that the Earth observing satellites at the 705 km orbit can become unusable by a
collision with other satellites, the NASA ESMO Project and the CARA team are proposing a more timely coordination
and communication process to resolve and safely mitigate these predicted high-risk events. This proposed process does
not violate any existing communication constraints between the United States and certain foreign operators. Comments
from other satellite operators are welcomed and greatly appreciated.
1.

BACKGROUND

The two international Earth observing constellations of satellites are known as the Morning and Afternoon
Constellations (Fig. 1 and Table 1) and are under NASA’s Earth observation program. The satellites fly together at in
polar 16-day repeating orbits at 705 km nominal altitude, enabling near-simultaneous measurements over the entire
globe. Their orbits are sun-synchronous, i.e., observations are taken under relatively constant lighting conditions.
Sensors were provided by
• The Morning Constellation began with the launches of the United States Geological Survey (USGS) Landsat-7
and NASA EOS Terra satellites in 1999. The Terra and Landsat-7 Project Scientists had signed a pre-launch
agreement to do “loose constellation flying” to obtain near-coincident observations. In November 2000, NASA’s
EO-1 satellite and Argentina’s Satelite de Aplicanciones Cientificas-C (SAC-C) satellite (the latter managed by
the Comisión Nacional De Actividades Espaciales [CONAE]), joined Terra and Landsat-7, resulting in a fullfledged orbiting constellation. The 4 satellites were positioned to cross the equator within minutes of each other at
a mean local time (MLT) at the descending node range of 10:00 a.m. - 10:45 a.m., hence, the group is known as
the Morning Constellation.
• The Afternoon Constellation (better known as the A-Train) began with the launch of NASA’s EOS Aqua satellite
in 2002; EOS Aura followed two years later. A third satellite, Polarization and Anisotropy of Reflectances for

Atmospheric Sciences Coupled with Observations from Lidar (PARASOL), managed by the French Space
Agency, Centre National d'Etudes Spatiales (CNES), launched in December 2004. The CALIPSO satellite (a joint
U.S./French mission) and the CloudSat satellite (a joint NASA/Canadian Space Agency [CSA]/U.S. Air Force
mission) launched together in 2006. Another 2 NASA satellites, the Orbiting Carbon Observatory (OCO) and
Glory, were scheduled to join the A-Train in 2009 and 2010, respectively, but both failed to reach orbit due to
launch vehicle failures. In May 2012, the Japan Aerospace Exploration Agency, JAXA successfully launched
GCOM-W1, which joined the A-Train in front of Aqua. The OCO replacement, OCO-2, was successfully
launched on July 2, 2014 and joined the A-Train on August 3, 2014. The A-Train satellites cross the equator
between 1:15 p.m. and 1:45 p.m. MLT at the ascending node.

Fig. 1. Morning and Afternoon Constellations (Current Missions)
Unlike other constellations such as the Global Positioning System (GPS), the two constellations are heterogeneous (that
is, they involve diverse groups of spacecraft and instrument sensors). Both constellations are international in scope,
involving space agencies from the United States, Argentina, Brazil, Canada, France, Finland, Japan, the Netherlands,
and the United Kingdom. The constellation missions are independently managed by their agencies/organizations.
By managing the orbital geometry, the A-Train provides more information obtained at almost the same time of the same
Earth scene or atmosphere than could be provided by any one instrument. The science concept for flying satellites
closely together to get near-concurrent measurements that can be correlated more easily is illustrated in Fig. 2. Active
instruments aboard CALIPSO (the Cloud-Aerosol Lidar with Orthogonal Polarization [CALIOP] light detection and
ranging [lidar]) and CloudSat (the Cloud Profiling Radar [CPR] radar) are indicated with dashed lines. This illustration
color-codes instrument swaths (i.e., the area of Earth’s surface or atmosphere over which data is collected) based on
observed wavelength ranges. Microwaves (Aqua, Aura, and CALIPSO) are represented by red-purple to deep purple
colors; solar wavelengths (PARASOL, Aura, and OCO-2), yellow; solar and infrared wavelengths (Aqua and Terra),
gray; other infrared wavelengths (CALIPSO, Aqua, Aura) are represented by reds. Go to the A-Train web site
(http://atrain.nasa.gov) for more information.

