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I.  GLOBAL SUMMARY

1.
METEOROLOGICAL AND ENVIRONMENTAL SATELLITES

1.1
Background

The meteorological community and associated environmental disciplines such as climatology including global change, hydrology and oceanography all over the world are now able to take advantage of a wealth of observational data, product and services flowing from specially equipped and highly sophisticated environmental observation satellites.  An environmental observation satellite is an artificial Earth satellite providing data on the Earth system and a meteorological satellite is a type of environmental satellite providing meteorological observations (1). Several factors make environmental satellite data unique compared with data from other sources, and it is worthy to note a few of the most important:

· Because of its high vantage point and broad field of view, an environmental satellite can provide a regular supply of data from those areas of the globe yielding very few conventional observations;

· The atmosphere is broadly scanned from satellite altitude and enables large-scale environmental features to be seen in a single view;

· The ability of certain satellites to view a major portion of the atmosphere continually from space makes them particularly well suited for the monitoring and warning of short-lived meteorological phenomena; and

· The advanced communications systems developed as an integral part of the satellite technology permit the rapid transmission of data from the satellite, or their relay from automatic stations on earth and in the atmosphere, to operational users.


These factors are incorporated in the design of meteorological satellites to provide data, products and services through three major functions:

· Remote sensing of spectral radiation which can be converted into meteorological measurements such as cloud cover, cloud motion vectors, surface temperature, vertical profiles of atmospheric temperature, humidity and atmospheric constituents such as ozone, snow and ice cover, ozone and various radiation measurements;

· Collection of data from in situ sensors on remote fixed or mobile platforms located on the earth's surface or in the atmosphere; and

· Direct broadcast to provide cloud-cover images and other meteorological information to users through a user-operated direct readout station.


The first views of earth from space were not obtained from satellites but from converted military rockets in the early 1950s.  It was not until 1 April 1960 that the first experimental meteorological satellite, TIROS-I, was launched by the USA and began to transmit basic, but very useful, cloud imagery.  This satellite was such an effective proof of concept that by 1966 the USA had launched the first of a long line of operational polar satellites and its first geostationary meteorological satellite.  In 1969 the USSR launched the first of a series of polar satellites.  In 1977 geostationary meteorological satellites were also launched and operated by Japan and by the European Space Agency (ESA).  Thus, within 18 years of the first practical demonstration by TIROS-I, a fully operational meteorological satellite system was in place, giving routine data coverage of most of the planet (see figure I-1).  This rapid evolution of a very expensive new system was unprecedented and indicates the enormous value of these satellites to meteorology and society.  Some four decades after the first earth images, new systems are still being designed and implemented, illustrating the continued and dynamic interest in this unique source of environmental data.  Some important milestones were:

1960
The first satellite capable of observing the earth was launched by the USA on 1 April 1960.  The Television Infrared Observation Satellite (TIROS-1) gave new insights into the meteorology of the planet and inspired a fleet of successors, observing the weather and the Earth’s environment;

1966
The next major step forward was the launch by the USA of the Applications Technology Satellite (ATS-1), the first meteorological satellite in geostationary orbit.  It demonstrated the advantage of a fixed vantage point relative to the earth, enabling frequent images to be taken and used to generate moving pictures of the world’s weather;

1966
The same year saw the launch of the first satellite by the Environmental Science Services Administration (ESSA)– a forerunner of NOAA.  ESSA-1 was the first operational weather satellite, the start of an unbroken series of USA weather satellites monitoring the planet from polar orbit;

1969
The USSR also developed a polar orbiting weather satellite system and launched Meteor‑I-N1, the first of a long series of Meteor satellites;

1970
The Automatic Picture Transmission (APT) system was flown on the Improved TIROS Observational System (ITOS-1) satellite, to improve access to image data. Flown on many satellites since, APT systems have provided images several times a day to relatively inexpensive user stations around the world;

1972
The newly formed National Oceanic and Atmospheric Administration (NOAA), successor to ESSA, demonstrated with its second satellite (NOAA-2) the practical possibility of measuring vertical temperature profiles atmosphere from space;

1972
Later the same year, the first meeting of the committee for Coordination of Geostationary Meteorological Satellites (CGMS), later to become the Coordination Group for Meteorological Satellites, began to establish the guidelines for a future global operational system;

1974
The Synchronous Meteorological Satellite (SMS-1) of the USA became the first operational geostationary satellite;

1977
Joining the efforts to establish a global system, Japan launched its Geostationary Meteorological Satellite (GMS-1) and has since ensured continuous coverage in its region;

1977
In the same year, Europe, through the European Space Agency (ESA), also initiated its geostationary satellite series with the launch of Meteosat-1.  Its imager introduced the capability of observing atmospheric water vapour;

1978
Since the launch of TIROS-N in 1978 by the USA, atmospheric soundings of temperature and humidity have been available globally on a routine operational basis;

1978
Through special efforts a complete satellite constellation of five geostationary satellites and two polar orbiters was put in place for the First GARP Global Experiment (FGGE), GARP being the Global Atmospheric Research Programme;

1981
Following the launch of Meteosat-2, the global system became fully established with continuous operational coverage, missing only access to routine geostationary data over the Indian Ocean;

1986
Recognising that satellites systems are beyond the resources of most individual countries, EUMETSAT was established to assure the continuity of European meteorological satellite systems. This remains the only multi-national agency created for this purpose;

1994
With the launch of the Geostationary Operational Environmental Satellite (GOES-8), the USA demonstrated a new generation of geostationary satellites capable of frequent imagery and simultaneous atmospheric soundings;

1994
In the same year Russia launched its first Geostationary Operational Meteorological Satellite (GOMS-1), also known as Elektro, placing it over the Indian Ocean to fill an important data gap;

1998
With the new Advanced TIROS-N (ATN) satellites from NOAA-K, the USA initiated a new system of improved atmospheric sounders, with two advanced microwave instruments;

1998
After many years of negotiation and planning, EUMETSAT, through approval of the EUMETSAT Polar System (EPS), agreed to share with the USA the responsibility for operational systems in polar orbit.  EUMETSAT will provide a new series of Metop satellites in orbit from 2005;
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Figure I-1 Milestones in the evolution of meteorological and environmental satellites

1.2
Current global environmental satellite network

There are two major constellations in the current space-based GOS (see Figure I-2).  One constellation is the various geostationary satellites, which operate in an equatorial belt and provide a continuous view of the weather from roughly 70(N to 70(S.  At present there are satellites at 0( longitude and 63(E (operated by the European Organisation for the Exploitation of Meteorological Satellites - EUMETSAT), a satellite at 76(E (operated by the Russian Federation), a satellite at 105(E (operated by the People's Republic of China), a satellite at 140(E (operated by Japan), and satellites at 135(W and 75(W (operated by the USA).


The second constellation in the current space-based GOS comprises the polar-orbiting satellites operated by the Russian Federation, the USA and the People’s Republic of China.  The METEOR-3 series has been operated by the Russian Federation since l991.  The polar satellite operated by the USA is an evolutionary development of the TIROS satellite, first launched in April l960.  The present NOAA series, based on the TIROS-N system, has been operated by the USA since l978.  FY-1C, the third in the series of China’s polar-orbiting satellites, is now operational.  These spacecraft provide coverage of the polar regions beyond the view of the geostationary satellites and fly at altitudes of 850 to 900 km.


The ability of geostationary satellites to provide a continuous view of weather systems make them invaluable in following the motion, development, and decay of such phenomena.  Even such short-term events such as severe thunderstorms, with a life-time of only a few hours, can be successfully recognized in their early stages and appropriate warnings of the time and area of their maximum impact can be expeditiously provided to the general public.  For this reason, its warning capability has been the primary justification for the geostationary spacecraft.  Since 71 per cent of the Earth's surface is water and even the land areas have many regions which are sparsely inhabited, the polar-orbiting satellite system provides the data needed to compensate the deficiencies in conventional observing networks.  Flying in a near-polar orbit, the spacecraft is able to acquire data from all parts of the globe in the course of a series of successive revolutions.  For these reasons the polar-orbiting satellites are principally used to obtain: (a) daily global cloud cover; and (b) accurate quantitative measurements of surface temperature and of the vertical variation of temperature and water vapour in the atmosphere.  There is a distinct advantage in receiving global data acquired by a single set of observing sensors.  Together, the polar-orbiting and geostationary satellites constitute a truly global meteorological satellite network.


