[image: image12.jpg]


151
CIMO Guide, Part IV, Satellite observations  -  References and Acronyms                                                                                  Page

[image: image13.emf]PAGE  
19
CIMO Guide, Part IV, Satellite observations  -  4. satellite programmes              Page     


4.
SATELLITE PROGRAMMES
The measurements described in chapter 2 are performed within satellite programmes
 implemented by space agencies with either an operational mandate to serve particular user communities, or a priority mandate for Research & Development.  In addition to the core meteorological constellations in geostationary and near-polar Sun-synchronous orbits, these programmes include environmental missions focusing on specific atmospheric parameters, or on ocean and ice, or land observation, or Solid Earth, or Space Weather.  Many of these environmental missions are designed and operated in a research or demonstration context, but some of them have reached operational maturity, and contribute to the sustained observation of environmental components, especially when they have been extended over time and/or they give way to an operational follow-on.  

For each type of applications, satellite missions may be seen as constituent parts of constellations of spacecraft that, in many cases, will only provide their full benefit when implemented in a coordinated fashion, ensuring synergy among the different sensors.  International coordination among satellite operators is achieved within the Coordination Group for Meteorological Satellites (CGMS), which has as primary goal to maintain the operational meteorological and climate monitoring constellations, and the Committee on Earth Observation Satellites (CEOS), which has initiated “Virtual constellations” with thematic objectives (Ocean surface Topography, Precipitation, Atmospheric composition, Land Surface Imaging, Ocean surface vector wind, Ocean colour, Sea Surface Temperature).
The following mission categories are considered: 
· Operational meteorological satellites
· Specialized Atmospheric missions
· Missions to ocean and ice
· Land observation missions
· Missions to Solid Earth

· Missions for Space weather.

4.1
Operational meteorological satellites

The system of operational meteorological satellites constitutes the backbone of the space-based Global Observing System.  It is split into two components, according to the orbital characteristics:

· constellation in geostationary or highly elliptical orbit

· constellation in Sun-synchronous orbits.
4.1.1
Satellite constellation in geostationary or highly elliptical orbits

The geostationary orbit is particularly suited for operational meteorology because it enables very frequent sampling (at sub-hourly or minute rates) as necessary for rapid evolving phenomena (daily weather) or detecting events such as lightning, as long as no very high spatial resolution is required (order of 1 km).  The primary observations from the geostationary orbit are:

· cloud evolution (detection, cover, top height and temperature, type, water phase at cloud top, particle size)

· frequent profile of temperature and humidity to monitor atmospheric stability

· winds by tracking clouds and water vapour patterns (including wind profile from water vapour profile tracking)

· convective precipitation (in combination with MW data from LEO and lightning detection)

· surface variables in rapid evolution (sea-surface temperature in coastal zones, fires)

· ozone and other trace gases affected by diurnal variation or arising from changing sources.

One drawback of the geostationary orbit is the poor visibility to high latitudes, beyond around 60° for quantitative measurements, 70° for qualitative.  This limitation can be overcome by using high-eccentricity inclined orbits (Molniya, Tundra or three-apogee orbits) instead of the geostationary orbit (see section 2.1.4 and Fig. 2.5).  Additionally, the diffraction limit due to the small angles subtended by the large distance poses challenges for very-high-resolution optical imagery and MW radiometry.  MW observation for all-weather temperature and humidity sounding and quantitative precipitation measurement from GEO should be feasible by using high frequencies, as technology is becoming available.

The requirement for global non-polar frequent observations from the geostationary satellites calls for six regularly-spaced spacecrafts (Fig. 4.1).  For operational backup, a certain redundancy is necessary beyond this minimum.

Table 4.1 lists the operational programmes that have agreed to contribute to the constellation of meteorological geostationary satellites in 2012, and their nominal positions. It is noted that other positions may be used on a temporary basis, e.g. in contingency situations.
	Table 4.1 – Present and planned satellite programmes of the operational meteorological system in GEO

	Acronym
	Full name
	Responsible
	Nominal position(s)

	GOES
	Geostationary Operational Environmental Satellite
	NOAA
	75°W and 135°W

	Meteosat
	Meteorological Satellite
	EUMETSAT
	0°

	Electro/GOMS
	Electro / Geostationary Operational Meteorological Satellite
	RosHydroMet
	76°E, 14.5°W and 166°E

	INSAT & Kalpana
	Indian National Satellite & Kalpana
	ISRO
	74°E and 93.5°E

	FY-2 & FY-4
	Feng-Yun-2 and follow-on Feng-Yun-4
	CMA
	86.5°E and 105°E

	COMS & GEO-KOMPSAT
	Communication, Oceanography and Meteorology Satellite and follow-on Geostationary Korea Multi-Purpose Satellite
	KMA
	128.2°E or 116.2°E

	Himawari/MTSAT
	Himawari  including Multi-functional Transport Satellite
	JMA
	140°E


4.1.2
Satellite constellation in Sun-synchronous orbits

The Sun-synchronous orbit provides global coverage necessary for applications such as global Numerical Weather Prediction (NWP), polar meteorology, climatology, etc.  For these applications, very frequent sampling is less critical than global coverage and high accuracy.  The primary contributions from Sun-synchronous orbit are:

· profile of temperature and humidity as primary input to NWP

· cloud observations at high latitudes complementing GEO 

· precipitation observations by MW radiometry

· surface variables (sea- and land-surface temperatures, vegetation and soil moisture indexes)

· ice cover, snow, hydrological variables

· surface radiative parameters (irradiance, albedo, PAR, FAPAR)

· ozone and other trace gases for environment and climate monitoring.

Additional advantages of Sun-synchronous and other Low-Earth orbits are the capability of active sensing in the MW (radar) and optical (lidar) ranges and of performing limb measurements of the higher atmosphere.

Global coverage at roughly 4-hour intervals can be achieved by three Sun-synchronous satellites in coordinated orbital planes crossing the equator at, for instance, 05:30, 09:30 and 13:30 Local Solar Time (LST), provided that the instrument swath is sufficiently wide and the measurement can be performed both in the day and night (see Fig. 4.2).
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	VIS/IR imagery with cross-track scanning - swath 2900 km.
	IR/MW sounding with cross-track scanning - swath 2200 km.
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	Fig. 4.2 - Coverage from three Sun-synchronous satellites of height 833 km and ECT regularly spaced at 05:30 d, 09:30 d and 13:30 a.  For the purpose of this schematic diagram, all satellites are assumed to cross the equator at 12 UTC.  The figure refers to a time window of 3 h and 23 min (to capture two full orbits of each satellite) centred on 12 UTC.  Three typical swaths are considered: upper-left 2900 km for the VIS/IR imagery mission; upper-right 2200 km for the IR/MW sounding mission; bottom-left 1700 km for microwave conical scanners.  Nearly 3-hour global coverage is provided for the VIS/IR imagery mission, whereas for the IR/MW sounding mission coverage is nearly complete at latitudes above 30 degrees.  For microwave conical scanners global coverage in 3 hours would require 8 satellites.  

