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1
Introduction

WRC-11 Agenda item 1.6 and Resolution 950 (Rev.WRC-07) call for a review and possible revision of the Radio Regulation (RR) No. 5.565, a footnote, in order to update the footnote to address existing and projected requirements between 275 GHz and 3 000 GHz for the Earth exploration-satellite service (EESS) and space research service (SRS).
Information on current and planned spaceborne passive remote sensing systems was reviewed for applicable information. Scientific literature and personnel were surveyed and consulted to determine currently known frequency bands of interest.
This working document presents applicable information presented to date, recognizing that additional work is required to continue the development and refinement of these passive sensing requirements in support of updating No. 5.565 of the Radio Regulations.

2
Background

To date, the Radio Regulations do not include any allocations in frequency bands above 275 GHz but addresses passive services requirement above 275 GHz through RR No. 5.565 as follows:


5.565
The frequency band 275-1 000 GHz may be used by administrations for experimentation with, and development of, various active and passive services. In this band a need has been identified for the following spectral line measurements for passive services:


–
radio astronomy service: 275-323 GHz, 327-371 GHz, 388-424 GHz, 426-442 GHz, 453-510 GHz, 623-711 GHz, 795-909 GHz and 926-945 GHz;


–
Earth exploration-satellite service (passive) and space research service (passive): 
275-277 GHz, 294-306 GHz, 316-334 GHz, 342-349 GHz, 363-365 GHz, 
371-389 GHz, 416-434 GHz, 442-444 GHz, 496-506 GHz, 546-568 GHz, 
624-629 GHz, 634-654 GHz, 659-661 GHz, 684-692 GHz, 730-732 GHz, 
851-853 GHz and 951-956 GHz.
Future research in this largely unexplored spectral region may yield additional spectral lines and continuum bands of interest to the passive services. Administrations are urged to take all practicable steps to protect these passive services from harmful interference until the date when the allocation Table is established in the above-mentioned frequency band.     (WRC‑2000)As far as EESS (passive) requirements are concerned, the abovementioned frequency bands are generally consistent with the “Frequency bands and bandwidths used for satellite passive sensing” specified in Recommendation ITU-R RS.515-4. 

3
Primary EESS measurement classes

There are two primary EESS measurement “classes”, namely meteorology/climatology and atmospheric chemistry. 

The meteorology/climatology measurements mainly focus around the water vapour and oxygen resonance lines and the associated windows to retrieve necessary physical parameters, such as humidity, pressure, cloud ice and temperature (There is a direct correlation between the temperature and the sub-millimeter emissions from oxygen). 

The atmospheric chemistry sensing measures the many smaller spectral lines of the various atmospheric chemical species. 

An important difference between the 2 classes is in the geometry of the measurement. Most meteorology/climatology measurements are performed using vertical nadir sounders at lower frequencies (typically below 600 GHz) and limb sounders at higher frequencies whereas atmospheric chemistry measurements are mostly performed using limb sounding across the whole frequency range. 

In some cases, apparent redundant coverage (a single molecule is observed in several different bands) is needed for several reasons, such as different bands being sensitive to different altitudes. 

3.1
Meteorology/climatology 

Figure 1 below shows the sensitivity of millimeter and sub-millimeter frequencies to atmospheric temperature and water vapour variations between 2 and 1 000 GHz. The water vapour and oxygen resonance spectral lines are indicated in the figure as well.

The figure shows the increasing atmospheric attenuation at higher frequencies and the sizable variability of the attenuation due to water vapour.

For this reason the low frequencies (below 200 GHz) are the most suitable for vertical nadir measurements of the lower layers of the atmosphere, while the higher frequencies are better suited for the higher layers of the atmosphere. Above 600 GHz the oxygen lines are only visible over regions with very dry atmosphere.  Measurements at these frequencies are therefore typically from limb sounders and, in any case, exclusively for the top atmospheric layers.

