              Utilization of the radiofrequency spectrum above 1GHz

BY THE EES (PASSIVE) SERVICE AND INTERFERENCE CRITERIA

1.0 General capabilities of passive microwave radiometry

Passive microwave radiometry is a tool of fundamental importance for the Earth Exploration Satellite Service. The EESS operates passive sensors that are designed to receive and to measure natural emissions produced by the Earth’s surface and its atmosphere. The frequency and the strength of these natural emissions characterize the type and the status of a number of important geophysical atmospheric and surface parameters (land, sea, and ice caps), which describe the status of the Earth/Atmosphere/Oceans System, and its mechanisms :

· Earth surface parameters such as soil moisture, sea surface temperature, ocean wind stress, ice extension and age, snow cover, rainfall over land, etc... ;

-
Three-dimensional atmospheric parameters (low, medium, and upper atmosphere) such as temperature profiles, water vapour content and concentration profiles of radiatively and chemically important trace gazes (for instance O3, SO2 and ClO).

Microwave observation techniques below 100 GHz allow to study the Earth’s surface and its atmosphere from space-borne instruments even in the presence of clouds, because they are almost transparent at thse frequencies. This « all-weather » capability has considerable interest for EESS, because more than 60% of the surface of our planet is overcast with clouds. Passive microwave sensing is an important tool widely used for meteorological, climatological, and environmental monitoring and survey (operational and scientific applications), for which reliable repetitive global coverage is mandatory.

2.0 SPECTRUM REQUIREMENTS

Several geophysical parameters may generally contribute, at varying levels, to the natural emission which can be observed at a given frequency. Therefore, measurements at several frequencies in the microwave spectrum must be simultaneously implemented, in order to isolate and to retrieve each individual contribution.

The absoption characteristics of the atmosphere, as shown on figure-1 (Liebe et al, 1993), is charaterized by absorption peaks due to rotational resonances of atmospheric molecules, and by water vapour and « dry » « continuum » terms. The H2O « continuum » has a not very well known origin. Its main feature is a significant increase with frequency.

[image: image17.wmf]
Fig.1 : Zenithal opacity of the atmosphere due to water vapour and dry components (O2 + continuum only + minor components) from Pardo  (1996). 

The selection of the best suited frequencies for passive microwave sensing depends closely on the characteristics of the absorption :

· Frequencies for observation of surface parameters are selected below 100 GHz, where atmospheric absorption is the weakest. One frequency per octave, in average, is necessary ;

· Frequencies for observation of atmospheric parameters are very carefully selected mostly above 50 GHz within the, and in the vicinity of, absorption peaks of atmospheric gases.

The required frequencies and bandwidths are listed in the table-1 below. Most frequency allocations above 100 GHz contain absorption lines of important atmospheric trace species (Note that this table still needs elaboration, especially above 275 GHz).

Frequency (GHz)
Necessary BW (MHz)
Main measurements

Near 1.4
100
Soil moisture, salinity, sea temperature, vegetation index

Near 2.7
60
Salinity, soil moisture

4.2-4.4
200
Ocean surface temperature

(back-up for 6.9 GHz, with reduced performance)

6.7-7.1
400
Ocean surface temperature

10.6-10.7
100
Rain, snow, ice, sea state, ocean wind

15.35-15.4
200
Water vapour, rain

18.6-18.8
200
Rain, sea state, ocean ice, water vapour 

23.6-24
400
Water vapour, liquid water

31.3-31.8
500
Window channel associated to temp.measurements

36.5-37
500
Rain, snow, ocean ice, water vapour

50.2-50.4
200
O2 (Temperature profiling, magnetic field)

52.6-59.3
6700 (1)
O2 (Temperature profiling, magnetic field)

86-92
6000
Clouds, oil spills, ice, snow

100-102
2000
N20

109.8-111.8
2000
O3

115.25-122.25
7000 (1)
O2 (Temperature profiling, magnetic field), CO

148.5-151.5
3000
Window channel

156-158
2000
Window channel (temporarily needed)

164-167
3000
Window channel

174.8-191.8
17000 (1)
H2O (Moisture profiling), N2O, O3

200-209
9000 (2)
H2O, O3, N2O

226-232
6000 (2)
Clouds, CO

235-238
3000 (2)
O3

250-252
2000 (2)
N2O

294-306
12000 (2)
O2 (isotopic), Nitrous oxide

316-326
10000 (2)
Nitrous oxide

342-349
7000 (2)
O2, H2O ( ?)

497-506
9000 (2)
Carbon monoxide, N2O

624-629
5000 (2)
O3,  (ClO, ClH ?)