	Microwave radiometer with conical scanning - swath 1700 km.
	


Table 4.2 lists the operational programmes contributing now or in the future to the constellation of meteorological Sun-synchronous satellites as of 2012. 

	Table 4.2 – Present and planned satellite programmes of the operational meteorological system in LEO

	Acronym
	Full name
	Responsible
	Height
	Nominal ECT

	NOAA
	National Oceanic and Atmospheric Administration
	NOAA
	833 km
	13:30 a

	Suomi-NPP
	Suomi - National Polar-orbiting Partnership
	NOAA
	833 km
	13:30 a

	JPSS
	Joint Polar Satellite System
	NOAA
	833 km
	13:30 a

	DMSP
	Defense Meteorological Satellite Program
	DoD
	833 km
	05:30 d

	MetOp
	Metorological Operational satellite
	EUMETSAT
	817 km
	09:30 d

	MetOp-SG
	Metorological Operational satellite - Second Generation
	EUMETSAT
	817 km
	09:30 d

	FY-3
	 Feng-Yun-3
	CMA
	836 km
	10:00 d and 14:00 a

	Meteor-M
	Meteor, series ”M”
	RosHydroMet
	830 km
	09:30 d and 15:30 a

	Meteor-MP
	Meteor, series “MP”
	RosHydroMet
	830 km
	09:30 d and 15:30 a


4.2
Specialised atmospheric missions

4.2.1
Precipitation

Precipitation is a basic meteorological variable, but its measurement requires the exploitation of the microwave spectral range at a resolution consistent with the scale of the phenomenon and at relatively low frequencies; this implies large instruments.  Moreover, the relation between passive MW sensing and precipitation is not explicit.  Only total column precipitation is measured, and only in a few channels.  The retrieval problem is strongly ill-conditioned and requires modelling of the vertical cloud structure, which can only be observed by radar.  The TRMM mission (launched in 1997), that carries associated passive and active MW sensors, has enabled the development of algorithms that have allowed much better use of passive measurements.  
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	Fig. 4.3 - Concept of the GPM.


The TRMM mission has enabled developing the concept of a Global Precipitation Measurement mission (GPM) that is being implemented in an international context.  Its objective is to provide global coverage of precipitation measurements at 3-hour intervals.  Since the baseline instrument is a MW conical scanning radiometer with limited swath, the 3-h frequency requires 8 satellites in regularly distributed near-polar orbits (Fig. 4.3).  In addition to those “constellation satellites”, a “Core Observatory” in inclined orbit equipped with precipitation radar enables all other measurements from passive MW radiometers to be “calibrated” when constellation and core satellite orbits cross each other.  Beyond the missions specifically tailored for precipitation observation, any operational mission equipped with MW radiometers can contribute to the composite system.

4.2.2
Radio occultation
Radio occultation of GNSS satellites is a powerful technique for providing temperature and humidity profiles with a vertical resolution that is unachievable by nadir-viewing instruments.  However, the implementation of operational systems is proceeding slowly.  One difficulty is that the payload, although of low mass, power and data rate (see, for instance, the GRAS description in section 3.2.7, Table 3.22), places volumetric constraints on the platform (two large antennas, say 0.5 m2 each, requiring unobstructed view fore- and aft-).  Another difficulty is that a significant number of satellites are required on different orbits. 
The radio occultation concept was demonstrated in space in 1995 by GPS/MET on MicroLab-1.  Since then, establishing a constellation of radio occultation receivers has been advocated, initially for climatological purposes to provide “absolute” measurements that can be compared at any time intervals to detect climate trends, then also for NWP high vertical resolution soundings and for the absolute reference measurements correcting the biases of other sounding systems.

Radio occultation is an infrequent event.  By exploiting one GNSS constellation and tracking both rising and setting occultations, about 500 occultation events/day may be captured.  In addition to the long-standing GPS and GLONASS, a third constellation “Compass” (named “Beidou” in Chinese) is now operated by China and a fourth constellation “Galileo”, is being implemented by the European Commission and the European Space Agency. The number of occultations/day/satellite rises to 1000 by exploiting two constellations and 1500 with three constellations if received in both fore- and aft- views.  It has been estimated that, in order to provide global coverage with an average sampling of 300 km every 12 hours, it is necessary to deploy at least 12 satellites on properly distributed orbital planes.  One very effective approach is to use clusters of small dedicated satellites placed in orbit by a single launch.  The COSMIC constellation includes six micro-satellites launched at once and thereafter separated into regularly-spaced orbits.  Several meteorological satellites are also carrying individual GNSS radio-occultation receivers.
4.2.3
Atmospheric radiation

A limitation of NWP and General Circulation Models (GCM) is the representation of the radiative processes in the atmosphere.    Aerosols, cloud interior (particularly ice), radiation fluxes within the 3-D atmosphere in addition to TOA and Earth surface, are their main factors.  Some of these variables require large observing instruments (lidar, cloud radar, etc.) that are not feasible for multi-purpose operational meteorological satellites, thus the observation of atmospheric radiation relies on a suite of instruments flown either in operational programmes, or on dedicated missions.

Atmospheric radiation is the first observation performed from space in October 1959 on Explorer VII.  At the time of the first TIROS flights the Earth’s planetary albedo was poorly known.  Instruments exploiting multi-viewing, multi-polarisation and multi-spectral sensing have been developed, the first one being POLDER (Polarization and Directionality of the Earth’s Reflectances) on ADEOS-1 (1996-1997).

Observing atmospheric radiation requires that contributing factors are observed in parallel. Since the radiation budget is a small difference between large quantities, errors of spatial and time co-registration have a strong impact on the accuracy.  Since it is impossible to embark all instruments on a single platform, the concept of formation flying has been implemented, such as the A-train (Fig. 4.4).  In this concept, several satellites are flying on nearly the same Sun-synchronous, orbit at 705 km altitude, ECT ( 13:30 ascending node, following each other on the same ground track within a few seconds.
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	Fig. 4.4 - The A-Train.  The spread of Equatorial Crossing Times across the satellites addressing Atmospheric Radiation (Glory, PARASOL, CALIPSO, CloudSat and EOS-Aqua) is around 2 min. Note that that there may be some changes in the satellites participating in the A-Train; for instance Parasol has been removed after five years, EOS-Aura has been added, Glory failed at launch, OCO lost at launch will be replaced by OCO-2, and GCOM-W1 was added.