Figure 1

The sensitivity of millimeter and sub-millimeter frequencies to atmospheric 
temperature and water vapour variations
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Among these bands, it has to be stressed that ranges around the water vapour resonance at 380 GHz and the oxygen at 424 GHz are unique in their opacity and high enough in frequency to permit practical antennae to be used at geosynchronous altitudes, yet low enough for technology to provide practical, sensitive instrumentation. Use of the 380 GHz water vapour band helps avoid false alarms over super-dry air masses. 

Among oxygen lines, one can also note that the resonance line at 368 GHz is not considered since it is masked by the nearby 380 GHz water vapour resonance line.

Cloud ice and water vapour are two components of the hydrological cycle in the upper troposphere, and both are currently poorly measured. The hydrological cycle is the most important subsystem of the climate system for life on the planet and its understanding is of the utmost importance. The use of passive sub millimetre-wave measurements to retrieve cloud ice water content and ice particle size was suggested years ago by Evans and Stephens (Evans KF, Stephens GL. 1995. Microwave radiative transfer through clouds composed of realistically shaped ice crystals. Part II: Remote sensing of ice clouds. J. Atmos. Sci. 52: 2058–2072) and refined in subsequent publications. 
Since then, a number of missions have been proposed that focus on this technique to measure cloud ice water path, ice particle size and cloud altitude to US and European space agencies. 

Currently these measurements focus on the 183 GHz, 325 GHz, 340 GHz, 448 GHz, 664 GHz and 874 GHz.

The vertical water vapour and oxygen sounding measurements are typically performed using a set of channels, composed of so-called “wings” and associated “window”.

The “window” corresponds to a frequency range where the effect of the resonance line is minimal. Corresponding measurements are used to determine the component that are not linked to the specific resonance line under investigation and that will then be eliminated from the “wings” measurements.

The vertical sounding measurements along the “wings” of the resonance curve under investigation are performed in frequency slots (with a given bandwidth BW) at symmetrical distance (Offset) from the central resonance frequency. This allows characterizing the resonance curve slope at the various atmospheric heights and providing therefore the water vapour and oxygen vertical profiles.  

The measurements on the wings around the main resonance lines are sometimes presented individually, while in other cases the frequency requirement is expressed as the whole range needed to cover all the individual measurements. Indeed, for a given resonance curve, there is not always consistency in the definition of the offsets needed for these wing measurements, depending on the different instruments characteristics (bandwidth, offset and number of slots) or investigation strategies. To cover all cases, the required total frequency band can hence be defined as the maximum bandwidth (BW) plus twice the maximum offset, centred on the resonance frequency.

It should be noted that the frequency band corresponding to the “wings” measurements is not necessarily contiguous to the associated “window”.

3.2
Atmospheric chemistry

Atmospheric chemistry measurements are typically made with limb sounders, scanning the atmosphere layers at the horizon as viewed from the satellite orbital position. These measurements relate to a large number of chemical species in the atmosphere and refer to spectral lines that are much narrower and larger in numbers than the water vapour and oxygen resonance lines.

Among others, the following ones represent a subset of important species to be studied: (Information/rationale to be included explaining the field of interest)

HNO3:
Nitric acid

H2O2: 
Hydrogen peroxide

SO2: 
Sulphur dioxide 

CH3Cl: 
Methyl chloride

HOCl: 
Hypochlorous acid

NO: 
Nitric oxide 

BrO: 
Bromine monoxide

N2O: 
Nitrous acid

CO: 
Carbon monoxide

HCl: 
Hydrochloric acid\

ClO: 
Chlorine monoxide

O3: 
Ozone 


The 623 - 661 GHz band (technically, a set of 3 bands with gaps between them) is viewed as being critical to protect above 275 GHz. This band is particularly well suited for microwave limb sounding and contains good spectral lines for most of the species contributing to ozone chemistry as it is currently understood.