952-955
3000 (2)
H2O

(1) This bandwidth is occupied by multiple channels

(2) This bandwidth is occupied by multiple sensors

Table 1: Frequency bands and bandwidths used for satellite passive sensing

The table 2 below shows the spectrum occupancy, up to 200 GHz, of major existing nadir-looking passive microwave sensors. Note that in accordance with the revision of the ITU-R allocation table, a few frequencies currently used by some existing sensors will be abandoned after termination of their operational life-time.

Name:
Portos
IRIS
MIRAS
MIMR
AMSR
SMMR
SSM/I
SSM/T
SSMI/S
TMI
MIVZA
MZOAS
MTZA
MHS
AMSU-A/B

Mission:
Airborne
Airborne
Airborne
METOP
ADEOS
NIMBUS
DMSP
DMSP
DMSP
TRMM
Meteor
Meteor
Meteor
NOAA / METOP

Antenna (cm):



150
200
80
65
60
65
65
40
80
20
20
20

Scanning:
NA
interf.
interf.
conical
conical
conical
conical
cross-tr.
conical
conical
conical
conical
conical
Cross-tr.
cross-tr.

Frequ.GHz:
Center frequencies (A number of channels have two polarizations).

1.37-1.4 :
-
-
-
-
-
-
-
-
-
-
-
-
-

-

1.4-1.427 :
1.41
-
1.40
-
-
-
-
-
-
-
-
-
-

-

2.69-2.7 :
-
-
-
-
-
-
-
-
-
-
-
-
-

-

4.2-4.4 :
-
-
-
-
-
-
-
-
-
-
-
-
-

-

4.99-5.0 :
5.05
-
-
-
-
-
-
-
-
-
-
-
-

-

6.425-7.25 :
-
6.50
-
6.80
6.93
6.60
-
-
-
-
-
6.20
-

-

10.6-10.68 :
10.65
-
-
10.65
10.65
-
-
-
-
10.65
-
-
-

-

10.68-10.7 :
-
-
-
-
-
10.69
-
-
-
-
-
10.80
-

-

15.2-15.35 :
-
-
-
-
-
-
-
-
-
-
-
-
-

-

15.35-15.4 :
-
-
-
-
-
-
-
-
-
-
-
-
-

-

18.6-18.8 :
-
-
-
18.70
18.70
18.00
19.35
-
19.35
19.35
-
-
-

-

21.2-21.4 :
-
-
-
-
-
21.00
-
-
-
21.30
20.00
20.00
-

-

22.21-22.5 :
-
-
-
-
-
-
22.24
-
22.24
-
-
22.20
-

-

23.6-24.0 :
23.80
-
-
23.80
23.80
-
-
-
-
-
-
-
-

23.80

31.3-31.5 :
-
-
-
-
-
-
-
-
-
-
-
-
-

31.4

31.5-31.8 :
-
-
-
-
-
-
-
-
-
-
-
-
-

-

36.0-37.0 :
36.50
-
-
36.50
36.50
37.00
37.00
-
37.00
37.00
35.00
35.00
-

-

50.2-50.4 :
-
-
-
-
-
-
-
50.50
50.30
-
-
-
-

50.30

51.4-54.25 :
-
-
-
-
-
-
-
53.20
2 ch.
-
-
-
3 ch.& sub

3 ch.& sub

54.25-58.2 :  
-
-
-
-
-
-
-
2 ch.
3 ch.& sub
-
-
-
12 ch.& sub

22 ch.& sub

58.2-59.0 :
-
-
-
-
-
-
-
2 ch.
-
-
-
-
-

-

59.0-64.0 :
-
-
-
-
-
-
-
59.40
21 ch.& sub
-
-
-
-

12 ch.& sub

64.0-65.0 :
-
-
-
-
-
-
-
-
-
-
-
-
-

-

86.0-92.0 :
90.00
-
-
89.00
89.00
-
85.50
90.00
91.66
85.50
94.00
94.00
-
89
89.00

100-102 :
-
-
-
-
-
-
-
-
-
-
-
-
-

-

105-116 :
-
-
-
-
-
-
-
-
-
-
-
-
-

-

116-126 :
-
-
-
-
-
-
-
-
-
-
-
-
-

-

150-151 :
-
-
-
-
-
-
-
150.00
150.00
-
-
-
-

150.00

156-158 :
-
-
-
-
-
-
-
-
-
-
-
-
-
157
-

164-168 :
-
-
-
-
-
-
-
-
-
-
-
-
-

-

174.8-194.8 :
-
-
-
-
-
-
-
6 ch.& sub
6 ch.& sub
-
-
-
-
6 ch.& sub
6 ch.& sub

Table 2 : Center frequencies or number of channels of major existing millimeter-wave passive sensors using a close-to-nadir scanning procedure.
3.0 Main performance parameters and constraints

3.1 Performance parameters

Passive sensors are characterized by their radiometric sensitivity and their spectral and geometric resolutions. 