4.2.4
Atmospheric chemistry
The importance of atmospheric chemistry has greatly expanded with time.  Attention was initially focussed on ozone monitoring, especially after the discovery of the ozone hole; then to the greenhouse effect as a driver of global warming; finally to air quality, for its impact on living conditions in the biosphere.  Depending on the objective, the instrumentation may be rather simple (e.g. for total column of one or few species) or very complicated (e.g. for vertical profiles of families of species).     

It is noted that:

· on meteorological satellites, IR hyperspectral sounders primarily designed for temperature and humidity sounding do contribute to atmospheric chemistry observation, but their performance for chemistry is limited to total columns of a few greenhouse species. The short-wave instruments are primarily designed for ozone and a few species in the UV and VIS ranges;

· some atmospheric chemistry missions are hosted on large multi-purpose facilities, or on satellites dedicated to atmospheric chemistry.

The first comprehensive mission for atmospheric chemistry, the Upper Atmosphere Research Satellite (UARS) was exploiting limb sounding.  When launched, in 1991, it was by far the largest Earth Observation satellite ever in orbit (mass at launch: 6,540 kg).  Table 4.3 provides a list of satellites either substantially addressing, or fully dedicated to, atmospheric chemistry.   
	Table 4.3 - Satellite programmes with strong or exclusive focus on Atmospheric chemistry

	Acronym
	Full name
	Responsible
	Measurements

	Envisat
	Environmental Satellite
	ESA
	IR limb, SW nadir & limb, UV/VIS star occultation

	EOS-Aura
	Earth Observation System - Aura
	NASA
	IR limb, IR nadir & limb, UV/VIS nadir, MW limb

	GOSAT
	Green-house gas Observing Satellite
	JAXA
	NIR/SWIR/MWIR/TIR nadir

	Odin
	Odin
	SNSB
	UV/VIS/NIR limb, MW limb

	OCO-2
	Orbiting Carbon Observatory
	NASA
	NIR/SWIR nadir

	SCISAT
	Scientific Satellite
	CSA
	UV/VIS/NIR and SWIR/MWIR/TIR Sun occultation

	Sentinel-4
	Sentinel-4 on Meteosat Third Generation
	ESA, EUM, EC
	UV/VIS/NIR nadir

	Sentinel-5P
	Sentinel-5 precursor
	ESA, EC
	UV/VIS/NIR/SWIR nadir

	Sentinel-5
	Sentinel-5 on MetOp Second Generation
	ESA, EUM, EC
	SW nadir


It is noted that the lack of limb sounding on future satellites puts at risk the observation of the higher atmosphere.

4.2.5
Atmospheric dynamics

The study of atmospheric dynamics involves missions measuring the 3-D wind field,  a difficult issue since the wind per-se does not have a signature in the electromagnetic spectrum.  Nevertheless, strong effort has been devoted and continues to be devoted to the subject, since wind is a primary observation for NWP and general circulation models.
Wind derivation from the motion of clouds or other atmospheric patterns has been an early application of geostationary satellites.  It is still now the operational practice providing thousands of wind vectors everyday.  By tracking clouds or water vapour patterns, however, the wind is only determined at one level.  The level depends on the tracer and is measured with limited accuracy.  For large areas all tracers tend to be in the same altitude range, thus limiting the vertical resolution in practice to one or two levels. With the future advent of hyperspectral sounders in GEO, frequent water vapour profiles, with their patterns, will be available at additional heights, and a broad vertical resolution will be achieved in clear air. Atmospheric Motion Winds are also derived over polar areas from polar-orbiting satellites, taking advantage of the frequent overpasses.
Experiments have been conducted to demonstrate the tracking of atmospheric eddies, aerosol and molecules by Doppler lidar, capable of very high vertical resolution in clear-air.  This is the scope of the ADM-Aeolus mission with ALADIN sensor.

Winds are also of interest in the stratosphere and mesosphere, where clouds and water vapour have no characteristic pattern, and there are no turbulence eddies or dense aerosols either.  The technique applicable here is measurement of the Doppler shift of narrow lines in the oxygen band around 760 nm.  Demonstrated by UARS, the technique is exploited by TIMED with TIDI.

4.3
Missions to ocean and sea-ice
Certain observations of ocean and ice were provided by meteorological satellites since the very beginning of the space era.  VIS imagery, the very first application of meteorological satellites, is capable of sea ice mapping.  IR imagery added the capability to measure sea surface temperature.  MW imagery extended the observing capability to measure sea surface temperature and ice cover to all-weather conditions, and added the capability to sea-surface wind speed.  Radar scatterometry started  in 1978.  These observations of sea-surface temperature, sea-surface wind, and ice cover  are still provided by operational meteorological satellites.  Further measurements including altimetry, ocean colour, salinity, and waves are performed in the framework of non-meteorological programmes, sometimes dedicated to ocean and sea-ice.
Table 4.4 lists satellite programmes addressing ocean and sea-ice.

	Table 4.4 - Satellite programmes addressing missions for ocean and sea-ice

	Acronym
	Full name
	Responsible
	Oceanographic missions

	COMS
	Communication, Oceanography and Meteorology Satellite
	KMA
	Ocean colour from GEO

	Coriolis
	Coriolis
	DoD, NASA
	Surface wind by MW polarimetry

	CryoSat
	Cryosphere Satellite
	ESA
	Radar altimetry for ice

	Envisat
	Environmental Satellite
	ESA
	Ocean colour

Radar altimetry

	EOS-Aqua
	Earth Observation System -  Aqua
	NASA
	Multi-purpose MW imagery (large antenna)

Ocean colour

	EOS-Terra
	Earth Observation System – Terra
	NASA
	Ocean colour

	FY-3
	Feng-Yun – 3
	CMA
	Ocean colour

Surface wind by C- and Ku-band scatterometer

	GCOM-C
	Global Change Observation Mission for Climate
	JAXA
	Ocean colour

	GCOM-W
	Global Change Observation Mission for Water
	JAXA
	Multi-purpose MW imagery (large antenna)

	GEO-KOMPSAT
	Geostationary Korea Multi-Purpose Satellite
	KMA
	Ocean colour from GEO