OH:
Hydroxyl


The EOS Microwave Limb Sounder, or MLS, produces an extensive dataset for tracking stratospheric ozone chemistry. It provides the first global measurements of OH and HO,
the chemically reactive species in hydrogen chemistry that dominates ozone destruction at 
20-25 km outside winter polar regions, and at heights above 45 km. Our present understanding of hydrogen chemistry in the upper stratosphere is in question due to some observations of OH that are in disagreement with current theory (R.R. Conway, 
M.E. Summers, M.H. Stevens, J. G. Cardon, P. Preusse, and D. Offermann, 
“Satellite observations of upper stratospheric and mesospheric OH: The HO dilemma,” Geophys. Res. Lett., vol. 27, pp. 2613–2616, 2000.). One MLS objective is to resolve 
this discrepancy. 

The minimum bandwidth required for measurements of atmospheric spectral lines is proportional to the frequency of the spectral line (i.e., a measurement around 600 GHz requires more bandwidth than what required for a measurement at 300 GHz). This is essentially due to the fact that the sensor filtering capability is limited to a certain percentage absolute value of the frequency.

As a first order approximation, this implies a bandwidth requirement of about 1 GHz on both sides of the spectral line for measurements up to 500 GHz, while 2 GHz on both side of the spectral line would be sufficient for measurements between 500 and 1 000 GHz.

3.3
Specificities of the 1 000 to 3 000 GHz range

Water vapour and oxygen resonance lines above 1 000 GHz are not expected to be of interest for meteorological/climatological investigations.

There are a large number of spectral lines that may be of interest for chemistry atmospheric limb sounding between 1 000 GHz and 3 000 GHz. A good source for information on these spectral lines is the Jet Propulsion Laboratory (JPL) Molecular Spectroscopy Catalogue which can be accessed at: http://spec.jpl.nasa.gov/.

Due to the very large number of stratospheric and tropospheric molecules spectral absorption lines that are found in this frequency range, the atmospheric chemistry spectral lines become extremely dense above 1 000 GHz, meaning that, potentially, any frequency above 1 000 GHz could be used for future measurements from satellites.

Further work will be required to determine which of these are the most important spectral lines for study of the atmosphere but it can already be stated that of particular importance are the hydroxyl lines (OH) around 1 836 and 2 508 GHz.

Figure 2

Total vertical atmospheric opacity between 1- and 3-TeraHertz.
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On the other hand, the Earth’s atmosphere is virtually opaque at frequencies above 1 000 GHz.  Figure 2 shows atmospheric absorption calculated for a mid-latitude location that is moderately wet.  From figure 2, the minimum atmospheric absorption is hundreds of dB.  Consequently, terrestrial services would not present interference potential to spaceborne passive sensors.  Similarly, such instruments are expected to be limb sounding, rather than nadir pointing, measurements and potentially subject only to interference from space-to-space communications, should any exist.

4
Consolidated tables 

The table in Annex 1 presents a consolidation of different frequency bands of interest for satellite passive sensing between 275 and 3 000 GHz, taking into account requirements for meteorology/climatology and atmospheric chemistry, subdivided into two measurement classes.

For each of the two classes, the relevant frequency ranges are different but, in many cases, they overlap each other so that, at the end, the corresponding band requirement results in a large single frequency band covering multiple measurements in both classes (e.g. 312.65 – 355.6 GHz band). Detailed information on how the resulting frequency ranges are derived can be found in the column “Supporting Information”. 

In addition, the table in Annex 2 addresses “non-traditional” passive sensors such as ground-based and balloon-based sensors.

5
Summary and next steps 

This document represents the current status of work within Working Party 7C toward WRC-11 Agenda item 1.6 (Resolution 950) and is expected to provide a relevant basis for the work within ITU-R in preparation of this agenda item.

The compiled information from different administrations and sector members were consistent to a high extent, however, it is recognized that further refinement may be necessary, if additional information becomes available in the course of preparation of this Agenda item.

This issue will be considered at subsequent working party meetings and, possibly, during interim periods, within the NOAA Passive Workshops. To this respect, one can note that NOAA’s 3rd Passive Sensing Workshop established a proposed methodology and corresponding criteria 
(see Table 1 below) for evaluating and possibly integrating bands that are used for performing 
the same or similar measurement functions. It is expected that some criteria mentioned in this methodology are relevant to the present issue.