3.1.1 The radiometric sensitivity :

This parameter is generally expressed as the smallest temperature differential, (Te, that the sensor is able to detect (( level). (Te is is given by :
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where :



B :
receiver bandwidth (Hz)



( :
integration time (s)



( :
receiver system constant (depends on the configuration)



Ts :
receiver system noise temperature (K)

The radiometer threshold (P is the smallest power change that the passive sensor is able to detect. (P is given by :
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where :



k :
1.38 x 10-23
(J/K), is the Boltzmann’s constant

3.1.2 The geometric resolution :

In case of two-dimensional measurements of surface parameters (see section 4), it is generally considered that the transversal resolution is determined by the –3dB aperture of the antenna projected to the ground. In case of three-dimensional measurements of atmospheric parameters (see section 5), the longitudinal resolution along the antenna axis is also to be considered. This longitudinal resolution is a complex function (generally known as weighting function) of the frequency-dependent characteristics of the atmosphere and the receiver performances (noise and bandwidth). 

3.1.3 The integration time :
The integration time is also an important parameter which results from a complex trade-off taking into account in particular the desired geometric resolution, the scanning configuration of the sensor and its velocity with respect to the scene observed.

3.1.4 Frequency coverage spectral resolution:

Some sensors perform a contiguous spectroscopic coverage along the line profile. Their total coverage ((() and frequency resolution ((() determine the range of pressures that is covered.
3.2 Typical operating conditions of passive sensors
Passive sensors of the EES are deployed essentially on two complementary types of satellite systems. 

3.2.1 Low altitude (polar) orbiting satellites:

Passive radiometers operating at frequencies below 100 GHz are currently flown only on low-orbiting satellites. This is essentially due to the difficulty to obtain adequate geometric resolution at relatively low frequencies, and may change in the future. Those systems, based on satellites in low sun-synchronous polar orbits are used to acquire high resolution environmental data on a global scale. The repeat rate of measurements is limited by the orbital characteristics and only a maximum of two global coverages can be obtained daily, with one single satellite.

3.2.2 Geostationary satellites:

Systems involving satellites in geostationary orbits are used to gather low to medium resolution data at regional scale. The repeat rate of measurements is limited only by hardware technology, and is typically one regional coverage every 30 minutes or less.

4.0 observation of earth’s surface features:
4.1 General:
For the measurement of surface parameters, the radiometric « window » channels must be selected such that a regular sampling over the microwave spectrum from 1 GHz to 90 GHz is achieved (one frequency/octave, in average). However, very accurate setting of frequencies is in general not required, because natural emissions of surface parameters are not very strongly frequency dependent. In general, several geophysical parameters contribute at varying levels to the natural emission which can be observed at a given frequency. This is illustrated by the figures of the following subsections, which represent the sensitivity of natural microwave emissions to various geophysical parameters depending on frequency.

4.1.1 Over ocean surfaces :
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Fig.2 : Sensitivity of brightness temperature to geophysical parameters over ocean surface

(From Wilheit et al.)

Figure-2 shows that :

-
Measurements at low frequency, typically around 1.4 GHz give access to ocean salinity.

· Measurements around 6 GHz offer the best sensitivity to sea surface temperature, but contain a small contribution due to salinity and wind speed which can be removed using measurements around 1.4 GHz and around 10 GHz.

· The 17-19 GHz region, where the « signature » of sea surface temperature and atmospheric water vapour is the smallest, is optimum for ocean surface emissivity, which is directly linked to the wind speed near the surface, or to the presence of sea ice, but has also some sensitivity to the total column of water vapour.
· Total content of water vapour can be best measured around 23 GHz (near a rotational resonance of this molecule), while liquid clouds are obtained via measurements around 36 GHz.

· Hydrometeors scatter and absorb the electromagnetic radiation, eventually introducing a polarization effect. The study of their characteristics requires an additional channel above 80 GHz and the use of two polarizations. 