The thrust of the current generation of environmental satellites is aimed primarily at characterizing the kinematics and dynamics of the atmospheric circulation.  The ability to achieve such objectives was demonstrated during the Global Weather Experiment in 1979.  This capability is now part of the global operations of the World Weather Watch.  The existing network of environmental satellites, forming part of the Global Observing System (GOS) of the World Weather Watch, produces real-time weather information on a regular basis.  This is acquired several times a day through direct broadcast from the meteorological satellites by more than 1,300 stations located in 125 countries.
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Figure I-2: The present configuration for the space-based Global Observing System

NOTE:
Information on the characteristics, capabilities and uses of the current system of meteorological satellites is contained in the CGMS Directory of Meteorological Satellite Applications.  Additional up-to-date information can be found via the WMO Satellite Activities Homepage:

http://www.wmo.ch/hinsman/satsun.html.

The present institutionalized descriptions of the space-based component of the Global Observing System are contained in the WMO Publications for the Manual and Guide on the Global Observing System. In addition to the two constellations already described, polar-orbiting and geostationary, each constellation has a space segment provided for by space-faring nations and international organizations and a ground segment provided for by both the space-faring nations and international organizations and WMO Members in general.


The space segment of polar-orbiting and geostationary satellites provides for a global coverage. The different capabilities of the two constellations complement each other and are necessary parts of the space-based component of the GOS.  Both constellations are also capable of accomplishing data-collection and data-dissemination missions.  Therefore, the polar-orbiting satellites of the space-based component of the GOS at present should perform the following missions: imagery; data-collection; direct broadcast; and atmospheric soundings.  The entire constellation of geostationary meteorological satellites provides almost all of the same missions.  Beginning with the launch of GOES-8 in 1998, atmospheric soundings are now also available from the vantage point of geostationary orbit.


The ground segment of the space-based component of the GOS should provide for the reception of signals and DCP data from operational satellites and/or the processing, formatting and display of meaningful environmental observation information, with a view to further distributing it in a convenient form to local users, or over the GTS, as required.  This capability is normally accomplished through receiving and processing stations of varying complexity, sophistication and cost.


In implementing satellite systems in response to the requirements of the space-based component of the GOS, WMO Members and international organizations operating environmental observation satellite programmes should make the satellite data reliably available to other Members and inform the Members of the means of obtaining these data.  Reliably available is a most important concept and one that separates experimental satellites from operational environmental satellites.  Operational satellites, in a WMO context, are those satellite with a guaranteed replacement policy, either through in-orbit spares or an on-demand launch policy, that ensure continuity of service for WMO Members.  WMO Members and international organizations operating environmental observation satellites expend great efforts to meet, to the extent possible, the accuracy, timeliness and the time and space observational requirements of the GOS.


In order to meet the observational and service requirements for the space-based component of the GOS, the number of satellites in polar orbit should be sufficient to provide global coverage at least four times per day for instruments with horizon-to-horizon scanning.  Typically this requires one satellite in ante-meridian (a.m.) orbit and one in post-meridian (p.m.) orbit.  The number of satellites in geostationary orbit should be sufficient to obtain observations, typically at 30 or 15 minute intervals, throughout the field of view between 50° S and 50° N.  This implies the availability of five satellites, near-equally spaced around the equator. Processed imagery and sounding data should be available from at least one polar orbiting satellite, in a.m. or p.m. orbit, on not less than 99% of occasions.  Processed imagery from five equi-spaced geostationary satellites should be accessible on not less than 90% of occasions and from four such satellites on 99% of occasions.  Contingency plans, involving the use of in-orbit stand-by flight models and rapid call up of replacement systems and launches, should be in place to maximize the utility of the available data.


The ground segment includes all the necessary facilities for operational control of the satellites by the satellite operators as well as WMO Member user stations.  All WMO Members should endeavour to install in their territory at least one user station for cloud imagery data from the polar satellite constellation and at least one such station for receiving data from a geostationary satellite.

2.
REMOTE SENSING

2.1 Physical basis of remote methods of determining hydro-meteorological and geophysical parameters

2.1.1
Visible, Infrared and Microwave Spectral Bands for Viewing the Earth’s Atmosphere

2.1.1.1
Atmospheric Absorption and Emission of Solar Radiation


The absorption and emission of solar radiation in the atmosphere is accomplished by molecular storing of the electromagnetic radiation energy.  Molecules can store energy in various ways.  Any moving particle has kinetic energy as a result of its motion in space.  This is known as translational energy.  A molecule which is composed of atoms can rotate, or revolve, about an axis through its centre of gravity and, therefore, has rotational energy.  The atoms of the molecule are bounded by certain forces in which the individual atoms can vibrate about their equilibrium positions relative to one another.  The molecule, therefore, will have vibrational energy.  These three molecular energy types (translational, rotational, and vibrational) are based on a rather mechanical model of the molecule that ignores the detailed structure of the molecule in terms of nuclei and electrons.  It is possible, however, for the energy of a molecule to change due to a change in the energy state of the electrons of which it is composed.  Thus, the molecule also has electronic energy.  The energy levels are quantized and take discrete values only.  As we have pointed out, absorption and emission of radiation takes place when the atoms or molecules undergo transitions from one energy state to another.  In general, these transitions are governed by selection rules.  Atoms exhibit line spectra associated with electronic energy levels.  Molecules, however, also have rotational and vibrational energy levels that lead to complex band systems.


Solar radiation is mainly absorbed in the atmosphere by O2, O3, N2, CO2, H2O, O, and N, although NO, N2O, CO, and CH4, which occur in very small quantities, also exhibit absorption spectra.  Absorption spectra due to electronic transitions of molecular and atomic oxygen and nitrogen, and ozone occur chiefly in the ultraviolet (UV) region, while those due to the vibrational and rotational transitions of tri-atomic molecules such as H2O, O3, and CO2 lie in the infrared region.  There is very little absorption in the visible region of the solar spectrum.  In Figure I.3 the transmittance of the visible and near infrared reflectance spectrum from 0.4 to 2.5 μm is shown along with the spectral band coverage of current and planned polar orbiting imagers.
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Figure I.3:
The transmittance through the atmosphere of the visible and near infrared reflectance spectrum from 0.4 to 2.5 μm (spectral absorption gases are indicated above) is shown along with the spectral band coverage of current and planned polar orbiting imagers.

2.1.1.2
Atmospheric Absorption And Emission of Thermal Radiation

Just as the sun emits electromagnetic radiation covering all frequencies, so does the earth. However, the global mean temperature of the earth-atmosphere system is only about 250 K.  This temperature is obviously much lower than that of the sun's photosphere.  As a consequence of Planck's law and Wien's displacement law discussed earlier, we find that the radiance (intensity) peak of the Planck function is smaller for the earth's radiation field and the wavelength for the radiance (intensity) peak of the earth's radiation field is longer.  We call the energy emitted from the earth-atmosphere system thermal infrared (or terrestrial) radiation.  In Figure I.4, the earth radiance to space measured by an airborne interferometer is shown.  We plotted the spectral distribution of radiance emitted by a blackbody source at various temperatures in the terrestrial range in terms of wavenumber.  We saw that in some spectral regions the envelope of the emission spectrum is very close to the spectrum emitted from a blackbody with a temperature of about 295 K, which is about the temperature of the surface.  This occurs in spectral regions where the atmosphere is transparent to that radiation.  In other spectral regions the emission spectrum is close to the spectrum emitted from a blackbody with a temperature of about 220 K, which is about the temperature at the tropopause.  This occurs in spectral regions where the atmosphere is opaque or absorbing to that radiation.  In these spectral regions the atmosphere is said to be trapping the radiation.  In Figure I.5, the radiance from .1 μm to 10 cm emitted by the earth-atmosphere system transmitted to space is shown.  Clearly, certain portions of the infrared radiation are trapped by various gases in the atmosphere.

