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Background
At IROWG-4, the NWP sub-group decided to form an action group, which collects and documents interpretations and recommendations on the contents of the BUFR files for near-real time dissemination via GTS.  The recommendations formulated in this document are agreed upon between processing centers (data providers) and NWP centers (users).

The purpose of this document is to give terms of reference to data providers and users, and to improve the utility and consistency between different centers of future data.  Processing centers are encouraged to document and announce the conformance of their data with the agreed guidelines.

Homogenization of BUFR file content

In a BUFR file, the essential content of the data is encoded in section 4 (Data Template).  The applicable document is WMO BUFR Table D, and the descriptor of the current GNSS RO data template is "3 10 026".


Recommendation 1: Software identification
It is recommended to set a (traceable) value which uniquely identifies the processing algorithm used by the originating center. Any (user-visible) change in the processing shall lead to a different value for the software version.
Remark: range of values: 0 – 16382 (214 - 2).

Recommendation 2: Reference time, Satellite positions and velocities, and Local Earth Parameters
The BUFR template associates the satellite orbit data with the occultation reference time, whereas the validity time of the Local Earth parameters can differ, including the geo-referencing information.  This is in contrast to the expectations of NWP users, who prefer a common reference time.
· It is recommended to set the data field “time increment” to zero.

· The occultation reference time shall become a “nominal reporting time”.  In turn, the data field “time significance” (descriptor 0 08 021) shall be changed from currently 17 (=”time of occultation start”) to 25 (="nominal reporting time").
Furthermore, it is recommended to use an entirely geometrical referencing, which is independent of the processing or the tracking of signals.  It is encouraged to report here the UTC time (with msec accuracy) when SLTH above the WGS84 ellipsoid satisfies one of the following conditions:
· SLTH=0,

· Use lowest data point for “short occultations”, where SLTH=0 is not reached, and when an extrapolation of the orbits is not desired,
· Modulus of SLTH is stationary or reaches a minimum, which may occur for lateral occultation antennae.

Remarks: 
The rationale for the original usage of reference time was to have here the timestamp of the first (excess phase) measurement.  This is, however, very dependent on satellite, rising or setting occultation, processing, etc., which is not only undesirable, but also of little interest to most users of the higher level processed data (level 1b: bending angles, level 2a: refractivity profiles).  A nominal reporting time for all header data also enables users e.g. to derive the Greenwich Apparent Sidereal Time Angle for transformations between Earth-centered fixed and inertial systems.
Further remarks:

· It is recommended to report the locations and velocities of the relevant antennae, not the center of gravity of the satellites.

· BUFR Table D specifies that Locations (descriptor 3 04 030) are to be given in the following coordinate system (Table B, descriptors 0 27 031, 0 28 031, 0 10 031):
· x-axis in the direction of 0° longitude, 0° latitude, distance from the Earth’s center,

· y-axis in the direction of 90° East, 0° latitude, distance from the Earth’s center,

· z-axis in the direction of the North Pole, distance from the Earth’s center.
· Speed (descriptor 3 04 031) refers to absolute velocity, i.e. the quantity in an inertial system.  WMO BUFR Table B states that the velocity components (descriptors 0 01 041-043) are to be given in the following coordinate system:

· x-axis in the direction of 0° longitude, 0° latitude, distance from the Earth’s center,

· y-axis in the direction of 90° East, 0° latitude, distance from the Earth’s center,
· z-axis in the direction of the North Pole, distance from the Earth’s center.
· Azimuth (descriptor 0 05 021) is defined as the angle between True North and the GNSS → LEO line of sight, i.e. the direction of the ray from transmitter to receiver, which is measured clockwise and shall be in the range 0° - 360°.
· No data shall be reported within 10-5° of the poles.  This choice prevents latitudes ±90° in the BUFR with negligible loss of data, and avoids complex and potentially error-prone prescriptions of azimuth calculation. See e.g. the reporting of wind direction for in-situ data.
· User codes need to be aware that an occultation might occur while a leap second is introduced into UTC, if they rely on the nominal reporting time.

Data sampling

Recommendation 3: Use fixed sets of levels
For GTS dissemination, the level 1b (bending angles) data are to be sampled on fixed sets of levels between at least 0 – 60 km that are to be agreed upon between data providers and NWP users.
Remarks:

· Using a fixed set of levels is considered beneficial for statistical evaluations and comparisons, as it avoids additional interpolations of thinned products.  It also simplifies data preprocessing and selection for NWP users.