	HY-1
	Hai Yang
	NSOAS, CAST
	Ocean colour

	HY-2
	Hai Yang 2
	NSOAS, CAST
	Radar altimetry

Surface wind by Ku-band scatterometer

	ICESat
	Ice, Cloud and land Elevation Satellite
	NASA
	Lidar altimetry for ice

	JASON
	Joint Altimetry Satellite Oceanography Network
	NASA, CNES, EUM, NOAA
	Radar altimetry, geoid

	JPSS
	Joint Polar Satellite System
	NOAA
	Ocean colour

	Meteor M/MP N3
	Meteor-M and Meteor-MP, flight units N3
	RosHydroMet
	Ocean colour

Surface wind by Ku-band scatterometer

	MetOp &

MetOp-SG
	Meteorological Operational satellite & follow-on MetOp

Second Generation
	EUMETSAT
	Surface wind by C-band scatterometer

	OceanSat 
	Satellite for the Ocean
	ISRO
	Ocean colour

Surface wind by Ku-band scatterometer

	SAC-D/Aquarius
	Satélite de Aplicaciones Cientificas – D
	NASA, CONAE
	Ocean salinity (real-aperture antenna)

	SARAL
	Satellite with ARgos and ALtiKa
	CNES, ISRO
	Radar altimetry

	Sentinel-3
	Sentinel-3
	ESA, EC, EUM
	Ocean colour

Radar altimetry

	SMOS
	Soil Moisture and Ocean Salinity
	ESA
	Ocean salinity (synthetic aperture antenna)

	Suomi-NPP
	Suomi - National Polar-orbiting Partnership
	NASA, NOAA, DoD
	Ocean colour


4.3.1
Ocean topography

Ocean surface topography is a primary mission for oceanography, since it provides insight to the large-scale ocean circulation that is a major oceanographic feature and a basic component of the climate system.  Reconstruction of ocean topography also implies accurate determination of the geoid, an insight in the Solid Earth domain.

Radar altimetry is the only observing technique for ocean topography.  Altimeters are carried by different satellites, some multi-purpose platforms to provide global coverage, and some (since TOPEX-Poseidon in 1992-2006) dedicated satellites in specially stable orbits to provide accurate reference measurements.  Some altimeters are specifically designed for polar ice topography, in one case exploiting lidar for more accurate boundary detection and vertical resolution (see Table 4.4).  
4.3.2
Ocean colour

Ocean colour is a very informative observation to infer the status of health of the ocean, its productivity and its capacity to interact with the atmosphere, e.g., as a CO2 sink.  Therefore, it is a basic observation for operations in open ocean and in coastal zones, and for climatology.
Several satellites address ocean colour observation.  Some of them belong to the operational meteorology framework; one is in geostationary orbit (see Table 4.4).

4.3.3
Sea surface wind

Wind over the sea surface is a basic measurement for oceanography since it drives the atmospheric forcing, hence surface currents, and the intensity of air-sea interaction.  Of course, it is also an important geophysical variable for weather prediction, enabling derivation of surface pressure that cannot be directly measured from space.  Therefore, several wind observing instruments are part of the operational meteorological mission.  Table 4.4 records the missions addressing sea surface winds that are able to provide both speed and direction (radar scatterometer either in C-band, pushbroom, or in Ku-band, conical scanning; and polarimetric MW passive radiometers).  Other passive MW radiometers, that can contribute with wind speed observation, are only mentioned for multi-purpose MW imagers with large antennas.

4.3.4
Sea surface salinity

Salinity is a basic measurement for oceanography since, with temperature, it controls water density, hence the vertical motion in the thermo-haline layer.  Furthermore, it controls the ocean capability of removing trace gases from the atmosphere.  Measuring salinity from space is only possible by low-frequency MW radiometry (L-band around 1.4 GHz), which requires large antennas.  Missions addressing sea surface salinity are either based on a synthetic-aperture antenna, or on a real-aperture antenna.  (See Table 4.4).
4.3.5
Waves

The observation of waves is important for ocean operations, both in the open ocean and even more in coastal zones.  It is also important for coastal zone climatology.  Unfortunately, it is a difficult observation from space, since the direct measurement from the radar altimeter only provides the significant wave height, and only along the satellite track.  The list of altimeter mission has been recorded in Table 4.4.

The 2-D wave field can be observed by spectral analysis of SAR imagery.  In principle, any vignette from a SAR image could be processed to provide the wave dominant direction and period, as well as the directional energy frequency spectrum.  In practice, the vignettes are sampled at intervals during the whole orbit, and stored on board since the associated data rate is rather low.  The Envisat ASAR in the wave-mode performs this function.
4.4
Land observation missions
All imagery missions of the operational meteorological satellites provide information on several geophysical variables characterising land surface.  Specifically:

· VIS/IR imaging instruments: land surface temperature, soil moisture indexes, several vegetation indexes, several fire parameters, radiative parameters, ice and snow cover;

· MW imaging instruments: all-weather land surface temperature, surface soil moisture, several ice and snow parameters;

· Radar scatterometers: surface soil moisture, total biomass, snow water equivalent.

However, the design of the instruments flown on operational meteorological satellites is driven by the main objective of describing the surface-atmosphere interface processes, as necessary (and sufficient) for weather analysis and prediction and by the need for the observed spatial-temporal scales to be consistent with climate monitoring requirements.  This section 4.4 focuses on satellite programmes addressing land applications as primary objectives, for geophysical variables such as:

· land cover and use, fraction of vegetated land, vegetation type, lake and glacier cover, topography, small-scale soil moisture and snow parameters for hydrology.
These applications require spatial resolutions at the scale of metres or few tens of metres, which imply using optical bands (especially VIS) or imaging radar (SAR).  Another application of very-high resolution optical imagery or SAR is security, including disaster monitoring, control of compliance with internationally agreed protocols for environmental protection, etc.
4.4.1
Main operational or near-operational missions

Land observation has been the second space application, after meteorology, to give rise to operational programmes.  The first land observation satellite, initially named ERTS (Earth Resources Technology Satellite), thereafter re-named Landsat-1, was launched by NASA in July 1972.  Since then, other space agencies have undertaken land observation programmes, often in a fairly operational way.  Table 4.5 lists the programmes that have a demonstrated heritage of continuity or are designed for long-term continuity.
	Table 4.5 - Land observation satellite programmes designed for long-term continuity

	Acronym
	Full name
	Responsible
	Programme objective/nature

	Amazônia
	Amazônia
	INPE
	Vegetation monitoring

	ASNARO
	Advanced Satellite with New system Architecture

for Observation
	NEC, UNEF
	Commercially-oriented programme

	CartoSat
	Satellite for Cartography
	ISRO
	Cartography update

	CBERS
	China-Brazil Earth Resources Satellite
	CAST, INPE
	Earth resources search & management