[image: image9.png]Radiance (Win".ster.um)

High resolution atmospheric absorption spectrum
and comparative blackbody curves.

a 5.0 8.0 10.0 12.0
Wavelength (um)

C0o2 H20 03 Co2




Figure I.4
Infrared portion of the earth-atmosphere emitted radiation to space observed from an airborne Interferometer.  Planck envelopes and line spectra (absorption gases are indicated below) as well as spectral band coverage of polar imagers MODIS and VIIRS are indicated.  Sounders cover CO2 and H2O absorption bands and window regions.
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Figure I.5:
Atmospheric transmission characteristics from 0.1 μm to 10 cm showing the major absorption bands

Among these gases, carbon dioxide, water vapour, and ozone are the most important absorbers.  Some minor constituents, such as carbon monoxide, nitrous oxide, methane, and nitric oxide, which are not shown, are relatively insignificant absorbers insofar as the heat budget of the earth-atmosphere is concerned. Carbon dioxide absorbs infrared radiation significantly in the 15 μm band from about 600 to 800 cm-1.  This spectral region also corresponds to the maximum intensity of the Planck function in the wavenumber domain. Water vapour absorbs thermal infrared in the 6.3 μm band from about 1200 to 2000 cm-1 and in the rotational band (< 500 cm-1).  Except for ozone, which has an absorption band in the 9.6 (m region, the atmosphere is relatively transparent from 800 to 1200 cm-1.  This region is referred to as the atmospheric window.  In addition to the 15 μm band, carbon dioxide also has an absorption band in the shorter wavelength of the 4.3 μm region.  The distribution of carbon dioxide is fairly uniform over the global space, although there has been observational evidence indicating a continuous global increase over the past century owing to the increase of the combustion of fossil fuels.  This leads to the question of the earth's climate and possible climatic changes due to the increasing carbon dioxide concentration.  Unlike carbon dioxide, however, water vapour and ozone are highly variable both with respect to time and the geographical location.  These variations are vital to the radiation budget of the earth-atmosphere system and to long-term climatic changes.


In a clear atmosphere without clouds and aerosols, a large portion (about 50%) of solar energy transmits through the atmosphere and is absorbed by the earth's surface.  Energy emitted from the earth, on the contrary, is absorbed largely by carbon dioxide, water vapour, and ozone in the atmosphere as evident in Figure I.4.  Trapping of thermal infrared radiation by atmospheric gases is typical of the atmosphere and is, therefore, called the atmospheric effect.


Solar radiation is referred to as short-wave radiation because solar energy is concentrated in shorter wavelengths with its peak at about 0.5 μm.  Thermal infrared radiation from the earth's atmosphere is referred to as long-wave radiation because its maximum energy is in the longer wavelength at about 10 μm.  The solar and infrared spectra are separated into two spectral ranges above and below about 4 μm, and the overlap between them is relatively insignificant.  This distinction makes it possible to treat the two types of radiative transfer and source functions separately and thereby simplify the complexity of the transfer problem.

2.1.1.3
Atmospheric Absorption Bands in the Infrared Spectrum


Inspection of high-resolution spectroscopic data reveals that there are thousands of absorption lines within each absorption band.  The fine structure of molecular absorption bands for the 320-380 cm-1 is due to water vapour, and for the 680-740 cm-1 region it is due to carbon dioxide.  The optically active gases of the atmosphere, carbon dioxide, water vapour, and ozone are all tri-atomic molecules.


The water molecule forms an isosceles triangle that is obtuse. The 6.3 μm band has been identified with a fundamental vibrational mode ofH2O.  Two other fundamental vibrational modes are found close together in a band near 2.7 μm, i.e., on the short-wave side of the infrared spectral region.


The band covering the region from 800 to 400 cm-1 shown in Figure I.4 represents the purely rotational spectrum of water vapour.  The water molecule forms an asymmetrical top with respect to rotation, and the line structure of the spectrum does not have the simplicity of a symmetrical rotator such as found in the CO2 molecule.  Close inspection shows that the absorption lines have no clear-cut regularity.  The fine structure of the 6.3 μm band is essentially similar to that of the pure rotational band.


In the region between the two water vapour bands, i.e., between about 8 and 12 μm, the so-called atmospheric window, absorption is continuous and is primarily due to water vapour.  Absorption by carbon dioxide is typically a small part of the total in this region.  The overlap of water vapour with ozone in this region is insignificant in the computations of cooling rates since water vapour is important mainly in the lower atmosphere, while cooling due to ozone takes place primarily in the stratosphere and higher.


The ozone molecule is of the tri-atomic non-linear type with a relatively strong rotation spectrum.  The three fundamental vibrational bands occur at wavelengths of 9.066, 14.27, and 9.597 μm.  The very strong and moderately strong fundamentals combine to make the well-known 9.6 (m band of ozone.  The other fundamental is well-masked by the 15 μm band of CO2.  The strong band of about 4.7 μm produced by the overtone and combination frequencies of 03 vibrations is in a weak portion of the Planck energy distribution for the atmosphere.  Note that the absorption bands of 03 in the UV part of the solar spectrum are due to electronic transitions in the ozone molecule.

2.1.1.4
Atmospheric Absorption Bands in the Microwave Spectrum


A brief summary of the absorption lines in the microwave spectral region follows.  Molecular oxygen and water vapour are the major absorbing constituents here.  Figure I.6 shows the transmittance for frequencies below 300 GHz.  Below 40 GHz only the weakly absorbing pressure broadened 22.235 GHz water vapour line is evident; this line is caused by transitions between the rotational states.  At about 60 and 118.75 GHz, there are strong oxygen absorption lines due to magnetic dipole transitions.  For frequencies greater than 120 GHz, water vapour absorption again becomes dominant due to the strongly absorbing line at 183 GHz.

A special problem in the use of microwave from a satellite platform is the emissivity of the earth surface.  In the microwave region of the spectrum, emissivity values of the earth surface range from 0.4 to 1.0.  This complicates interpretation of terrestrial and atmospheric radiation with earth surface reflections.
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Figure I.6
Atmospheric transmittance in the microwave region of the spectrum as a function of frequency.

2.1.1.5
Sensing Regions


Several spectral regions are considered useful for remote sensing from satellites.  Figure I.7 summarizes this.  Windows to the atmosphere (regions of minimal atmospheric absorption) exist near 4 (m, 10 (m, 0.3 cm, and 1 cm.  Infrared windows are used for sensing the temperature of the earth surface and clouds, while microwave windows help to investigate the surface emissivity and the liquid water content of clouds.  The CO2 and O2 absorption bands at 4.3 (m, 15 (m, 0.25 cm, and 0.5 cm are used for temperature profile retrieval; because these gases are uniformly mixed in the atmosphere in known portions and thus they lend themselves to this application.  The water vapour absorption bands near 6.3 (m, beyond 18 (m, near 0.2 cm, and near 1.3 cm are sensitive to the water vapour concentration in the atmosphere.

2.1.1.6
Sounding the Atmosphere


Meteorological observations from space are made through the electromagnetic radiation leaving the atmosphere.  Outgoing radiation from earth to space varies with wavelength for two reasons: (a) Planck function dependence on wavelength, and (b) absorption by atmospheric gases of differing molecular structure (CO2, H2O, O3...).  Figure I.4 shows an observed infrared spectrum of the radiance to space.  Around absorbing bands of the constituent gases of the atmosphere, vertical profiles of atmospheric parameters can be derived. Sampling in the spectral region at the centre of the absorption band yields radiation from the upper levels of the atmosphere (e.g., radiation from below has already been absorbed by the atmospheric gas); sampling in spectral regions away from the centre of the absorption band yields radiation from successively lower levels of the atmosphere.  Away from the absorption band are the windows to the bottom of the atmosphere.  The interferometer on this day observed surface temperatures of 296 K in the 11 μm window region of the spectrum and tropopause emissions of 220 K in the 15 μm absorption band.  As the spectral region moves toward the centre of the CO2 absorption band, the radiation temperature decreases due to the decrease of temperature with altitude in the lower atmosphere.
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Figure I.7
Spectral regions used for remote sensing of the earth atmosphere and surface from satellites, ε indicates emissivity, q denotes water vapour, and T represents temperature.