Fig. 2. Afternoon Constellation (A-Train) Science Observation Concept
Table 1. Afternoon Constellation (A-Train) and Morning Constellation Satellites
Satellite

Aqua

Aura
PARASOL
CALIPSO
CloudSat
OCO
Glory
GCOM-W1
OCO-2

Landsat 5

Landsat 7

Terra
EO-1

SAC-C

Landsat 8

Mission Summary
Afternoon Constellation (A-Train)
Aqua, Latin for water, named for the large amount of information that the
mission is collecting about the Earth's water cycle, including evaporation
from the oceans, water vapor in the atmosphere, clouds, precipitation, soil
moisture, sea ice, land ice, and snow cover on the land and ice.
Aura (Latin for air) studies the Earth’s ozone, air quality, and climate. It is
designed exclusively to conduct research on the composition, chemistry,
and dynamics of the Earth’s atmosphere.
Polarized light measurements allow better characterization of clouds and
aerosols in the Earth’s atmosphere.
NOTE: Left constellation December 2009; decommission in late 2013.
Observations from space-borne lidar, combined with passive imagery, lead
to improved understanding of the role aerosols and clouds play in
regulating the Earth’s climate.
Cloud Profiling Radar allows for the most detailed study of clouds to date
and should better characterize the role clouds play in regulating the Earth’s
climate.
Three grating spectrometers will make global, space-based observations of
the column-integrated concentration of CO2, a critical greenhouse gas.
Collect data on the physical and chemical properties as well as the spatial
and temporal distributions of aerosols; and continue collection of total
solar irradiance data for the long-term climate record
The GCOM-W1 observes integrated water vapor, integrated cloud liquid
water, precipitation, sea surface wind speed, sea surface temperature, sea
ice concentration, snow water equivalent, and soil moisture.
Three grating spectrometers will make global, space-based observations of
the column-integrated concentration of CO2, a critical greenhouse gas.
Morning Constellation
Collects specialized digital photographs of Earth’s continents and
surrounding coastal regions, enabling people to study many aspects of our
planet and to evaluate the dynamic changes caused by both natural
processes and human practices.
Provides global coverage, and spectral characteristics to allow
comparisons for global and regional change detection and image data to
various international users throughout the world during times of sudden
global changes (e.g., earthquakes or floods).
Terra is a multi-national, multi-disciplinary mission that will help us to
understand how the complex coupled Earth system of air, land, water and
life is linked.
Develop and validate a number of instrument and spacecraft bus
breakthrough technologies designed to enable the development of future
earth imaging observatories
Provides multispectral imaging of terrestrial and coastal environments,
studies the structure and dynamics of the Earth’s atmosphere, ionosphere
and geomagnetic field, seeks to measure the space radiation in the
environment.
Provides moderate-resolution measurements of the Earth's terrestrial and
polar regions in the visible, near-infrared, short wave infrared, and thermal
infrared. Landsat 8 provides continuity with the 40+ year Landsat land
imaging data set.

2.

Duration

Responsible
Organization

May 4, 2002 –
present

NASA/GSFC

July 15, 2004 –
present

NASA/GSFC

December 18,
2004 –
December 2013

CNES

April 28, 2006
- present

NASA/GSFC
NASA/LaRC
CNES

April 28, 2006
- present

NASA/GSFC
NASA/JPL

February 24,
2009
(launch failed)

NASA/JPL

March 4, 2011
(launch failed)

NASA/GSFC

May 18, 2012 present

JAXA

July 2, 2014 present

NASA/JPL

March 1, 1984
– June 5, 2013

USGS

April 15, 2999
- present

USGS

December 18,
1999

NASA/GSFC

November 21,
2000 - present

NASA/GSFC

November 21,
2000 – August
15, 2013

CONAE

February 11,
2013 - present

USGS

A-TRAIN CONFIGURATION

The A-Train is quite unique in that the placement of the satellites after Aqua was designed before launch to enable nearconcurrent observations. The constellation satellites fly very near each other to give the scientists near-coincident

measurements. Fig. 3 shows the agreed-upon spacing between the satellites.

Fig 3. A-Train Satellite Spacing
The teams that fly the constellation satellites decided to form the Constellation Mission Operations Working Group
(MOWG) in 2003. The MOWG is composed of management and flight dynamics representatives from each member
mission who meet semi-annually. The MOWG maintains and monitors the constellation configuration and determines
suitable satellite locations for new missions. The teams have agreed to coordinate and perform maneuvers to maintain
the required alignment with respect to each other and in accordance with each mission’s science requirements.
3.