	GeoEye
	GeoEye
	GeoEye
	Commercial programme

	KANOPUS-V
	KANOPUS Vulkan
	Roscosmos
	Vegetation monitoring

	Landsat & LDCM
	Landsat and Landsat Data Continuity Mission
	USGS, NASA
	Earth resources search & management

	Pléiades
	Pléiades
	CNES
	Land use and hazard management

	ResourceSat
	Satellite for Earth Resources
	ISRO
	Earth resources search & management

	Sentinel-2
	Sentinel-2
	ESA, EC
	Vegetation monitoring

	SPOT 4, 5
	Satellite Pour l’Observation de la Terre
	CNES
	Earth resources search & management

	SPOT 6, 7
	Satellite Pour l’Observation de la Terre
	SpotImage
	Commercially-oriented programme

	WorldView
	World View
	DigitalGlobe
	Commercial programme
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	Fig. 4.5 - Concept of the DMC, based

on 5 satellites dephased by about 20 min.


4.4.2
The Disaster Monitoring Constellation
The initiative of the Disaster Monitoring Constellation (DCM) was originally promoted by the British National Space Centre (BNSC), supporting the British SSTL (Surrey Satellite Technology Ltd).  The principle of the DMC (see Fig. 4.5) was to have about 5 satellites in the same orbit, separated by about 20 min in such a way that the (narrow) swath of the instruments of one satellite (~ 600 km) is contiguous with the next, thus ensuring daily global coverage.  The first DMC satellite was AlSat-1, launched in November 2002.  A cluster of 3 satellites, UK-DMC-1, NigeriaSat-1 and BILSat was placed in orbit by a single launch in September 2003.  With elapsing time, more partners joined the constellation, and the instrumentation became more elaborate.  Table 4.6 depicts the current situation that includes satellites not strictly part of the DMC, but close in objective, structure and instrumentation.  

	Table 4.6 - Satellite programmes of the Disaster Monitoring Constellation and similar

	Acronym
	Full name
	Agency/Country
	Instrument capability

	AlSat
	Algeria Satellite
	CNTS, Algeria
	 Multi-spectral & panchromatic

	BJ
	Beijing
	NRSCC, China
	 Multi-spectral & panchromatic

	Deimos
	Deimos
	CDTI, Spain
	 Multi-spectral

	DubaiSat
	Dubai Satellite
	EIAST, Emirates
	 Multi-spectral & panchromatic

	EnMAP
	Environmental Mapping and Analysis Programme
	DLR, Germany
	Hyperspectral

	FORMOSAT-2
	Formosa Satellite 2
	NSPO, Taiwan
	 Multi-spectral & panchromatic

	HJ A, B
	Huan Jing A and B
	CAST, China
	Hyperspectral & multispectral

	Ingenio (SEOSat)
	Ingenio (Spanish Earth Observation Satellite)
	CDTI, Spain
	 Multi-spectral & panchromatic

	KOMPSAT
	Korea Multi-Purpose Satellite 
	KARI, Korea
	 Multi-spectral & panchromatic

	NigeriaSat
	Nigeria Satellite
	NASRDA, Nigeria
	 Multi-spectral & panchromatic

	PRISMA
	PRecursore IperSpettrale della Missione Applicativa
	ASI, Italy
	Hyperspectral & panchromatic

	RapidEye (5 sats)
	RapidEye (5 satellites)
	DLR, Germany
	 Multi-spectral

	RASAT
	Earth Observation Satellite
	Tübitak-UZAY, Turkey
	 Multi-spectral & panchromatic

	SSOT
	 Sistema Satelital para Observación de la Tierra
	ACE, Chile
	 Multi-spectral & panchromatic

	SumbandilaSat
	Sumbandila Satellite
	SANSA, South Africa
	 Multi-spectral

	THEOS
	Thailand Earth Observation System
	GISTDA, Thailand
	 Multi-spectral & panchromatic

	TopSat
	TopSat
	BNSC, UK
	 Multi-spectral & panchromatic

	UK-DMC
	UK Disaster Monitoring Constellation
	BNSC, UK
	 Multi-spectral

	X-Sat
	 X Satellite
	NTU, Singapore
	 Multi-spectral


4.4.3
All-weather high-resolution monitoring (by SAR)
All missions listed above for land observation have a common limitation: observations are not available in the presence of clouds.  In most cases, night time is also a limitation since most instruments use only the VIS spectral range.  Utilisation for emergencies benefits from an all-weather sensing capability that, when high resolution is needed, can only be provided by Synthetic Aperture Radar (SAR). Several SAR missions are available, many of them being managed with a perspective for long-term operational continuity.

The number of SAR in orbit is important, since SAR instruments have a narrow swath, whereas their application to disaster monitoring requires frequent revisit times.  In addition, the SAR principle is applicable with a single frequency, whereas different features to be observed have “signatures” at different frequencies.  The SIR-C/X-SAR mission (Shuttle Imaging Radar with Payload C / X-SAR), flown twice on the US Space Shuttle in April and September 1994, demonstrated the benefit of having simultaneous SAR imagery in L, C and X bands [L and C provided by NASA, X by DLR and ASI].  

Table 4.7 lists all current and planned missions equipped with a SAR, grouped by frequency band and responsible agency.  

	Table 4.7 - Current and planned SAR programmes

	Acronym
	Full name
	Agency/Country
	Frequency band

	ALOS
	Advanced Land Observing Satellite
	JAXA, Japan
	L-band

	SAOCOM-1
	SAtélite Argentino de Observación COn Microondas - series 1
	CONAE, Argentina
	L-band

	SAOCOM-2
	SAtélite Argentino de Observación COn Microondas - series 2
	CONAE, Argentina
	L-band

	HJ-1C
	Huan Jing 1C
	CAST, China
	S-band

	Envisat
	Environmental Satellite
	ESA
	C-band

	RadarSat
	RadarSat
	CSA, Canada
	C-band

	RCM
	RadarSat Constellation Mission
	CSA, Canada
	C-band

	RISAT-1
	Radar Imaging Satellite 1
	ISRO, India
	C-band

	Sentinel-1
	Sentinel-1
	ESA
	C-band

	CSG
	COSMO-SkyMed Second Generation
	ASI, Italy
	X-band

	CSK
	COSMO-SkyMed
	ASI, Italy
	X-band

	KOMPSAT-5
	Korea Multi-Purpose Satellite 5
	KARI, Korea
	X-band

	Meteor M & MP
	Meteor-M and Meteor-MP
	RosHydroMet
	X-band

	Paz (SEOSAR)
	Paz (Spanish Earth Observation SAR)
	CDTI, Spain
	X-band

	RISAT-2
	Radar Imaging Satellite 2
	ISRO, India
	X-band

	TerraSAR-X
	TerraSAR-X
	DLR, Germany
	X-band

	TanDEM-X
	TanDEM-X
	DLR, Germany
	X-band


4.5
Missions for Solid Earth
Since the early days of the space missions, satellites were used to reconstruct the shape of the geoid by means of various orbits of different heights, inclinations and eccentricity.  The main purpose was self-contained: to support mission analysis for orbiting satellites.  With elapsing time and improving technology, the purpose has evolved towards the study of the Earth itself.