Six frequencies (around 6 GHz, 10 GHz, 18 GHz, 23 GHz, 36 GHz and 85 GHz) are necessary for determining the dominant parameters shown on the figure-2.
4.1.2 Over land surfaces :

Over land surfaces, the problem is somewhat more complex due to the high temporal and spatial variability of surface characteristics (from snow/ice covered areas to deserts and tropical rain forest). Moreover, the signal received by the radiometer has been through a number of different media. Basically the soil, eventually snow and/or ice, the vegetation layer, atmosphere and clouds, eventually rain. The second factor to be taken into account is the fact that for each media several factors might have an influence on the electromagnetic field. For instance, the soil will have a different brightness temperature depending on the temperature, but also surface roughness and soil texture will have an influence. Similarly, the vegetation contribution will be related to the canopy temperature and structure through the opacity and single scattering albedo. The way these factors affect the signal are frequency dependent. Figure 3 below depicts the normalized sensitivity as a function of frequency for several key parameters.

[image: image5.wmf]5

10

15

20

25

30

35

40

Frequency (GHz)

Soil moisture

Vegetation biomass

Surface roughness

Integrated water vapour

Cloud liquid water

D

Tb

D

Pi


Fig.3 : Sensitivity of brightness temperature to geophysical parameters over land surfaces

(From Kerr et al.)

Figure-3 shows that, over land and for and average temperate area, it is necessary to have access to :

-
A low frequency to measure soil moisture (around 1 GHz) ;

-
Measurements around 5 to 10 GHz to estimate vegetation biomass once the soil moisture contribution is known ;

-
Two frequencies around the water vapour absorption peak (typically 18-19 GHz and 23-24 GHz) to assess the atmospheric contribution ;

-
A frequency around 37 GHz to assess cloud liquid water (with use of 18 GHz), and/or vegetation structure (with 10 GHz) surface roughness (with 1 and 5 or 10 GHz) ;

· A frequency at 85 or 90 GHz is useful for rainfall monitoring, but only when all the other contributing factors can be assessed with the lower frequencies.

· In addition two polarizations are also necessary to study interesting features in the land surface (vegetation types, snow cover, wetlands…).

It has been shown through studies using the Scanning Multichannel Microwave Radiometer (SMMR) and the Special Sensor Microwave / Imager (SSM/I) that several other variables could be retrieved such as surface temperature (less accurate than the infrared measurements but with « all-weather » capabilities) with a 19 GHz channel when the surface and atmospheric contributions can be estimated. 

Snow covered areas are important to monitor and here again the necessity for several frequencies is crucial. Actually snow and ice must be distinguished as well as the snow freshness. The related signal is linked to the structure of the snow layers and the crystal sizes. To retrieve such information it has been shown that several frequencies were required, usually 19, 37 and 85-90 GHz with two polarizations. 

4.1.3 As auxiliary parameters for other remote sensing instruments :

Space borne radar altimeters are currently operated on a global basis above ocean and land surfaces, with important applications in oceanography and climatology. In order to remove refraction effects due to atmosphere, the use of highly accurate altimetric data require that they are complemented with a set of auxilliary passive measurements around 18.7 GHz, 23 GHz and 36 GHz.

In order to be able to separate the different contributions to the signal measured by a close-to-nadir system on board a satellite, it is in all cases essential to have simultaneous access to measurements made at a minimum of 5 frequencies.

4.2 Main technical characteristics:
Most passive microwave sensors designed for imaging the earth’surface features use a conical scan configuration turning around the nadir direction because it is important, for the interpretation of surface measurements, to maintain a constant ground incidence angle along the entire scan-lines since the footprints will reamin constant in size, and also because the polarization characteristics of the signal have an angular dependence. The geometry of conically scanned instruments is described in figure 4.
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Fig.4 : Typical geometry of conically-scanned passive microwave radiometers

Typical geometric characteristics are the following (for 850 km altitude):

-
Ground incidence angle around 52° (for polarization reasons).

-
Half cone angle 44° re.the nadir direction

-
Useful swath: 1600 km (limited by the scanning configuration), enabling two complete coverages to be achieved daily by one instrument, at medium and high latitudes.

-
Pixel size varying with frequency and dish size, typically from 60 km at 6.8 GHz to 5 km at 89 GHz in case of the ESA’s MIMR instrument (1.5 m dish).

-
Scanning period and antenna feed arrangement are chosen in order to ensure full coverage and optimum integration time (radiometric resolution) at all frequencies, at the expense of hardware complexity.

Non-scanning nadir looking instruments may also be used to provide auxiliary data for particular applications such that the removal of atmospheric effects from radar-altimeter measurements.

In order to ease their accomodation on board satellites, interferometric techniques are being developped, essentially to improve spatial resolution at low frequencies. These sensors will use fixed arrays of small antennas instead of large scanning antennas.