With careful selection of spectral bands in and around an absorbing band, it was suggested that multispectral observations can yield information about the vertical structure of atmospheric temperature and moisture.  The concept of profile retrieval is based on the fact that atmospheric absorption and transmit​tance are highly dependent on the frequency of the radiation and the amount of the absorbing gas.  At frequencies close to the centres of absorbing bands, a small amount of gas results in considerable attenuation in the transmission of the radiation; therefore most of the outgoing radiation arises from the upper levels of the atmosphere.  At frequencies far from the centres of the band, a relatively large amount of the absorbing gas is required to attenuate transmission; therefore the outgoing radiation arises from the lower levels of the atmosphere. However, the derivation of temperature profiles is complicated by the fact that upwelling radiance sensed at a given wavelength arises from a rather large vertical depth (roughly 10 km) of the atmosphere.  In addition, the radiance sensed in the neighbouring spectral regions arises from deep overlapping layers.  This causes the radiance observations to be dependent and the inverse solution to the radiative transfer equation for temperature profiles to be non-unique.  Differing analytical approaches and types of ancillary data are needed to constrain the solution in order to render temperature profiles.


There is no unique solution for the detailed vertical profile of temperature or an absorbing constituent because (a) the outgoing radiances arise from relatively deep layers of the atmosphere, (b) the radiances observed within various spectral channels come from overlapping layers of the atmosphere and are not vertically independent of each other, and (c) measurements of outgoing radiance possess errors.  As a consequence, there are a large number of analytical approaches to the profile retrieval problem.  The approaches differ both in the procedure for solving the set of spectrally independent radiative transfer equations (e.g., matrix inversion, numerical iteration) and in the type of ancillary data used to constrain the solution to insure a meteorologically meaningful result (e.g., the use of atmospheric covariance statistics as opposed to the use of an a priori estimate of the profile structure).  There are some excellent papers in the literature which review the retrieval theory which has been developed over the past few decades (Fleming and Smith, 1971; Fritz et al, 1972; Rodgers, 1976; and Twomey, 1977).


There are several products that come under the category of soundings.  They include the clear field of view (FOV) brightness temperatures, profile retrievals of temperature and moisture, as well as their layer mean values, lifted indices, CAPE, and thermal wind profiles.  Additionally from the imager, there are derived product images of precipitable water and lifted indices.  A brief description follows.


Vertical temperature profiles from sounder radiance measurements are produced at 41 pressure levels from 1000 to 0.1 hPa using a simultaneous, physical algorithm that solves for surface skin temperature, atmospheric temperature and atmospheric moisture.  Also, estimates of surface emissivity and cloud pressure and amount are obtained as by products.  The retrieval begins with a first guess temperature profile that is obtained from a space/time interpolation of fields provided by the numerical weather prediction models.  Hourly surface observations are also used to provide surface boundary information.  Soundings are produced from an nxn array of FOVs whenever more than 30% or more FOVs are determined to be either clear or "low cloud".  The FOVs are "cloud filtered" and co-registered to achieve a homogeneous set.  The location (latitude and longitude) of the retrieval is assigned to the mean position of the filtered sample.  A "type" indicator is included in the archive to indicate if the sounding represents "clear" or "low cloud" conditions.  A quality indicator is included to indicate if the retrieval has failed any internal quality checks.


Vertical moisture (specific humidity) profiles are obtained in the simultaneous retrieval, and thus are provided at the same levels as temperature.  Since the radiance measurements respond to the total integrated moisture above a particular pressure level, the specific humidity is a differentiated quantity rather than an absolute retrieval.  Geopotential height profiles are derived from the full resolution temperature and moisture profiles.  Layer means of either temperature or moisture can also be derived.  Ten or more precipitable water layers will be integrated from retrievals of specific humidity.  These and the total precipitable water are provided in the standard archive.


Atmospheric stability indices (such as lifted index, CAPE, () for each retrieval can also be derived. The lifted index is an estimate of atmospheric stability that represents the buoyancy that an air parcel would experience if mechanically lifted to the 500 hPa level.  The lifted index expresses the difference in temperature between the ambient 500 hPa temperature and the temperature of the lifted parcel.  A negative value (warmer than the environment) represents positive buoyancy (continued rising); whereas a positive value denotes stability (returning descent).  The formulation used to derive LI is a thermodynamical relationship requiring the 500 hPa temperature and a mean pressure, temperature, and moisture for the boundary layer.  These quantities are available from the retrieved profile.  CAPE, another measure of atmospheric instability, can also be provided.


The geopotential height of the pressure level as derived from a 1000 hPa height analysis (from the NWP forecast supplemented with hourly data), a topography obtained from a library (10 minute latitude/longitude resolution) and the retrieved temperature and moisture profile are contained in the archive of each retrieval. Thickness can be calculated from this profile.


Thermal winds can be provided with each profile.  These are derived from objective analyses of the geopotential profiles calculated with each retrieval.  The objective analysis is a 3-dimensional, univariate recursive filter that uses as a background the same fields that provide the first guess to the temperature retrieval algorithm (NWP forecasts and surface analyses).  The analyses are currently performed on a 1 degree latitude/longitude grid.  Gradient winds are calculated using finite difference operators that involve surface-fitting over retrieval gridpoints centred at the gridpoint closest to each retrieval.  Wind estimates are provided from 700 to 400 hPa.  These winds are most useful in the extra-tropics over water.


Vertical temperature and moisture (specific humidity) profiles are obtained in a simultaneous physical retrieval (Ma et al 1999). The overall quality of these products has been assessed in case studies and comparison of information content with forecast model backgrounds. Satellite sounder moisture contained in broad layers in the troposphere were compared to those inferred from radiosonde measurements.  The total column water vapour RMS difference with respect to radiosondes for a one year period in 1996-97 has been reduced from 3.3 mm for the forecast first guess to 2.6 mm for the satellite retrievals, roughly an improvement of 20%.  It is found that the satellite is typically drier than the radiosonde in the mean by 0.7 mm in the lowest layer (surface to 900 hPa) and more moist in the mean by 0.3 mm in the middle (900 to 700 hPa) as well as the upper (700 to 300 hPa) layers.  The satellite improves upon the model first guess in all layers in the RMS difference by 0.1 to 0.4 mm (Menzel et al 1998).  The inferred atmospheric stability (such as lifted indices) of air parcels elevated to 500 hPa are found to be less stable in the mean by 0.6 C from those inferred from radiosondes with an RMS difference of 2.2 C.  In the vicinity of radiosondes, the satellite depiction of atmospheric stability improves upon numerical model first guess information.  More significant is the fact that much larger differences (greater than 100%) between satellite soundings and model forecasts often occur over oceanic regions where radiosondes are unavailable; this indicates a much larger potential for satellite soundings to influence the forecast model in data sparse regions.

2.1.1.7
Tracking Atmospheric Motions


Geostationary satellite imagery has been used as a source of wind observations since the launch of the first spin scan camera aboard the Application Technology Satellite (ATS 1) in December 1966.  It was recognized immediately that features tracked in a time sequence of images could provide estimates of atmospheric motion.  Historically, wind vectors have been produced from images of visible (for low level vectors) and infrared long-wave window radiation (for upper and low level vectors and some mid level vectors).  More recently, in order to improve the coverage at mid levels and over cloud free areas, wind tracking has been applied to water vapour imagery (at 6.7 and 7.2 μm).


The basic elements of wind vector production have not changed since their inception.  These are: (a) selecting a feature to track or a candidate target; (b) tracking the target in a time sequence of images to obtain a relative motion; (c) assigning a pressure height (altitude) to the vector; and (d) assessing the quality of the vector.  Initially, these elements were done manually (even to the point of registering the images into a film movie loop), but the goal has always been to automate procedures and reduce the time consuming human interaction.