Table 1 

NOAA Passive sensing workshop evaluation criteria

	#
	Criteria
	Description

	1
	Performance Exclusivity
	Band scientific uniqueness

	2
	RFI Environment
	Interference potential

	3
	Geographic Diversity
	Spatial diversity

	4
	Climate Variability
	Climate variability

	5
	Selective Vulnerability
	Localized or limited high interference risks

	6
	Redundancy and support
	Backup or complementary to primary band for measurement

	7
	Bandwidth Requirements
	Availability of required bandwidth

	8
	Resolution
	Granularity of data

	9
	Technology
	Availability, cost and complexity of technology

	10
	Heritage of data
	Continuity of existing data records

	11
	(Additional Criteria)
	


Annex 1

Consolidated table of passive bands of interest for EESS

	Frequency band(s) (GHz)
	N° 5.565
	Total Bandwidth required (MHz)
	Spectral line(s) (GHz)
	Measurement
	Typical Scan Mode
	Existing or planned Instrument(s)
	Supporting information

	
	
	
	
	Meteorology – Climatology


	Window
	Chemistry
	
	
	

	275 – 285.4
	275-277
	10400
	276.33 (N2O), 278.6 (ClO), ??(NO)
	 
	276.4-285.4
	N2O, ClO, NO
	Limb
	 
	Chemistry (275 - 279.6), Window (276.4 - 285.4)

	296 – 306
	294-306
	10000
	Window for 325.1, 298.5 (HNO3), 300.22 (HOCl), 301.44 (N2O), 303.57 (O3), 305.2 (HNO3), 304.5 (O17O), ??(NO)
	OXYGEN
	296-306
	OXYGEN, N2O, O3 , O17O, HNO3, HOCl 
	Nadir, Limb
	MASTER
	Window (296-306 GHz), Chemistry (298 - 306)

	312.65 – 355.6
	316-334, 342-349
	42950
	[318.8,  345.8,  344.5] (HNO3), 313.8 (HDO), [321.15, 325.15] (H2O), [321, 345.5, 352.3, 352.6, 352.8] (O3), [322.8, 343.4] (HOCl),  345.8 (CO), [345.0, 345.4] (CH3Cl), 345.0 (O18O), 354.5 (HCN), 349.4 (CH3CN), [315.8, 346.9, 344.5, 352.9] (ClO), 351.67 (N2O), 346 (BrO), 343.8, 344.4
	WATER, CLOUD, OXYGEN
	339.5-348.5
	H2O, CH3Cl, HDO, ClO, O3 , HNO3, HOCl, CO, O18O, HCN, CH3CN, N2O, BrO
	Nadir, Conical, Limb
	PREMIER, CIWSIR, MASTER, Post-EPS, GOMAS, GEM
	Water vapour line at 325.15 (BW: 3 GHz, max. offset: 9.5 GHz), CIWSIR Water line (314.15 - 336.15), MASTER Chemistry (321 - 326), Cloud Measurements [312.65 – 318.65, 331.65 – 337.65, 314.14 - 348, 339 - 348, 314.14 - 317.15, 320.45 - 324.45, 325.85 - 329.85, 333.15 - 336.15, 336 - 344, 339 - 348], Window (339.5 - 348.5), GEM/MASTER Chemistry (342 - 346), PREMIER Chemistry [343.6 - 355.6, 313.5 - 325.5]

	361 - 365
	363-365
	4000
	364.32 (O3)
	WATER
	 
	O3
	Nadir, Limb
	GOMAS
	GOMAS Water vapour (361 - 363), Chemistry (363 - 365)

	369.2 - 391.2
	371-389
	22000
	380.2 (H2O)
	WATER 
	 
	 
	Nadir, Limb
	GEM, GOMAS
	Water vapour line (369.2 - 391.2, BW: 3 GHz, max. offset: 9.5 GHz), GEM/GOMAS Water vapour sounding (379 - 381), Water vapour profiling (371-389)

	397-399
	 
	2000
	 
	WATER
	 
	 
	 
	GOMAS
	 

	409 – 411
	 
	2000
	 
	Temperature sounding
	 
	 
	Limb
	 
	 