4.3 Performance and interference criteria:
In this section is presented a summary of the ITU-R recommendations SA 1028 and SA 1029.

Frequency (GHz)
Accept.interf.level (dBW)
Ref.bandwidth (MHz)
Required Te (K)

Near 1.4
-171
27
0.1

Near 2.7
-174
10
0.1

Near 4
-161
100
0.3

Near 6
-164
100
0.3

Near 11
-163
20
1.0

Near 15
-166
50
0.2

Near 18
-155
100
1.0

Near 21
-163
100
0.2

22.235
-160
100
0.4

Near 24
-163
100
0.2

Near 31
-163
100
0.2

Near 37
-156
100
1.0

Near 90
-153
200
1.0

Table 3: Summary of performance and interference criteria for surface measurements

In shared frequency bands, the interference levels given above can be exceeded by less than 5% of all measurement cells within a sensor’s service area in the case of a random loss, and by less than 1% of measurement cells in the case of a systematic loss.

5.0 three-dimensional measurement of atmospheric parameters:

5.1 Theory 

5.1.3 Basic principle:

The atmospheric electromagnetic spectrum contains many molecular resonances, absorption mechanisms by certain atmospheric polar molecules (see figure-1). The frequencies at which such phenomena occur characterize the gas (for instance O2, O3, H2O, ClO...). The absorption coefficient depends on the nature of the gas (for example H2O has strong resonances since they originate from the interaction of its electric dipole moment with the electromagnetic field, in comparison O2 presents much weaker lines since they originate from interaction of a relatively wake magnetic dipole moment with the electromagnetic field), its concentration, and the surrounding temperature and pressure. Passive measurements around these resonances can be performed from spaceborne platforms, to retrieve temperature, pressure and/or concentration profiles of absorbing gas. Of particular significance to the EESS below 200 GHz are the oxygen spin-rotation resonances between 50 and 70 GHz and at 118.75 GHz, and the water vapour resonance at 183.31 GHz.

5.1.3 Absorption coefficients:
The absorption coefficient (() at a given frequency (() in a non-scattering medium describes the fractional loss of intensity as radiation of this frequency passes through a homogeneous element of the medium. The emission coefficient (() expresses the emission of energy in the same element so that the change in the specific intensity of the radiation I(() along a small path ds is the difference between ( and (. By Kirchoff's law, if Local Themodynamic equilibrium (LTE) conditions are satisfied, the ratio between the absorption and emission coefficients equals the value of the blackbody spectrum at the physical temperature T of the medium. The process of absorption between two molecular energy levels u and l, takes place in principle only around the resonance frequency with a distribution function known as the ``natural'' (given by Heisenberg's principle) line profile. In the atmosphere, however, thermal movement of molecules and collisions between them modify this line shape to a much wider one. In summary, the spectral brightness (
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 characterizes the gaz (O2, CO2, H2O, O3...).

5.1.3 Application:
-
Two atmospheric gases, CO2 and O2, are of special interest, because their mixing ratio is almost constant with the altitude (up to the mesopause) and well known all around the globe. It is therefore possible to retrieve atmospheric temperature profiles from radiometric measurements at various frequencies in the appropriate absorption bands (typically in the infrared region around 15m for CO2, and in the microwave region around 60GHz and 118.75 GHz for O2 [also at higher frequencies: 368 GHz, 424 GHz and 487 GHz]).

-
Radiometric measurements in the specific absorption bands of other radiatively and chemically important atmospheric gases of variable and unknown concentration (H2O, O3, CH4, ClO...) are also implemented. But in that case, the knowledge of atmospheric temperature profiles is mandatory in order to retrieve the unknown vertical concentration profiles of these gases.

5.2 Passive microwave atmospheric close-to-nadir sounders :

Vertical atmospheric sounders are close-to-nadir-looking sensors which are used essentially to retrieve vertical atmospheric temperature and humidity profiles. They are using frequency channels carefully selected within the, and in the vicinity of, the absorption spin-rotation band of O2 around 60 GHz and 118.75 GHz, and the H2O resonance at 183.31 GHz. Detailed absorption spectra in the vicinity of their main resonance frequencies below 200 GHz are shown in figures 5 to 7.

Figure 5 shows also the position and the status of allocations which are required by EES (passive) in the 50-71 GHz band, as they result from sharing studies and from the WRC 97.