To use a satellite image, the feature of interest must be located accurately on the earth.  Since the earth moves around within the image plane of the satellite because of orbit effects, satellite orbit and attitude (where the satellite is and how it is oriented in space) must be determined and accounted for.  This process of navigation is crucial for reliable wind vector determination.  With the assistance of landmarks (stars) to determine the attitude (orbit) of the spacecraft over time, earth location accuracies within one visible pixel (one km) have been realized.


Operational winds from GOES are derived from a sequence of three navigated and earth located images taken 30 minutes apart.  The winds are calculated by a three-step objective procedure.  The initial step selects targets, the second step assigns pressure altitude, and the third step derives motion.  Altitude is assigned based on a temperature/pressure derived from radiative transfer calculations in the environment of the target. Motion is derived by a pattern recognition algorithm that matches a feature within the "target area" in one image within a "search area" in the second image.  For each target two winds are produced representing the motion from the first to the second, and from the second to the third image.  An objective editing scheme is then employed to perform quality control: the first guess motion, the consistency of the two winds, the precision of the cloud height assignment, and the vector fit to an analysis are all used to assign a quality flag to the "vector" (which is actually the average of the two vectors).


Water Vapour Motion Vectors (WVMVs) (imager band at 6.7 μm which sees the upper troposphere and sounder bands at 7.0 and 7.5 μm which see deeper into the troposphere) are derived by the same methods used with CMVs.  Heights are assigned from the water vapour brightness temperature in clear sky conditions and from radiative transfer techniques in cloudy regions.


The basic concept behind the cloud drift winds is that some clouds are passive tracers of the atmosphere's motion in the vicinity of the cloud.  However, clouds grow and decay with lifetimes which are related to their size.  To qualify for tracking, the tracer cloud must have a lifetime that is long with respect to the time interval of the tracking sequence.  The cloud must also be large compared with the resolution of the images.  This implies a match between the spatial and temporal resolution of the image sequence.  In order for a cloud to be an identifiable feature on an image, it generally must occupy an area at least ten to 20 pixels across (where pixel denotes an instantaneous geometric field of view).  Hence for full resolution 1.0 km GOES visible data, the smallest clouds which can be used for tracking are 10 to 20 km across.  Experience has shown that a time interval of approximately 3 to 10 min between images is necessary to track clouds of this size, with the shorter time interval being required for disturbed situations.  For 4 km infrared images, the cloud tracers are about 100 km across, are tracked at half-hour intervals, and represent an average synoptic scale flow.  Water vapour images are found to hold features longer and are best tracked at hourly intervals (a longer time interval offers better accuracy of the tracer if the feature is not changing).


Cloud drift winds have been compared to radiosondes and found to be within 5 to 8 m/s rms (the better comparisons occur when the CO2 height algorithm is used for height assignment).  This is encouraging.  However, it must be recognized that cloud winds are a limited and meteorologically biased data set.  The cloud winds generally yield measurements from only one level (the uppermost layer of the cloud) and from regions where the air is going up (and producing clouds).  Even with the water vapour motions enhancing the cloud drift winds, the meteorological bias persists.  In summary, the satellite-derived winds are best used over data sparse regions to fill in some of the data gaps between radiosonde stations and between radiosonde launch times.

2.1.1.8
Investigating Clouds


Cloud Detection

Clouds are generally characterized by higher reflectance and lower temperature than the underlying earth surface.  As such, simple visible and infrared window threshold approaches offer considerable skill in cloud detection.  However there are many surface conditions when this characterization of clouds is inappropriate, most notably over snow and ice.  Additionally, some cloud types such as cirrus, low stratus, and roll cumulus are difficult to detect because of insufficient contrast with the surface radiance. Cloud edges cause further difficulty since the field of view is not always completely cloudy or clear.  Multispectral approaches offer several opportunities for improved cloud detection so that many of these concerns can be mitigated. Finally, spatial and temporal consistency tests offer confirmation of cloudy or clear sky conditions.


The purpose of a cloud mask is to indicate whether a given view of the earth surface is unobstructed by clouds.  The question of obstruction by aerosols is somewhat more difficult and will be addressed only in passing in this section.  As many as eight single field of view (FOV) cloud mask tests are indicated for daylight conditions (given that the sensor has the appropriate spectral channels).  Many of the single FOV tests rely on radiance (temperature) thresholds in the infrared and reflectance thresholds in the visible.  These thresholds vary with surface emissivity, atmospheric moisture, aerosol content, and viewing scan angle.


Cloud Properties


CO2 slicing has been used to distinguish transmissive clouds from opaque clouds and clear sky using High resolution Infrared Radiation Sounder (HIRS) multispectral observations.  With radiances around the broad CO2 absorption band at 15 μm, clouds at various levels of the atmosphere can be detected. Radiances from near the centre of the absorption band are sensitive to only upper levels while radiances from the wings of the band (away from the band centre) see successively lower levels of the atmosphere. The CO2 slicing algorithm determines both cloud level (and hence the associated cloud temperature) and cloud amount from radiative transfer principles.  It has been shown to be especially effective for detecting thin cirrus clouds that are often missed by simple infrared window and visible approaches.  Difficulties arise when the spectral cloud forcing (clear minus cloudy radiance for a spectral band) is less than the instrument noise.

2.1.1.9 Sensing The Earth Surface


Temperature


Sea surface temperatures (SST) are derived using cloud free measurements in the infrared window with varying sensitivity to atmospheric moisture; this is often referred as the split window technique. SSTs have been measured from satellites for nearly two decades by the Advanced Very High Resolution Radiometer (AVHRR) and, more recently, by the Along Track Scanning Radiometer (ATSR). Both series of satellites operate from sun-synchronous polar orbits about 850 km above ground. Compared with in situ measurements by ship and buoy, a great advantage of these satellite SST measurements is their global, nearly uniform coverage (except for clouds) with high spatial resolution (1 km).  Significant progress has been made in meteorology, climatology, oceanography, and other branches of geoscience using the AVHRR long-term record of high quality SST estimates.


Since 1993, GOES SST estimates have also been possible.  Geostationary advantages are frequent sampling which results in a more complete map of SST as clouds move away.  Changes in the scene temperature over a short period of time help to detect the presence of clouds.  The abundance of GOES observations enables stringent screening for cloud free observations while maintaining good spatial coverage of clear sky inferences of SST.  Diurnal variations of SST over large areas are observed for the first time and their implications for numerical weather prediction and climate monitoring are being studied.


An integral part of the SST algorithm is the detection of cloud contamination.  Correction for atmospheric water vapour absorption and re-emission is done with simple regression of radiance against buoy measurement.  Most current SST algorithms do not treat explicitly, among other things, the effects of aerosols, non-blackbody sea surface, and the difference between satellite and buoy measurements (an area estimate of skin SST versus a point estimate of bulk SST).  Nevertheless, agreement between satellite and buoy SST reports is within 0.6 C; better results are expected with improved multispectral cloud detection and accounting for reflection from the ocean surface.


Over land, accounting for the surface emissivity is critical.  There is good experimental evidence that high spectral resolution infrared measurements (from interferometers and grating spectrometers) will enable determination of surface emissivity as well as temperature.  The algorithm utilizes infrared window measurements that resolve on-absorption line and off-absorption line water vapour features to derive a surface temperature that minimizes the on-line and off-line surface emissivity variations.


Moisture


Satellite remote sensing of soil moisture has not been very successful.  Visible and infrared remote sensing see only the very surface layer of soil or of the vegetation canopy above the soil.  The wetness of the surface may affect the reflected radiation and will certainly affect the soil temperature, but the changes caused by surface wetness are difficult to quantify and distinguish from other physical phenomena that can change soil brightness or temperature.  To observe soil moisture over any reasonable soil depth (say 5 to 15 cm) requires remote sensing from microwave radiation.  Microwave window bands can retrieve information from below the soil surface at a depth that is comparable to the wavelength of the microwave radiation.  As the microwave instruments sample to longer and longer wavelength, which is required to measure soil moisture at significant depth, the antenna on the satellite has to increase in size and the field of view at the surface gets larger.  To date, practical limitations on satellite antenna size have restricted microwave observations to 1 cm wavelength or less.  This has allowed observation of surface soil moisture or surface wetness only.  A further problem of microwave soil moisture is that overlaying vegetation interferes with the soil signal.  This limitation restricts observations to less thickly vegetated regions or confines the signal to situations where there is a very large soil moisture signal, such as occurs under flood conditions or with extensive ponding after heavy rains.