	416 – 433.46
	416-434
	17160
	424.7 (O2)
	OXYGEN, Temperature profiling
	 
	 
	Nadir, Limb
	GEM, GOMAS
	Oxygen line (416.06 - 433.46, BW: 3 GHz, max. offset: 7.2 GHz), GEM/GOMAS Oxygen (416 - 433)

	437.8 - 466.3
	424-444
	28500
	[443.1, 448] (H2O), 443.2 (O3), 442 (HNO3), 442.99 (??), ??(N2O), ??(CO)
	WATER , CLOUD
	458.5-466.3
	O3, HNO3, N2O, CO
	Nadir, Limb, Conical
	Post-EPS, CIWSIR, CLOUDS
	Water line (439.3 - 456.7, BW: 3 GHz, max. offset: 7.2 GHz), Cloud measurements [437.8 – 443.8, 452.2 – 458.2, 439.3 - 442.3, 444 - 447.2, 448.8 - 452, 453.7 - 456.7, 459 - 466], Chemistry (442 - 444), Window (458.5 - 466.3)

	477.75 - 496.75
	 
	19000
	487.25 (O2)
	OXYGEN
	 
	 
	Limb
	ODIN
	Oxygen line (477.75 - 496.75, BW: 3 GHz, max. offset: 8 GHz), ODIN Oxygen (486 - 489)

	497 – 502
	496-506
	5000
	497.9 (N218O), [497.6, 497.9] (BrO), 498.6 (O3), 498.1 (??), 498.2 (??), 498.3 (??), 498.4 (??), 498.5 (??), ??(ClO)
	WATER
	498-502
	O3, CH3Cl, N218O, BrO, ClO
	Limb, Nadir
	SOPRANO, MASTER, ODIN
	Chemistry SOPRANO/ODIN/MASTER (497 - 499), Water window (498 - 502)

	523 – 527
	 
	4000
	Window for 556.9
	WATER
	523-527
	 
	Nadir
	 
	 

	538 – 581
	546-568
	43000
	[541.26, 542.35, 550.90, 556.98] (HNO3), 556.93 (H2O), [544.99, 566.29, 571.0] (O3), 575.4 (ClO)
	WATER
	538-542
	 HNO3, O3, ClO
	Nadir, Limb
	ODIN
	Water window (538 - 542), Chemistry (541 - 558), ODIN water vapour profiling (546 - 568), ODIN water vapour sounding (552 - 562), ODIN Chemistry (563 - 581)

	611.7 - 629.7
	624-629
	18000
	620.7 (H2O), 624.27 (ClO2), [624.34, 624.89, 625.84, 626.17] (SO2), [624.48, 624.78] (HNO3), 624.77 (81BrO), 624.8 (CH3CN), 625.04 (H2O2),  625.37 (O3), 624.98 (H37Cl), 625.92 (H35Cl), 627.18 (CH3Cl), 627.77 (O18O), [625.07, 628.46] (HOCl), 625.66 (HO2)
	WATER, OXYGEN
	 
	OXYGEN, ClO2, SO2, BrO, O3, H35Cl, CH3Cl, O18O, HOCl, HO2, HNO3, CH3CN, H2O2
	Limb
	MLS, SMILES, SOPRANO
	Water line (611.7 - 629.7, BW: 3 GHz, max. offset: 7.5 GHz), MLS/SMILES/SOPRANO Chemistry (624 - 629)

	634 – 654
	634-654
	19000
	635.87 (HOCl), 647.1 (H218O), 649.45 (ClO), 649.24 (SO2), 649.7 (HO2), 650.18 (81BrO), 650.28 (HNO3), 650.73 (O3), 651.77 (NO), 652.83 (N2O), 
	WATER
	634.8-651
	H218O, HOCl, ClO, HO2, BrO, HNO3, O3, NO, N2O, SO2
	Limb, Nadir
	MLS, SMILES
	MLS/SMILES Chemistry (634 - 654), Window (634.8 - 651)