Note the very important variability of the water vapour absorption spectrum around 183 GHz, depending on climatic zone and on local weather conditions.
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Fig.5: O2 absorption spectrum along a vertical path around 60 GHz

(multiple absorption lines)

US Standard atmosphere 76, Liebe 93
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Fig.6: O2 absorption spectrum along a vertical path around 118.75 GHz

(one single absorption line)
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Fig.7: Water vapour absorption spectrum along a vertical path around 183.31 GHz

5.2.1 Principle of close-to-nadir atmospheric sounding:
In case of vertical atmospheric sounding from space, the radiometer measures at various frequencies (IR or microwave) the total upwelling radiation from the surface to the top of the atmosphere.

-
Each layer (characterized by its altitude) radiates energy proportionally to its local temperature and absorption coefficient. The upwards radiation of a given layer (in direction of the radiometer) is partly absorbed by the upper layers and, in turn, the layer partly absorbs upwards emissions from the lower layers.

-
Integration of the radiative transfer equation along the path from the earth's surface to the satellite reflects this mechanism, and results in a weighting function which describes the relative contribution of each atmospheric layer, depending on its altitude, to the total measured signal. It also represents the longitudinal (vertical) resolution of the sensor.

· The peak of the weighting function occurs at an altitude which depends on the absorption coefficient at the frequency considered. At a frequency where the absorption is low, the peak is near the earth’s surface. On the contrary at a frequency where the absorption is high, the peak is near the top of the atmosphere. A sounder incorporates several frequency channels. They are extremely carefully selected within the absorption band, covering a wide range of absorption levels in order to sample to the best the atmosphere from the surface up to stratospheric altitudes.


Typical weighting functions for a microwave temperature sounder operating in the 60 GHz oxygen band are shown in Figure 8.
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TYPICAL WEIGHTING FUNCTIONS FOR A MICROWAVE TEMPERATURE SOUNDER 

(AMSU-A instrument)


Fig.8 : Typical weighting functions for a microwave temperature sounder operating near 60GHz

-
Note the particular importance of channels 1 (23.8 GHz), 2 (31.5 GHz) and 15 (90 GHz). These are auxilliary channels which play a predominant role in the retrieval process of measurements performed in the O2 absorption spectrum. As such, they must have similar geometric and radiometric performances and must receive similar protection against interference.


Referring to the Figure 1, it can be seen that :


Channel 1 is close to a H2O absorption peak. It is used to retrieve the total water vapour content along the line of sight, and to determine the corrections due to this factor that are necessary in the other channels.


Channel 2 has the lowest cumulated effects due to oxygen and water vapour. It is the optimum window channel to see the Earth’s surface, and is the reference for the other channels.


Channel 15 can detect atmospheric liquid water and is used to decontaminate the measurements performed in the other channels from the effects of precipitations.

5.2.2 Use of close-to-nadir atmospheric sounding:
The vertical temperature and humidity profiles are essentially used to feed the Numerical Weather Prediction (NWP) models, which need to be initialised at least every 6 hours. There are global NWP (worldwide) as in USA, Europe, China, Australia, Brasil... to get a 5 to 10 days weather forecast with a geographical resolution of 50 km. There are also an increasing number regional/local models for a fine mesh prediction (10 km or less) on a short range basis (6 hours to 48 hours).

The NWP models are using partial differential Navier - Stokes equations. Because they simulate highly unstable atmospheric mechanisms, they are extremely sensitive to the quality of the initial 3 dimensional profiling. This problem has been described by Lorentz and is now clearly explained by the "chaos theory".

To run NWP models, the most powerful super computers have to be used. Updates of the initialisation of the models at least every 6 hours on a worldwide basis and at a resolution of 50 km for global NWP and 10 km for regional/local NWP are needed. In the future, it would be necessary to get informations every 3 hours or even shorter time intervals.

5.2.3 Typical characteristics of nadir-looking passive sensors operating in the 60 GHz range:
Most passive microwave sensors designed for measuring tropospheric/stratospheric parameters are nadir looking instruments. They use a cross-track mechanical (current) or push-broom (future) scanning configuration in a plane normal to the satellite velocity containing the nadir direction. This configuration provides optimum field-of-view and optimum average quality of data. Typical characteristics of temperature sounders working around 60 GHz and operated on board low earth orbiting satellites are given in table 4:


Mech.scanning (current)
Push-Broom (future)

Channel bandwidth (MHz):
400
15

Integration time (s):
0.2
2.45

Antenna diameter (cm):
15
45

3 dB points IFOV (°):
3.3
1.1

Cross-track FOV (°):
+/- 50
+/- 50

Antenna gain (dBi):
36
45

Fare lobes gain (dBi):
-10
-10

Beam efficiency (%):
> 95
> 95

Radiometric resolution (K):
0.3
0.1

Swath-width (km):
2300
2300

Nadir pixel size (km):
49
16

Nb.pixels/line:
30
90

Table 4 : Typical characteristics of microwave vertical sounders in the 60 GHz frequency range