· The recommendation of a fixed set of levels does not imply the use of a uniformly spaced grid.  The level spacing should rather be driven by scientific considerations and user requirements.  NWP users will generally expect an increase of spacing with impact height for bending angles.
· It is encouraged that all providers use comparable sets of levels when processing a specific RO mission.

· A list of levels agreed upon could be considered similar to that of “standard levels” for other observation types, it does not exclude reporting additional levels.
· EUMETSAT uses a fixed, non-equidistant set of 247 levels between 0 – 60 km, and plans to extend this set to 313 levels to 80 km.  The level spacing is chosen so that an appropriate resolution is achieved, corresponding to approximately 4-5 levels per Fresnel diameter (Hinson & Magalhaes, 1991).

For GTS dissemination, the level 2a (refractivity) data are to be sampled on a fixed set of levels between at least 0 – 60 km that is to be agreed upon between data providers and users.
Remarks:

· It is encouraged that all providers use comparable sets of levels.
· Users shall expect that the height grids for level 1b and level 2a data differ.
Data errors

Recommendation 4: Provide error estimates
Processing centers are encouraged to provide error estimates for bending angle and (if feasible) refractivity data.  They are also encouraged to document the algorithm for the derivation of the error estimates, which is then considered part of the (traceable) processing chain.
Remarks:

· Users need to understand how the error estimates are calibrated.  NWP centers are encouraged to assist in a validation of error estimates by providing feedback on test data.

· Documentation or publication of results from the calibration and validation of error estimates should be considered.
L1/L2 bending angles

GNSS systems transmit signals at the following frequencies which are currently used or may be suitable for occultation measurements:

	GNSS system
	Mean frequencies (MHz, from RINEX 3.02)

	GPS
	L1: 1575.42, L2: 1227.60, (L5: 1176.45)

	GLONASS
	G1: 1602, G2: 1246 (FDMA)

	GALILEO
	E1: 1575.42, E5(E5a+E5b): 1191.795, E6: 1278.75

	BDS
	B1: 1561.098, B2: 1207.14


The level 1b data template contains an entry for "mean frequency" (in units of 100 MHz), where frequency 0 refers to the ionosphere-corrected bending angle. For the same geo-location, each bending angle and corresponding impact parameter can be encoded in a loop over frequencies.  Thus, the additional or separate encoding e.g. of L1(=1.5GHz) and L2(=1.2GHz) bending angle data for GPS is straightforward.
Recommendation 5: Prepare for provision of L1 and L2 bending angles
Processing centers are encouraged to provide test data containing L1 and L2 bending angles in addition to ionosphere-corrected bending angles, or single-frequency (L1 or L2) bending angles where applicable.
Remarks:

· There may be a need to indicate the quality of bending angle processing for the individual frequencies.  The data field holding the overall quality flags currently has three unused bits, which seen suitable for this purpose.  A proposal for using some of these bits should be flexible enough to accommodate RO data from multiple GNSS missions.  For example, a current reference to “L1” may also mean “G1”, “E1”, or “B1”, depending on the transmitter, which is identified by the data fields for the GNSS series and GNSS PRN.
· Recommendation 5 also applies to data from other GNSS signals (e.g., B1/B2).
Evolution of the BUFR template

In the future the need may arise to encode additional data in the BUFR.  Interest has been expressed for the following parameters:
· Full orbits and velocities.
· Excess phase
· ionospheric parameters (e.g. electron density)

· Geoid model used (geoid height above WGS84 is part of the Local Earth parameters)

· …

So far these parameters are not covered by the current template for RO.
For an initial demonstration of the usefulness of additional parameters, more flexible data formats (as e.g. NetCDF or HDF5) may be considered.  However, the dissemination of near real time data over GTS will require BUFR or another future WMO approved format.
Recommendation 6: create BUFR evolution working group
It is recommended that the user communities (NWP, Space Weather) and the processing centers form a joint group that provides a document with concise description of the parameters, which can serve as a basis for the development of a new BUFR template.
Action: UCAR (Bill Schreiner) will establish contact with the space weather community for further discussions on the subject.
Due date: IROWG-5.
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