MONITORING THE CONSTELLATION CONFIGURATION

NASA developed the web-based Constellation Coordination System (CCS) tool to monitor the locations and planned
movements of the constellation satellites, thus ensuring that potentially dangerous configuration deviations will be
detected and announced expeditiously. The mission teams send 7 days’ worth of predicted ephemeris data to the CCS
daily. The CCS then sends reports of predicted violations to the mission teams; the teams then evaluate the risk and
make their decision on whether to maneuver or not. If needed, the teams email, meet, or teleconference to coordinate a
course of action. The CCS makes coordination as routine as possible and eliminates the need for multiple
teams/agencies to monitor the constellation configuration.
4.

MITIGATING RISK FROM OTHER SPACE OBJECTS

The number of space objects has increased greatly in the past 15 years and is currently estimated to be 500,000 objects
between 1 and 10 cm and 100 million objects less than 1 cm. The space objects consist of a) debris from satellites, b)
non-operational satellites (not able to control their orbits), or c) operational satellites that may or may not be able to
maneuver.
Although NASA issued its first set of orbital debris mitigation standard practices in 1995, the threat of orbital debris
(Fig. 4) was just being recognized as a significant issue when Aqua was launched in 2002. Orbital debris poses a greater
concern for constellations because a collision involving a single constellation satellite has the potential to create a debris
cloud that makes future operations at the chosen orbital altitude untenable. The concern for the safety of the A-Train
drove the establishment of a conjunction assessment and warning service for the A-Train and other NASA assets.
NASA's Goddard Space Flight Center started monitoring close approaches in 2004.
In 2007, NASA issued its first formal policy for limiting orbital debris. If hardware is in or near low-Earth orbit or
geosynchronous orbit, it needs to have conjunction assessments performed. To perform these assessments, NASA
entered into an agreement with the Department of Defense’s US Strategic Command (USSTRATCOM) team (i.e., the
Joint Space Operations Center [JSpOC]) that tracks space objects. With this support in place, NASA’s CARA team
performs risk assessments for any unmanned NASA satellite.

Fig 4. Orbital Debris
Using information obtained from the JSpOC, the CARA team identifies, quantifies, and recommends options for
mitigating the risk of close approaches with space objects (both orbital debris and non-constellation satellites) passing
through the constellation neighborhood. If there is a high probability of conjunction, the objects are flagged for extra
monitoring. Typically, the probability goes down after a couple of additional days of tracking. In those rare cases that
the probability does not decrease, the operations teams begin planning for an avoidance maneuver. Over the past 10
years, the constellation satellites’ operators have worked with the CARA team and developed a process for dealing with
predicted close approaches with space objects. If the predicted conjunction is with a non-operational object such as
space debris, the team determines if a maneuver needs to be performed in advance of the date of close approach. If the
predicted conjunction is with an operational satellite, the constellation operators coordinate their planned course of
action with the CARA team and the operator of the approaching satellite. If the owner-operator is in the United States
or an agency that has a cooperative agreement with the owner of the constellation satellite, the coordination is fairly
simple since there are established points of contact and procedures for coordinating and communicating with each other.
The constellation missions have safely performed numerous risk mitigation maneuvers since 2005 using this
coordination process.
5.

MANAGING PREDICTED CONJUNCTIONS

Case History: Landsat 5 – Afternoon Constellation orbit passings
The Morning Constellation and the Afternoon Constellation satellites all follow similar 705 km orbits. Their orbit
planes intersect near the poles. In February 2010, monitoring results indicated that Landsat 5 was crossing through the
orbit plane intersections at the poles between CloudSat and CALIPSO (Fig. 5). In the next several weeks, Landsat 5
passed behind CALIPSO. Further investigation revealed that Landsat 5 had “passed” the Afternoon Constellation in
2004 and 2008.

Fig. 5. Landsat 5 and the A-Train Satellites in 2010
NASA formed a ‘Red Team’ consisting of both the Landsat 5 and the Afternoon Constellation teams in March 2010 to
analyze the situation and determine the best courses of action to minimize risks while continuing to meet mission
requirements. The Red Team recommended that a “managed crossing approach” should be adopted, taking advantage
of the highly predictable nature of the orbits.
This approach was based on the following assumptions:
• A minimum radial separation of 400 meters during close approaches (experience has since shown that 400 meters
is very conservative).
• At least one of the two missions maintains positive control,
• Any Constellation mission that experiences an anomaly or failure (or needs to exercise a debris avoidance
maneuver) immediately notifies the other missions, and
• Contingency plans, including triggers, are documented and shared.
The specific procedures that were used to manage the Landsat 5 satellite crossings with the Afternoon Constellation
were documented, reviewed and agreed to by all parties. These procedures were implemented over two years and
resulted in safe passings between Landsat 5 and the constellation satellites.
This approach works very well even when the conjunction involves a satellite operated by a foreign country as long as
NASA and the foreign operator are free to communicate with each other, as International partners, or in accordance
with agreements between the two parties.
6.