5.3 Passive microwave limb sounders

5.3.1 General :

Limb sounders, which observe the atmosphere in directions tangential to the armospheric layers, are used to study low to upper atmosphere regions, where the intense photo chemistry activities may have a heavy impact on the earth’s climate. Major features of tangential limb emission measurements are the following:

· The longest path is used, which maximize signals from low-concentration atmospheric minor constituents, and make possible soundings at high altitudes (even the mesosphere);
· The vertical resolution is determined by the radiative transfer through the atmosphere and by the vertical field-of-view of the antenna. It is in general much better than the one provided by close-to-nadir view systems. A typical example is illustrated on figure 9 ;

· The horizontal resolution normal to the line of sight is determined principally by the horizontal field-of-view of the antenna and the smearing due to the satellite motion ;

· The horizontal resolution along the line of sight is principally determined by the radiative transfer through the atmosphere ;

· The background radiation (usually the cosmic background) is optimum for emission measurements ;

· Limb measurements are extremely vulnerable to interference caused by inter-satellite links.

5.3.2 Typical characteristics of microwave limb sounders :

5.3.2.1 Microwave Limb Sounder (MLS - UARS) NASA/JPL :

· Scans the atmosphere vertically in the 15-120 km altitude range, in two side-looking orthogonal directions.

· Typical vertical resolution for profile measurements (weighting functions width at half value) is about 3 to 6 km, as it is shown on figure 9.

· Typical horizontal resolution is 30 km across and 300 km along the direction of observation.

· Complete profiles are obtained in less than 50s.

· Observes thermal limb emission in 5 microwave spectral regions. See table 5 below.

· Launched in 1991.
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Fig.9 :  MLS vertical weighting functions

(diffraction limited 1.6 m antenna, 600 km altitude)

Geophys.parameter
Spectral region (GHz)
Altitude (km)
Rms Noise (Int.time)

Atmospheric pressure
63
30 – 70
1%  (2s)

Wind velocity
119
70 - 110
2-10 m/s  (10s)

Temperature

20 - 100
0.5 – 3 K  (2s)

O2

80 - 120
3x10-3 v/v  (2s)

Magnetic field

80 - 110
0.3 – 1 mgauss  (10s)

H2O
183
15 - 90
1x10-7 v/v  (2s)

ClO
205
20 – 40
2x10-10 v/v  (10s)

O3

15 – 90
1x10-8 v/v  (2s)

H2O2

20 – 50
9x10-10 v/v  (10s)

O3
231
15 – 90
1x10-8 v/v  (2s)

CO

15 – 100
1x10-7 v/v  (10s)

Table 5 :  Measurement objectives of MLS/UARS, and spectral regions.

5.3.2.2 Odin (Swedish Space Corporation with participation of France, Canada and Finland):
· Continuous vertical scaning of the atmosphere in the 15-120 km altitude range.

· Bandwidth: 100 MHz to 1 MHz.

· Spectral resolution: 0.1 MHz to 1 MHz.

· Sensitivity: 1 K in 1 MHz sith signal-to-noise ratio of 5 after 15 minutes. 

· Typical vertical resolution for profile measurements (weighting functions width at half value) is about 3 km or better for the submillimetric receivers.

· Complete profiles are obtained in less than 2 min.

· Observes thermal limb emission within the following spectral regions: 118.25-119.25 GHz, 486.1-503.9 GHz, 541.0-580.4 GHz (with a total of five heterodyne receivers).. See table 6 below.

· The orbit is circular sunsynchronous at 600 km of altitude with ascending node at 18:00 H. The orbital period is 96 minutes.

· To be launched from Svobodny (Russia) in 1999. 2 years minimum lifetime.

Geophys.parameter
Spectral region (GHz)
Altitude (km)

 Atmospheric pressure

        Temperature

       Magnetic field
119, 487
70 - 110

20 - 110

70 - 100

H2O; HDO; 

H2 EQ  (18)O
488.5, 503.5, 557; 

491; 547
15 - 90

ClO

BrO

HNO3

N2O

NO
501, 575

497.5

494.5

502, 552.5, 577.5

551
20 - 40

20 - 40

20 - 50

20 - 50

20 - 50 

O3
545
15 – 90

H2O2

               HO2

        13CO, 12CO
572

580

576, 
20 – 50

20 - 50

15 - 100

Table 7 : Odin satellite (aeronomy submilliter mission, SSC) spectral regions and target molecules.