The satellite objectives for Solid Earth are (see Fig. 4.6 for definitions):

· to provide a very accurate determination of the geoid, which is the basis for several associated applications, particularly conversion of altimeter measurements into sea level and ocean topography.  The most common technique uses radar altimetry from orbits of relatively high altitude and high stability; 

· to infer crustal dynamics by monitoring local site positions from satellites in well-known and stable orbits; common techniques are laser ranging and ground-based GPS receivers;

· to infer the dynamics of the most external Earth layers (lithosphere, mantle, upper part of the mesosphere); common techniques use measurements of the gravity field and its anomalies by very-low-orbiting satellites, and satellite-to-satellite tracking;

· to collect information on the inner parts of the globe (lower mesosphere, fluid core, rigid core) inferred through observation of the magnetosphere in measurements of the magnetic and electric fields at satellite level.

In this section two families of missions are considered:

· those referring to the geoid and crustal positioning and movements (Space geodesy)

· those referring to lithosphere and inner layers (Earth interior).

Table 4.8 list missions specific to Solid Earth, for either geodesy or interior.

	Table 4.8 - Missions specific to Solid Earth

	Acronym
	Full name
	Responsible
	Sensing systems

	STARLETTE

& Stella
	Satellite de Taille Adaptée avec Réflecteurs Laser pour les Etudes de la Terre, & Stella
	CNES
	Laser ranging

	LAGEOS 1 & 2
	Laser Geodynamics Satellite, 1 and 2
	ASI, NASA
	Laser ranging

	LARES
	LAser RElativity Satellite
	ASI
	Laser ranging

	GOCE
	Gravity Field and Steady-State Ocean Circulation Explorer
	ESA
	 Gradiometer, Laser ranging

	GRACE (2 sats)
	Gravity Recovery and Climate Experiment
	NASA, DLR, CNES
	 Accelerometer, Laser ranging, Satellite-to-satellite ranging

	Ørsted
	Ørsted
	DNSC, CNES, NASA
	Magnetometers

	SAC-C
	Satélite de Aplicaciones Cientificas
	CONAE
	Magnetometer

	SWARM (3 sats)
	The Earth’s Magnetic Field and Environment Explorers
	ESA, CNES, CSA
	Accelerometer, Electric field sensor, Magnetometers


4.5.1
Space geodesy

The primary technique to reconstruct the geoid (i.e., the equipotential surface which would coincide exactly with the mean ocean equilibrium surface, if the oceans were at rest and extended through the continents) is radar altimetry.  Other information on the geoid stems from the precise positioning systems on any satellite.  Several of them can be mentioned:

· Laser retro-reflectors, to accurately measure the distance and rate of change for the satellite from the laser source on the ground;

· On-board transponder of signals from ground transmitting-receiving stations;

· Two-way and dual frequency microwave tracking system for ground receiving stations;

· Global Navigation Satellite Systems (GNSS);

· Star trackers, utilised for satellite attitude control but also helping precise orbitography.

The primary purpose of these systems is to support precise orbit determination as necessary for certain instruments performing the satellite mission (most sensitive: altimeters and limb sounders).  The benefit for the geodetic mission stems from the statistical analysis of the data.  In this section the focus is on the application with the opposite objective: to establish the position of a ground station assuming that the orbit is well known.  To this effect, an International Terrestrial Reference System (ITRS) for space geodesy has been established to collect and analyse data in a number of coordinated centres. The system includes a few satellites having space geodesy as a unique objective.  These are listed in Table 4.8.

4.5.2
Earth’s interior

The representation of the geoid is now fairly precise, in spite of its complexity.  With the help of mathematical models using spherical harmonics, the achieved accuracy is now in the range of 1 cm or less.  Fig. 4.7 shows a current view of the geoid.  It may be observed that, in this representation, the Earth’s surface is not at all a regular ellipsoid, although the vertical range of the geoid height is contained within 200 m.  The regularity of the geoid is affected by undulations of different wavelengths ranging from many thousands of kilometres to few hundreds.  One objective is to associate these anomalies to the Earth’s interior, first of all to the lithosphere because of its relevance to volcanism and earthquakes.
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	Fig. 4.7 - Three-dimensional visualization of geoid undulations.  Unit: mGal [1 Gal = 0.01 m/s2. i.e. 1 mGal ≈ 10-6 g0].


Specific missions addressing study of the Earth’s interior exploit gravity and gravity gradient observations, representative of the external layers (lithosphere, mantle, upper part of the mesosphere); and magnetic and electric fields, significant for the internal layers (lower mesosphere, fluid core and rigid core) (see again Fig. 4.6).  Table 4.8 records missions for the Earth’s interior.

4.6 
Missions for Space weather
Although the term “space weather” is relatively recent, the relevant activities started with the advent of the space era, if not before, because space weather has a strong impact on the safety of satellites in orbit and of man in space.  Awareness and prediction of the space environment has now become a prerequisite for the long-term sustainability of space activities.  In addition there is increasing awareness of the impact of space weather on facilities on the Earth.
Space weather stems from the interaction of the solar wind (charged particles) and the Earth’s magnetosphere.  The solar wind modulations compress and shape the magnetosphere, and this effect propagates lower to the thermosphere and ionosphere. Telecommunications and even power grids, pipelines and other conducting networks on the Earth’s surface are affected (e.g., by geomagnetically induced currents (GIC)).  Rapid magnetic changes on the ground, that occur during geomagnetic storms and are associated with space weather, can also be important for activities such as geophysical mapping and hydrocarbon production.  Correlations have been discovered between travelling ionospheric disturbances and atmospheric gravity waves in the thermosphere.
Monitoring space weather implies two aspects: to monitor the solar winds and understand its modulation source (solar activity), and to monitor the effects within the magnetosphere and down to the Earth’s surface.