CURRENT COMMUNICATION PROCESS FOR PREDICTED CONJUNCTIONS INVOLVING
NON-CONSTELLATION SATELLITES OPERATED BY FOREIGN COUNTRIES

There are over 15 countries with operational and non-operational satellites in or near the 705 km sun-synchronous orbit.
Using two-line orbital elements and other available information, Fig. 6 illustrates the orbits of the satellites in or near
the 705 km. orbit. The white and black lines represent the orbits of the Morning and Afternoon Constellation satellites
respectively. Avoiding close approaches with operational and non-operational objects requires the attention of space
agencies and operators worldwide.

Fig. 6. Satellites Near the 705 km Constellation Orbits
If a maneuverable satellite is predicted to come close to a piece of orbital debris or a non-maneuverable satellite, it must
change its orbit to avoid a collision. If the other hand, a maneuverable satellite is predicted to come close to another
maneuverable satellite, the two mission teams must coordinate their actions to ensure that the two satellites do not both

maneuver in ways that increase (rather than decrease) the collision risk. This coordination must be done in a timely
manner.
When the CARA report includes a high-risk conjunction involving satellites operated by foreign operators with whom
NASA does not have an existing communications agreement, NASA currently follows the following process. CARA
and ESMO inform NASA Headquarters Earth Science Division management and the Office of International and
Interagency Relations (OIIR). The OIIR then informs the United States State Department. If deemed necessary, the
State Department will send a message to the US embassy in the affected foreign country. The designated US embassy
official will relay the message to the designated point of contact in the foreign country, most likely the Ministry of
Foreign Affairs, or its equivalent. It would be up to that Ministry to pass the message to the operator of the spacecraft.
Obviously, this process takes a long time, which can be a problem when there is a limited time in which to mitigate the
close approach. It is important to note that previous experience with this process has resulted in no feedback received
by the NASA satellite operators from the foreign satellite operators.
7.

PROPOSED COMMUNICATION PROCESS FOR PREDICTED CONJUNCTIONS INVOLVING
NON-CONSTELLATION SATELLITES OPERATED BY FOREIGN COUNTRIES

The ESMO Project is implementing a fully public website, “satellitesafety.gsfc.nasa.gov” that has a goal of providing a
communication and coordination vehicle to promote and ensure the safety of all the Earth observing satellites managed
and/or monitored by the NASA's ESMO Project (Fig. 7).
The website contains information regarding the constellation missions and orbital safety information. It also contains a
number of other pages that have specific information regarding a high interest event/close approach and what the
ESMO satellite operators are planning to do to mitigate the predicted conjunction. Timely updates will be generated as
needed. One option being considered is for the address of close-approach-specific pages to be provided via approved
channels to the operators of a foreign satellite that has a predicted close approach with one of the constellation satellites.
It is hoped that these pages will provide more timely close approach information directly from NASA to the foreign
satellite operator. The objective is to engage the foreign satellite operator in a review of the information about the
predicted conjunction and NASA’s plans. The foreign satellite operator could then plan an action (or no action) that will
result in safe mitigation of the conjunction. The web pages would also provide contact information in case the foreign
satellite operator needs to contact the NASA satellite operator directly.

Fig. 7. Satellite Safety Web Site (http://satellitesafety.gsfc.nasa.gov)

8.

SUMMARY

NASA is concerned with the constant threat of space objects to its satellites. NASA satellite operators communicate and
coordinate their planned action (maneuver or not maneuver) with other satellite operators when there is a high-risk
predicted close approach with another satellite. Coordination and timely communications are key to keeping all
satellites at the 705 km orbit safe. To help with communications during a close approach between two operational
spacecraft, NASA is implementing a website, satellitesafety.gsfc.nasa.gov. Specific pages of the proposed website
provide timely information to the foreign satellite operators regarding a near-term predicted conjunction with one of the
Earth observing NASA satellites at the 705 km orbit. By going to the specific pages of the website, the foreign satellite
operator can have the information as quickly as possible and take (or not take action) to ensure the safety of the
constellation satellite as well as their satellite.
Note: This proposed communication and coordination process is currently under review. NASA is open to suggestions,
especially from the foreign satellite operators, to enhance timely communication with foreign satellite operators when
there is a high-risk predicted conjunction.
9.
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