Vegetation


AVHRR measures reflected visible radiation in the 0.58 – 0.68 µm band (channel 1) and the 0.7 – 1.1 µm band (channel 2) of the Earth’s reflected radiation.  This band pair, when combined in a quantity called Normalized Difference Vegetation Index (NDVI) has the property of being very sensitive to vegetation density and vigour.  The NDVI is defined by:

NDVI = (Ch2 – Ch1)/(Ch2 + Ch1)

where the Ch1 and Ch2 values can be expressed in terms of albedo or reflectance.  The reflectance of green vegetation is generally low in the red part of the spectrum (Channel 1) and high in the near infrared (Channel 2) regions.  As observed vegetation becomes senescent, in poor health, or sparse, the near infrared reflectance (Channel 2) declines and the NDVI decreases.  So high values of NDVI denote dense green healthy vegetation. Low NDVI usually indicates stressed vegetation or scenes (arid and semiarid or wintertime) where the amount of green vegetation is low.


Since 1985 the AVHRR NDVI has been used to make weekly global maps of vegetation index as a means of routinely monitoring world-wide vegetation condition.  Vegetation index maps are produced daily, then combined by compositing on the maximum vegetation index observed during the week, to provide a substantially cloud-free vegetation map at the end of the week.  The weekly maps are the basis for a variety of other vegetation-related products such as stressed vegetation caused by drought and green vegetation fraction that is used to specify surface conditions in numerical weather prediction models.


Fires

The most practical and economically feasible manner of monitoring the extent of burning associated with tropical deforestation and grassland management is through remote sensing.  To date, many remote sensing methods have utilized multispectral data from the Multispectral Scanner (MSS) on Landsat-1, -2 & -3, the Thematic Mapper (TM) on Landsat-4 and -5, and the Advanced Very High Resolution Radiometer (AVHRR) on the NOAA polar orbiters.  A number of these techniques calculate vegetative indices (from measurements above and below the vegetation reflectance step function at 0.72 μm) in order to estimate deforestation areas.  However, the extent of deforestation is usually underestimated, mostly due to the inability to distinguish between primary and secondary growth.

Another estimation of the rate of deforestation can be made by monitoring biomass burning.  A technique utilizing the AVHRR 3.7 μm and 10.8 μm channels to detect subpixel resolution forest fires has been used successfully.  The technique provides reasonable estimates of temperature and area of fires in 1-km pixels that are not saturated.  Unfortunately, many of the pixels are saturated and it is difficult to monitor plume activity associated with these sub-pixel fires, since the NOAA polar orbiting satellite has only one day time pass over a given area.  The Geostationary Operational Environmental Satellites offer continuous viewing and less pixel saturation.  Furthermore, the fire plumes can be tracked in time to determine their motion and extent.  Thus, the GOES satellite offers a unique ability to monitor diurnal variations in fire activity and transport of related aerosols.


The different brightness temperature responses in the two infrared window channels can be used to estimate the temperature of the target fire as well as the sub-pixel area it covers.  Typically, the difference in brightness temperatures between the two infrared windows at 3.9 and 11.2 μm is due to reflected solar radiation, surface emissivity differences, and water vapour attenuation.  This normally results in brightness temperature differences of 2 - 4 K.  Larger differences occur when one part of a pixel is substantially warmer than the rest of the pixel.  The hotter portion will contribute more radiance in shorter wavelengths than in the longer wavelengths. The fire extent and temperature within a field of view can be determined by considering the upwelling thermal radiance values obtained by both channels.  The observed short-wave window radiance also contains contributions due to solar reflection that must be distinguished from the ground emitted radiances; solar reflection is estimated from differences in background temperatures in the 4 and 11 μm channels.  Once background temperature is estimated from nearby pixels, atmospheric correction for moisture and smoke is accomplished, and surface emissivity adjustments are made for short-wave and long-wave IR radiation, two equations and two unknowns (fire extent and temperature) result.  Burning or smouldering fires are usually covered by clouds and smoke containing organic particles of varying sizes and shapes, necessitating a correction to the transmittance.  Most of the smoke is composed of water vapour, but there are other constituents as well.  The 11 μm channel is more affected by atmospheric water vapour than the 4 μm channel. With Nimbus-2 data, it was found that the water vapour correction for a moist atmosphere is approximately 4 K at 300 K for the 11 μm window and 2 K at 300 K for the 4 μm window.  By calculating a linear regression relationship between the GOES visible brightness counts and GOES infrared window brightness temperature in a variety of haze conditions (approximately 50) and extrapolating to clear sky conditions, the Nimbus corrections were found to be appropriate for the GOES data studied.  Emissivity investigations for vegetation similar to that found in the selva and cerrado suggest an emissivity for tropical rainforest of 0.96 in the 4 μm region and 0.97 in the 11 μm region, while the emissivity of dry grassland is 0.82 and 0.88 respectively.

2.2
Data and product archives

Cataloguing and providing physical storage for the vast quantity of satellite data is a very demanding task.  This has become easier as the output data rates from the sensors have increased progressively while the technology for digital data storage continued to improve.  Modifications in procedures have been made through the years.  Some changes were necessitated by alterations in the type of data acquired, while others were introduced to take advantage of the technological advances in computer processing.


Climate studies of most any kind require a relatively long series of consistent data.  The rapid changes that took place in meteorological satellites during the early years of operations made it difficult to obtain consistent data sets of sufficient length for climate studies.  However, the stability of satellite remote sensing since the FGGE in l978-79 has created consistent data sets that are useful for climate studies.  Observational data requirements now place increased emphasis on the validation and verification of satellite data and derived products that are based on one or more of the following approaches:

· Evaluation of long series of data;

· Satellite-to-satellite intercomparison;

· Use of data from a polar-orbiting satellite to normalize data from a number of geostationary satellites;

· Setting up programmes of intensive observations over areas where satellite data may be checked against the data from surface stations.


The current reference for satellite data archiving is “Satellite Data Archiving” (WMO TD No. 909, (SAT-14)).

3.
DIRECT DATA DISSEMINATION

3.1
Polar-orbiting satellite direct broadcast


The Automatic Picture Transmission (APT) system on the NOAA satellites of the USA provides a reduced resolution data stream from the AVHRR instrument.  It transmits the data continuously as an analogue broadcast that can be received in real-time by relatively unsophisticated, inexpensive ground station equipment while the satellite is within radio range.  It was introduced in 1970 and for some three decades has provided image data to relatively low-cost user stations at locations in most countries of the world, giving many professional and other users their first introduction to real-time satellite imagery.  A user station anywhere in the world can receive local data from up to three satellite overpasses twice a day from each satellite.  Advances in communications technology will enable a transition to a new digital system - Low Rate Picture Transmission (LRPT) - in the early years of the new century.


APT data are transmitted continuously as an analogue signal using amplitude modulation of a 2400 Hz carrier.  A new line of data is transmitted each half second, containing a line of image data from two AVHRR channels together with supporting information (figure I.8).  As each image frame is received, synchronisation patterns show up as vertical black lines to the left of each image, while telemetry data are shown as grey scale wedges carrying calibration and other information.  Any two of the AVHRR channels can be chosen by the NOAA ground station for dissemination.  A visible channel is used to provide visible APT imagery during daylight, and one IR channel is used constantly (day and night).  A second IR channel can be scheduled to replace the visible channel during the night-time portion of the orbit.
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Figure I.8  : The APT frame format.


The on-board sampling scheme uses every third line of the AVHRR instrument data and samples each line as shown in figure I.9 to provide cross-track linearisation.  This gives quasi-constant resolution across and along track of around 4 km. The characteristics of the transmitted signal remain unchanged in the NOAA KLM satellite series from those in the TIROS-N series (NOAA-8 to NOAA-14), while there is a minor change in the data format to account for the modified channel-3 on the AVHRR instrument. APT will not be transmitted by the Metop satellites to be flown by EUMETSAT from 2003. These satellites will use the newer LRPT digital standard, as will the NPOESS satellites scheduled for launch later in the same decade.