4.6.1
Solar activity monitoring

Space missions to understand solar physics have been performed since the early days of the space era either from deep space orbits or from Earth orbits.

Two “sentinels” of solar winds, the joint NASA/ESA mission SOHO (Solar and Heliographic Observatory) and the NASA mission ACE (Advanced Composition Explorer), were launched in 1995 and 1998, respectively.  SOHO and ACE have been placed in the L1 Lagrangian point [at 1% of the Earth-Sun distance upstream of the Earth].  From that vantage point the two satellites measure solar wind and the associated magnetic field approximately one hour before they reach the Earth.  In 2006 in collaboration with several European scientific institutes, NASA launched STEREO (Solar-TErrestrial RElations Observatory), two satellites moving in the Earth’s orbit around the Sun, viewing the Sun from changing positions to get a stereoscopic view of the dynamics of coronal mass ejection and, at the same time, to measure the local features, at the satellite position, of the solar wind.  

Several missions in Earth orbit are also carrying instruments dedicated to continuous monitoring of solar activity.  Table 4.9 lists satellites that monitor solar activity from positions in deep space or in Earth’s orbit.  In addition, some geostationary meteorological satellites (GOES or FY-4 series) contribute or will contribute to solar monitoring.

	Table 4.9 - Missions specific to solar activity monitoring

	Acronym
	Full name
	Responsible
	Orbit

	ACE
	Advanced Composition Explorer
	NASA
	L1 Lagrange point

	Aditya-1
	Aditya-1
	ISRO
	LEO, Sun-synchronous

	DSCOVR
	Deep Space Climate Observatory
	NOAA, NASA
	L1 Lagrange point

	Hinode
	Hinode (former name: SOLAR-B)
	JAXA
	LEO, Sun-synchronous

	IRIS
	Interface Region Imaging Spectrograph
	NASA
	LEO, sunsynchronous

	Picard
	Picard
	CNES
	LEO, Sun-synchronous

	PROBA 1 & 2
	Project for On-Board Autonomy - 1 and 2
	ESA
	LEO, Sun-synchronous

	Resurs DK & P
	Resurs-DK and Resurs-P
	Roscosmos
	LEO, high-inclination

	RHESSI
	Reuven Ramaty High Energy Solar Spectroscopic Imager
	NASA
	LEO, low-inclination

	SDO
	Solar Dynamics Observatory
	NASA
	Geosynchronous, low inclination

	SOHO
	Solar and Heliographic Observatory
	ESA, NASA
	L1 Lagrange point

	Solar Orbiter
	Solar Orbiter
	ESA, NASA
	Solar orbit

	Solar Probe Plus
	Solar Probe Plus
	NASA
	Solar orbit

	STEREO (2 sats)
	Solar-TErrestrial RElations Observatory
	NASA
	Ecliptic plane

	TIMED
	Thermosphere, Ionosphere, Mesosphere Energetics and Dynamics mission
	NASA
	LEO, high-inclination

	WIND
	WIND
	NASA
	L1 Lagrange point


4.6.2
Magnetosphere and ionosphere monitoring
Closer to the Earth (see Fig. 4.8 and Fig. 4.9), the thermosphere and the ionosphere are the layers where space weather is more turbulent.  The ionosphere is affected by waves, storms and travelling disturbances.  Through the interaction with magnetic storms, energetic particles and electrical currents can occur, which affect radio propagation.  Mapping electron density in the ionospheric "E-region" enables inference of ionospheric conductivity and currents.  When associated with magnetic field data, this information enables discriminating the internal component of the magnetic field (due to the solid Earth) from external components.  Small-scale irregularities and eddies of the ionosphere can cause scattering of radio waves (scintillations), which affects the reliability of radio links crossing the ionosphere.
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	Fig. 4.8 - Atmospheric stratification

below and above the Mesopause.
	Fig. 4.9 - Layers of denser electronic content.

The densest layer is F2, present day and night.


4.6.2.1 
Observation of the Magnetosphere

Missions dedicated to Magnetosphere have a long-standing heritage.  Two significant current examples are THEMIS and MMS.

THEMIS (Time History of Events and Macroscale Interactions during Substorms) is a NASA mission launched in 2007.  It consists of a constellation of five small satellites in highly eccentric orbits, crossing the magnetosphere at several altitudes (see Fig. 4.10) corresponding to periods ranging from 0.8 to 4 days.
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	Fig. 4.10 - The orbits of the five THEMIS satellites in the magnetosphere.

The white flash represents an energy released substorm.


THEMIS measures the magnetic field, electric fields and charged particles in order to address the physical processes in near-Earth space that initiate the violent eruptions of the aurora that occur during substorms in the Earth's magnetosphere.  A number of ground stations are part of the system, to detect auroras and to measure the surface magnetic field.
The Magnetospheric Multiscale mission (MMS) developed by NASA is based on a constellation of four satellites with highly eccentric orbits spread across the magnetosphere, similarly to THEMIS (see Fig. 4.11).  Plasma analyzers, energetic particle detectors, magnetometers, and electric field instruments are used to study the microphysics of magnetic reconnection, the ultimate driver of space weather.  Table 4.10 lists a number of missions specifically addressing the magnetosphere.
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	Fig. 4.11 - The four MMS satellites flying in formation.  Tetrehedral pattern
to capture the 3-D structure of the encountered reconnection sites.


	Table 4.10 - Non-exhaustive list of missions orbiting inside the Magnetosphere

	Acronym
	Full name
	Responsible
	Orbit

	Arctica-M
	Arctica-M
	RosHydroMet
	Molniya orbit

	ARTHEMIS
	Acceleration, Reconnection, Turbulence, and Electrodynamics of the Moon's Interaction with the Sun
	NASA
	Lunar orbit

	C/NOFS
	Communication/Navigation Outage Forecasting System
	DoD, NASA
	LEO, low inclination

	CASSIOPE
	CASSIOPE
	CSA
	Highly elliptic, high inclination, relatively low altitude

	CLUSTER (4 sats)
	CLUSTER
	ESA, NASA
	Highly elliptic, polar inclination, tetrehedral formation flight

	GEOTAIL
	GEOTAIL
	JAXA, NASA
	Extremely elliptic, low inclination, crossing the Moon orbit

	IBEX
	Interstellar Boundary Explorer
	NASA
	Highly elliptic, low inclination

	Ionozond (5 sats)
	Ionozond
	Roscosmos
	4 sats in sunsynchronous orbit, one in drifting orbit

	MMS (4 sats)
	Magnetospheric MultiScale mission
	NASA
	Highly elliptic, low inclination, tetrehedral formation flight