5.3.2.3 MLS new generation (MLS - EOS-B) NASA/JPL :

Spectral region (GHz)
Atmospheric species
Required sensitiv.0.6’’ integr., SSB

642.85
CH3Cl, ClO, BrO

HCl, HOCl, SO2
Tsys < 10000 K

1228.95
HF
Tsys < 15000 K

2522.78
OH
Tsys < 30000 K

Table 8 : MLS (EOS-B) spectral regions and measurement objectives

5.3.2.4 Sub-mm Observation of Process in the Atmosphere Noteworthy for Ozone (SOPRANO) – ESA :

· Intended to detect species such as O3, ClO, HCl, NO, O2, BrO, HOCl, CH3Cl, N2O, HNO3…

· Observations made typically in the 10 – 50 km altitude range.

· Antenna gain around 70 dBi.

Millimeter -wave channels

(GHz)
Atmospheric

species
Syst.noise temp.

(SSB, K)
NET (K)

(0.3 s. int., 3 MHz res.)

497 - 506
BrO, O3, ClO

CH3Cl, N2O
3800
2.5

624.6 - 629
HCl, HOCl
7900
8

952 - 955
O2, NO
7600
8

Table 9 : SOPRANO channels and radiometric objectives

5.3.2.4 Millimeter-wave Acquisitions for Stratosphere-Troposphere Exchanges Research (MASTER) – ESA :

· Instrument envisaged for the ACE (Atmospheric Chemistry Explorer) satellite, in low-earth, sun-synchronous orbit ;

· Intended to detect CO, O3, H2O, O2, SO2, N2O, HNO3, ClO, BrO, CH3Cl,… ;

· Observations made typically in the 0- 50 km altitude range ;

· Antenna gain around 70 dBi

Millimeter -wave channels

(GHz)
Atmospheric

species
Syst.noise temp.

(SSB, K)
NET (K)

(0.3 s. int., 50 MHz res.)

199 – 207
O3, N2O, H2O
3500
1

296 – 306
O3, N2O, O2, HNO3
5200
1.5

318 – 326
O3, H2O, HNO3
5200
1.5

342 – 348
O3, CO, HNO3
5200
1.5

498 – 505
O3, N2O, CH3Cl,

BrO, ClO
5200
1.5

Table 10 : MASTER channels and radiometric objectives

5.4 Vulnerability to interference of passive microwave sounders :

Passive sensors integrate all natural (wanted) and man-made (unwanted) emissions. They cannot, in general, differentiate between these two kinds of signals because the atmosphere is a highly unstable medium with fast changing characteristics, spatially and temporally. They are therefore extremely vulnerable to interference which may have extremely detrimental consequences :

· It was demonstrated that as few as 0.1 % of contaminated satellite data could be sufficient to generate unacceptable errors in Numerical Weather Prediction forecasts, thus destroying confidence in these unique all weather passive measurements.

· The systematic deletion of data where interference is likely to occur may prevent recognition of new developing weather systems, and vital indications of rapidly developing potentially dangerous storms or other phenomena may be missed.

· For climatological studies and particularly « global climate change » monitoring, interference may lead to mis-interpretation of climate signals.

5.5 Performance and interference criteria:

Recommendations ITU-R SA 1028 and SA 1029 set the required radiometric performances and the permissible interference level as follows:

-
In the 50 to 66 GHz frequency band: The required radiometric resolutions are 0.3 K and 0.1 K for scanning sensors and for push-broom sensors respectively.


The resulting interference thresholds are -161 dBW for a scanning sensor and -166 dBW for a pushbroom sensor, in a reference bandwidth of 100 MHz. These levels are equivalent to brightness temperature increases of 0.06 K and 0.02 K respectively, and can be considered as a normal contribution to the error budget of the instrument.

-
Above 100 GHz: The required radiometric resolution is currently 0.2 K at all frequencies, leading to an interference threshold of -160 dBW, in a reference bandwidth of 200 Mhz. However, these figures need to be revised in light of the most recent achievements in atmospheric sciences.

The interference criteria applicable to all three-dimensional measurements in the atmosphere is the following :

The recommendation ITU-R SA.1029 indicates that « The interference levels given above can be exceeded for less than 0.01% of the pixels in the sensor’s service area for three dimensional measurements of atmospheric temperature or gas concentration in the absorption bands including those in the range 50.2-59.3 GHz and bands near 118 GHz and 183 GHz ».




� INCORPORER Equation.3  ���
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