The High-Resolution Picture Transmission (HRPT) service installed on the NOAA satellites has for some two decades been the main source of high quality data from polar orbiting meteorological satellites at major user stations throughout the world.  The data stream not only contains full resolution images in digital format from the AVHRR instrument but also the atmospheric information from the suite of sounding instruments. Through HRPT reception the user site can acquire data from three or more consecutive overpasses twice each day from each satellite, giving high resolution data coverage of a region extending to about 1500 km radius from the user station.  The imagery gives a snapshot of the meteorological conditions and can also be used for many land and ocean applications, while the sounding data gives detailed atmospheric data that may be processed and used in regional Numerical Weather Prediction (NWP) models.
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Figure I.9: Cross-scan linearization scheme.


The NOAA HRPT system provides data from all NOAA-K,L,M spacecraft instruments at a transmission rate of 665,400 bps. The real-time transmissions in S-band (at around 1700 MHz) include the digitised unprocessed output of the following sensors:


Imaging Instrument


The Advanced Very High Resolution Radiometer/3 (AVHRR/3) with its 1.1 km resolution dominates the data rate of the HRPT broadcast.  Five spectral channels out of a possible range of six are transmitted in full resolution at any one time, together with relevant calibration data. Channels 3A and 3B cannot be transmitted at the same time.  The selection is made by telecommand from the ground control centre and the selected channel indicated in the telemetry.  The on-board processor also generates Global Area Coverage (GAC) and Local Area Coverage (LAC) formats from the original AVHRR data.  These data are stored on-board and down-loaded separately from the real-time data stream transmitted by HRPT.


Atmospheric Sounding Instruments


The atmospheric sounders on the NOAA-K,L,M spacecraft comprise the suite of instruments known as the Advanced TIROS Operational Vertical Sounder (ATOVS).  This includes the Advanced Microwave Sounding Unit-A (AMSU-A) for atmospheric temperatures, the Advanced Microwave Sounding Unit-B (AMSU-B) for atmospheric humidities and the High Resolution Infrared Radiation Sounder/3 (HIRS/3) for atmospheric sounding in cloud-free regions.  Data from all three of these TOVS instruments are included at full resolution in the HRPT broadcast.  On NOAA-N and NOAA-N', data from the Microwave Humidity Sounder (MHS) provided by EUMETSAT will replace AMSU-B data.  The Solar Backscattered Ultraviolet (SBUV) instrument measures atmospheric ozone.  Its data are also transmitted by HRPT.


HRPT Transmission Characteristics

Line Rate 
360 AVHRR lines/minute 

Data Channels 
5 transmitted, 6 available 

Data Resolution 
1.1 km 

Carrier Modulation 
Digital split phase, phase modulated 

Transmitter Frequency (MHz)
1698.0 or 1707.0


Other Facilities


The HRPT data stream also contains data from the Solar Environment Monitor (SEM) and the ARGOS Data Collection System (DCS).  The table above shows the general characteristics of the HRPT transmission system:  It should be noted that a new version of HRPT is to be implemented on the future Metop satellites to be operated by EUMETSAT.  While Metop HRPT will follow the same general concept of transmitting most of the instrument in full resolution in real-time, due to evolving technology and new data transmission standards, the newer system will not be compatible with the HRPT system outlined here.

3.2 Geostationary satellite direct broadcast


The International WEFAX system for transmission of image data in analogue format is another success story for the Coordination Group for Meteorological Satellites (CGMS).  WEFAX is a standard data transmission specification used by operators of geostationary meteorological satellites to transmit satellite images and other data in analogue form to low-cost user stations.  WEFAX has been adopted as a standard for such transmissions by the USA, Europe, Japan, People's Republic of China and Russia.  This widespread standardization has helped to ensure that receivers are of the same type over most of the globe and has thereby helped to keep user costs to a minimum.  The format is a derivative of the Automatic Picture Transmission (APT) originally developed for transmission from the polar satellites of the USA. This common heritage also helps to keep costs down.


Originally designed as a system that would print directly onto the facsimile printing machines available in the early 1970s, WEFAX has benefited enormously from the arrival of the ubiquitous personal computer (PC).  By the 1990s the standard WEFAX user station was based on the personal computer with sophisticated display capabilities. Current systems are usually based on a PC, with images digitised for display on a screen either as still images or in animated sequences showing the development and movement of cloud over the region of interest.  The images can be displayed in colour, highlighting features of interest to the individual user, or displayed as animated sequences.  In this mode, with the enhanced storage capacities now available, the user can easily store scores of images and display the evolving weather patterns over days, weeks or even months. Typically the user needs add only a small parabolic antenna, a receiver box and an internal board for image acquisition.  Special software used on the standard PC may be used to schedule data reception, as well as for display and printing functions.


For the past two decades, WEFAX transmissions have been an important part of the dissemination services of the geostationary satellites of the USA, EUMETSAT and Japan.  More recently, the People's Republic of China and Russia have also used WEFAX from their geostationary meteorological satellite systems.


WEFAX was designed as an image transmission system that could be used by low-cost user stations.  That objective has been overwhelmingly achieved.  WEFAX user stations have been installed in most of the countries of the world.  The system is used by professional meteorologists in the smaller establishments, as well as by universities, schools, private individuals and sailing clubs.


On Screen


The structure of the standard WEFAX format is shown in Fig. I.10, transmitted as lines of data in analogue format over a total period of about three and a half minutes.  The format includes synchronisation signals at the beginning and end, together with further synchronisation signals at the start of every line. Although the transmissions are in analogue format throughout, digital header information is encoded in the analogue signal at the start of the signal, so that user software can determine which image is being transmitted.  The international standard broadcast frequency for WEFAX transmissions is 1691.0 MHz.  Some systems, such as EUMETSAT's Meteosat, also transmit WEFAX on 1694.5 MHz.


WEFAX has served the user community well for over 20 years and will be replaced by a new standard, the Low Rate Information Transmission (LRIT) system described in another topic.  LRIT has the advantage that it is completely digital and will be able to transmit images that can be used in a more quantitative way than the current analogue WEFAX images.


Although all the geostationary meteorological satellites operated by CGMS partners transmit high resolution digital image data to user stations, there has never been a global standard for this form of data transmission.  This contrasts with the situation where the analogue WEFAX format is a global standard employed by most operators.


The CGMS has agreed to new standards that will replace both the coordinated WEFAX systems and the uncoordinated high resolution digital broadcasts.  WEFAX will be replaced by the new Low Rate Information Transmission (LRIT) system and the various digital transmissions by the new High Rate Information Transmission (HRIT) system.


The High Rate Information Transmission (HRIT) format follows international standards for data transmission and has been adopted as a new standard by the Coordination Group for Meteorological Satellites (CGMS), to be implemented as member organizations develop new satellite systems.  HRIT will be used to transmit high resolution imagery data.
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Figure I.10
The standard WEFAX format, composed of an image section of 800 transmitted lines, together with synchronisation patterns and a digitally encoded header. 

4.
DATA COLLECTION SYSTEM (DCS)


A DCS is used to obtain data from in situ platforms, on schedule or on command.  Routine environmental measurements are needed from locations that are difficult, hazardous, or expensive to access frequently and also from locations not served by existing ground communication networks.  The DCS service solves many of these problems by enabling rapid user-access to measurements made by remotely located Data Collection Platforms (DCPs).


A DCP is simply a data acquisition device with a radio transmitter to provide contact with the satellite.  Sizes and shapes of DCPs vary a good deal but generally, apart from the small transmitter that is necessary, their dimensions are no more than those of an average-sized suitcase and their weight no more than about 20 kg.


The DCS can access data from a DCP.  Data transmission from user-owned sensor platforms can be initiated in response to one of three signals:  interrogation from the DCS, an internal timer, or sensor threshold conditions requiring immediate attention, such as seismic activity.