	656 - 692
	659-661, 684-692
	36000
	658 (H2O), 660.49 (HO2), 688.5 (CH3Cl), 691.47 (CO), 687.7  (ClO)
	WATER, CLOUD
	676.5-689.5
	HO2, ClO, CO, CH3Cl 
	Limb, Nadir, Conical
	CIWSIR, Post-EPS, CLOUDS, MLS
	Water line (669.7 - 676.5), Window (658.3 - 669.7), Cloud Measurements [656.8 – 662.8, 665.2 – 671.2, 658.3 - 661.3, 666.7 - 669.7, 677 - 692], MLS Chemistry (659 - 661), Window (676.5 - 689.5), CLOUDS Chemistry (677 - 692)

	713.4 - 717.4
	 
	4000
	715.4 (O2)
	OXYGEN, 
	 
	 
	Limb
	 
	 

	730 – 732
	730-732
	2000
	731 (HNO3), 731.18 (O18O)
	OXYGEN
	 
	O18O, HNO3
	Limb
	 
	 

	750 - 754
	 
	4000
	752 (H2O)
	WATER 
	 
	 
	Limb
	 
	 

	771.8 - 775.8
	 
	4000
	773.8 (O2)
	OXYGEN
	 
	 
	Limb
	 
	 

	823.15 - 845.15
	 
	22000
	834.15 (O2)
	OXYGEN
	 
	 
	 
	 
	Oxygen line (823.15 - 845.15, BW: 3 GHz, max. offset: 9.5 GHz)

	851 – 853
	851-853
	2000
	852 (NO)
	 
	 
	NO
	Limb
	 
	 

	857.9 - 861.9
	 
	4000
	859.9 (H2O)
	WATER 
	 
	 
	Limb
	 
	 

	866 - 882
	 
	15400
	 
	CLOUD, WINDOW
	 
	 
	Conical
	CLOUDS
	Cloud Measurements  [866.5 - 869.5, 868 - 881, 878.5 - 881.5], Window (866.9 - 881.9)

	905.17 - 927.17
	 
	22000
	916.17 (H2O)
	WATER 
	 
	 
	 
	 
	 

	951 – 956
	951-956
	5000
	952 (NO), 955 (O18O)
	OXYGEN
	 
	O18O, NO
	Limb
	SOPRANO
	 

	968.31 - 972.31
	 
	4000
	970.3 (H2O)
	WATER 
	 
	 
	Limb
	 
	 

	985.9 - 989.9
	 
	4000
	987.9 (H2O)
	WATER 
	 
	 
	Limb
	 
	 

	1832 – 1840
	
	8000
	1834.75 (OH), 

1837.82 (OH)
	Hydroxyl
	
	OH
	Limb
	
	

	2500 – 2540
	
	40 000
	2502.32 (OH), 

2509.95 (OH), 

2514.32 (OH)
	Hydroxyl
	
	OH
	Limb
	MLS
	


Annex 2

Consolidated table of passive bands of interest for terrestrial sensors

	Frequency band(s) (GHz)
	Total Bandwidth required (MHz)
	Spectral line(s) (GHz)
	Platform

	275 – 294
	21 000
	275.0: NO2

275.2: SO2

276.3: N2O

278.6: ClO

281.8: HNO3

293.5: O3
	Ground

	624-629
	5 000
	624.3: SO2

624.8: BrO

625.9-625.94: HCl

626.7: O3

627.1: H2O2

627.8: O2

628.5: HOCl
	Balloon

	649-653
	4 000
	649.5: ClO

649.7: HO2

650.3: HNO3

650.7: O3

651.8: NO

652.8: N2O
	Balloon

	2 500-2 600
	100 000
	2502.3: O2

2504.7: CO

2509.6:O3

2510.0: OH

2510.7: NO

2514.3: OH

2516.9: CO

2518.1: O3

2523.5: O3

2526.4: O2

2528.2: CO

2529.3: HDO
	Balloon


_______________






� “The sensitivity of millimeter and sub-millimeter frequencies to atmospheric temperature and water vapour variations”, Journal of Geophysical Research-Atmospheres, 13, from A.J. Gasiewski and M. Klein
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