	THEMIS (5 sats)
	Time History of Events and Macroscale

Interactions during Substorms
	NASA
	Highly elleptic, low inclination, apogees at 5 different altitudes

	TWINS (2 sats)
	Two Wide-angle Imaging Neutral-atom Spectrometers
	NASA, USAF
	Molniya orbit

	VAP (2 sats)
	Van Allen Probe (formerly RBSP, Radiation Belt Storm Probes Mission)
	NASA
	Highly elliptic, low inclination, crossing the radiation belts


In section 4.5.2 a number of missions in lower orbit have been described that also carry instruments relevant to the magnetosphere:

· Ørsted: FVM (Fluxgate vector magnetometer) and OVM (Scalar Overhauser magnetometer);
· SAC-C: MMC/ Ørsted-2 (Magnetic Mapping Payload / Ørsted-2);
· CHAMP: MIAS (Magnetometer Instrument Assembly System);
· SWARM: ASM (Absolute Scalar Magnetometer), VFM (Vector Field Magnetometer) and EFI (Electric Field Instrument).
4.6.2.2 
Observation of the Ionosphere

With the advent of radio occultation sounding, the profile of the electron density across the ionosphere has become the best measurable geophysical variable associated with space weather.

The signal from navigation satellites (GPS, GLONASS, Compass, Galileo) is affected by the rotation of the electric field and the delay induced by the ionosphere.  In order to correct for this effect, at least two frequencies are used (now shifting to three): ( 1180 GHz, ( 1580 GHz and, possibly, ( 1250 GHz.  By differentiating the two (or three) signals, information is obtained on:

· the Total Electron Content (TEC)

· the electron density profile.

It is noted that the TEC, although integrated along-view, is measured for changing tangent heights, therefore it is possible to reconstruct the vertical profile by tomography.  Several radio occultation payloads are being flown, both on multi-purpose satellites and dedicated facilities (e.g., the COSMIC constellation).

Radar altimeters also provide TEC observations by exploiting two frequencies, generally ( 13.5 GHz and ( 5.3 GHz.  The coverage is only at nadir and tomography is not possible; however, since altimetry missions are often orbited at high altitude (e.g., 1,336 km for JASON), the measurement includes the lower part of the plasmasphere (the layer above the thermosphere, from ( 1,000 to ( 40,000 km altitude).  

Direct measurement of TEC can also be performed by phase delay analysis of the two or three frequencies transmitted by a GNSS satellite and received by a LEO satellite.  In this case TEC is observed along the path from the GNSS satellite (orbit altitude ( 20,000 km) to the LEO satellite (orbit altitude ( 800 km), thus in the medium plasmasphere.  The number of available GNSS satellites is rather large: ( 24 each for GPS and GLONASS systems, ( 30 for Galileo, ( 35 for Compass, for a total close to 110, with a fair global distribution. 

4.6.2.3
Space environment observation from operational meteorological satellites
The constellations of operational meteorological satellites substantially contribute to space weather monitoring.  In many cases the focus is on charged particles, in connection to the need for monitoring risky events for the onboard electronics and other sub-systems sensitive to corpuscular radiation.  In many cases, magnetic and electric fields are also measured.  In some cases, solar activity is also monitored, however the orbits of meteorological satellites are not optimal for space weather monitoring: for instance (see back Fig. 4.9), the 90 to 300 km height range cannot be covered and Sun-synchronous orbits with fixed LST do not cover the daily cycle, thus introducing a sampling bias.  Nonetheless, the high number of satellites and their long-term continuity constitute a valuable contribution.
Table 4.11 presents the information available from operational meteorological satellites related to space weather.  Radio occultation payloads (see section 4.2.2) are omitted.

	Table 4.11 - Operational meteorological missions carrying instruments relevant for Space weather

	Satellite series
	Payload for in situ space environment monitoring

	GOES 11 to 15
	SEM: Space Environment Monitoring, suite of instruments for charged particles, solar X ray and magnetic field

SXI: Solar X-ray Imager

	GOES R, S, T, U
	SEISS: Space Environment In-Situ Suite for charged particles in solar wind and cosmic rays
EXIS: Extreme Ultraviolet Sensor / X-Ray Sensor Irradiance Sensors
SUVI: Solar Ultraviolet Imager
MAG: Magnetometer

	Electro-L
	GGAK-E: Heliogeophysical Measurements System for charged particles of the solar wind and of cosmic rays.

	Electro-M
	GGAK-E/M: Heliogeophysical Measurements System for charged particles of the solar wind and of cosmic rays.

	FY-2
	SEM: Space Environment Monitor for charged particles of the solar wind

	FY-4
	SEM: Space Environment Monitor for charged particles of the solar wind
SXEUV: Solar X-EUV imaging telescope for incoming X-rays and Extreme UV from the Sun

	NOAA 15 to 19
	SEM/2: Space Environment Monitoring / 2, for medium energy and total energy proton detection

	MetOp A, B
	

	JPSS
	SEM-N: Space Environment Monitoring for NPOESS, including a spectrometer for Precipitating Electrons and

Ions, a spectrometer for medium-energy particles, and omni-directional detectors for high-energy particles 

	DMSP F16 to S20
	SSIES: Special Sensor Ion and Electron Scintillation Monitor
SSJ5: Special Sensor Precipitating Electron and Ion Spectrometer
SSM: Special Sensor Magnetometer

SSULI: Special Sensor Ultraviolet Limb Imager

SSUSI: Special Sensor Ultraviolet Spectrographic Imager.

	Meteor-M
	GGAK-M: Geophysical Monitoring System Complex, split in

· MSGI-MKA: Spectrometer for Geoactive Measurements
· KGI-4C: Radiation Monitoring System

	Meteor-MP
	· GGAK-MP: Geophysical Monitoring System Complex, improved after GGAK-M

	FY-3 A, B
	SEM: Space Environment Monitor for charged particles of the solar wind

	FY-3 C to G
	SES: Space Environment Suite, including:
· SEM: Space Environment Monitor, same as on FY-3A and FY-3B

· WAI: Wide-field Auroral Imager
· IPM: Ionospheric PhotoMeter


Fig. 4.1 - Coverage from six regularly-spaced geostationary satellites.  The circles subtend a geocentric angle of 60°, considered the practical limit for quantitative observations (for qualitative use, images actually extend beyond).  All latitudes between 55°S and 55°N  are covered.
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Fig. 4.6 - Stratification of the Solid Earth.








� Details on these programmes are available in the WMO online database on space-based capabilities, which is updated on a regular basis