The self-timed version transmits its data at fixed, pre-determined times.  Transmission does not necessarily occur each time an observation is made.  If, for example, observations are made every ten minutes they might be stored initially and transmitted in batches of six every hour.  Interrogated platforms are so called because they measure and transmit only on receipt of a command sent via the satellite from the controlling ground station.  Alert platforms make frequent observations but only transmit when a predetermined threshold is exceeded, for instance when a river level exceeds some particular value.  The random-access platforms make frequent observations and transmissions without the precision timing that is a feature of self-timed systems. In each case, the data received at the satellite ground station are passed to the platform operators or, with their agreement, to other users.


Before any DCP can be brought into operation it has to undergo stringent certification tests and formal admission procedures.  The certification tests are to demonstrate that the platform will function satisfactorily within the total system and, very importantly, that its radio set will not cause interference to other users, even under extreme conditions.  The admission procedures relate largely to the details of day-to-day operation, such as allocation of an identifying address and radio reporting frequency, and arranging for data handling and distribution.


Data-collection facilities are carried by both geostationary and polar-orbiting satellites. Because the former can maintain continuous contact with all platforms in their coverage area and together provide something approaching world-wide coverage, the geostationary satellites support all the alert platforms and handle the bulk of the total DCP traffic.  They do not, however, have any platform location capability like some of the polar orbiters.  Any mobile DCP unable to specify its own position, as for example an ocean buoy that is drifting freely, must therefore operate through a suitably equipped polar-orbiting satellite.


ARGOS is a satellite-based location and data collection system dedicated to monitoring and protecting the environment.  It can determine the location of any ARGOS transmitter, anywhere in the world, to within around 150 metres.  ARGOS can also collect data from sensors on fixed or mobile platforms and thousands of ARGOS transmitters are now operating around the world.  It was established under an agreement between the National Oceanic and Atmospheric Administration (NOAA, USA), the National Aeronautics and Space Administration (NASA, USA) and the French Space Agency, CNES, (Centre Nationale d’Études Spatiales) and has been operational since 1978.  ARGOS is operated and managed by Collecte Localisation Satellites (CLS), a CNES subsidiary in Toulouse, France, and Service ARGOS, Inc., a CLS subsidiary in Landover, MD, near Washington, DC, USA.


ARGOS receivers are carried on board NOAA polar-orbiting environmental satellites and are also planned for the EUMETSAT Metop satellite due for launch from 2005.  At least two satellites are simultaneously in service on sun-synchronous, polar, circular orbits at about 850 km altitude, providing full global coverage several times each day.  The receivers collect and re-transmit to earth stations the messages received from the users' ARGOS platforms.  These messages are processed by the global processing centres located in Toulouse and Landover.  Since 1989 CLS has set up regional processing centres in Australia and Japan to provide users with local access to data.


Many enhancements to an already successful system are foreseen for the next years, including: 1) systems on additional satellites, supplying more data, more often, with higher capacity, i.e. processing more transmitters or larger volumes of data simultaneously and 2) higher sensitivity of the satellite on-board receiver, allowing lower transmitter power consumption. Already from 1999, the ARGOS system will offer a down-link to remotely command the platforms, with a new series of ARGOS receivers on board the NASDA (Japanese space agency) ADEOS II satellite and the ESA/EUMETSAT Metop series.
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Figure I.11
ARGOS satellite-based location and data collection system

4.1
Uses of the System


ARGOS users access their results, locations and sensor data from anywhere in the world by public data networks or the Internet. Data are available within 20 minutes of transmission in regional coverage.  Meteorological and oceanographic data can be automatically put onto the meteorological Global Telecommunication System, after quality check and formatting by CLS.

4.2
Oceanography and Meteorology


ARGOS drifting buoys are used to study the general ocean circulation, the ocean thermal structure and the meteorology over all the oceans.  Much of the data is for such international research programmes as: the Tropical Ocean and Global Atmosphere (TOGA) programme, the World Ocean Circulation Experiment (WOCE) and the Climate Variability and Predictability (CLIVAR) Programmes.

4.3
Wildlife


Wildlife biologists use ARGOS to track an impressive range of species, from the albatross to whale and polar bear.  With ARGOS, they can plot migratory pathways, displaying the results on microcomputers in the lab in near real time.  Much of the progress in this field is due to miniaturisation by transmitter manufacturers, down to 20 grams.

4.4
Natural Hazards


Volcanoes, geological faults and rivers subject to large flow variations need continuous monitoring to protect local populations.  ARGOS provides monitoring centres, both scientific and those operated by civil protection organisations, with data acquired from automatic measuring stations at sensitive sites.

4.5
Monitoring Fishing Vessels


ARGOS is helping to monitor and protect fish stocks around the world by tracking fishing vessels. The vessel positions appear automatically on computer screens at fishing administrations' premises.  Vessels can also automatically transmit daily fishing log data so that the authorities know near-real-time trends in fish stocks, by zone and species, and what each vessel is doing relative to authorised fishing zones and Exclusive Economic Zones.


Data collection provides a capability to obtain from in situ sensors observational data which are not recoverable by remote sensing, such as surface wind and pressure, rainfall amount, river levels, sea salinity, sub-surface oceanic temperatures etc.  The value of satellites in meteorology, oceanography and hydrology is greatly enhanced by the data-collection capability.  Every day a large volume of environmental observations is acquired by data-collection platforms all over the world and quickly relayed to users via satellites.  In some cases, the data could probably travel by alternative, although generally slower, routes; in others they would never reach their destination in time to be used operationally.


A few examples of the different applications of DCPs are listed below:

· Standard meteorological observations;

· Monitoring sea state;

· Aircraft to Satellite Data Relay  (ASDAR);

· Hydrological monitoring.


The International Data Collection System (IDCS) is one of the early success stories of the Coordination Group for Meteorological Satellites (CGMS).  The IDCS enables a mobile Data Collection Platform (DCP), on an aircraft, ship, drifting ocean buoy or balloon, to transmit environmental data continuously as it moves around the world.  The transmissions are received by the nearest geostationary meteorological satellite, relayed to its primary ground station and then distributed to the relevant user community.  The system was implemented by most CGMS operators in the late 1970s and gathers important environmental data from thousands of mobile Data Collection Platforms around the world.


Each of the operators of geostationary meteorological satellites supports a Regional Data Collection System (RDCS) for gathering data from Data Collection Platforms (DCPs) at fixed locations within the fields of view of its respective satellites.  However, data collection over a fixed region is not appropriate for mobile Data Collection Platforms, free to move anywhere in the world.


The Coordination Group for Meteorological Satellites established the International Data Collection System (IDCS) as one of its earliest areas of cooperation.  The objectives of the IDCS are to allow the collection of environmental data from mobile DCPs such as those mounted on ships, planes or free drifting buoys and balloons.  Each such DCP needs to be fitted with only one radio set, transmitting on a fixed frequency that will be received by any of the geostationary meteorological satellites within communications range of the DCP.
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Figure I.12
International Data Collection System


An organization wishing to utilize the IDCS may apply to any one of the satellite operators for admission to the system.  That operator will make all the necessary arrangements with the others so that data from the DCP can be acquired by the nearest geostationary meteorological satellite as the DCP moves around the world.  After data reception the relevant satellite operator will transmit the data to the users according to the agreement made with the DCP owner.  There are overlap areas between the communications coverage areas of the geostationary satellites, so that in some regions the signal from the DCP may be received by more than one satellite.  In this case, the DCP operator could obtain the same data from two neighbouring sources.  This slight duplication is useful as a means of ensuring full coverage.


The IDCS is used by a number of DCP systems, including the Aircraft to Satellite Data Relay (ASDAR) system flown on wide-bodied passenger aircraft and the Automated Shipboard Aerological Programme (ASAP) system mounted on large cargo ships.  ASDAR provides detailed information on winds and temperatures along the flight paths of the world's airlines as well as sounding-like data during climb-out and descent at terminal points.  ASAP-equipped vessels have the capability to launch weather balloons semi-automatically.  These balloons carry meteorological instrumentation and a small radio transmitter that sends the data back to the ship.  The ship in turn relays the observational data through the IDCS.


The CGMS operators make no charge for systems transmitting data contributing to the goals of the World Meteorological Organization (WMO), with the data transmitted in standard WMO formats.  Charges may be applicable by some operators in other cases.
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