	WORLD METEOROLOGICAL ORGANIZATION

COMMISSION FOR BASIC SYSTEMS

MEETING OF EXPERT TEAM ON DATA 

REPRESENTATION AND CODES 
MONTREAL, CANADA, 8-12 May 2005
	
	ET DR&C/Doc. 3.2(2)

ITEM: 3.2
(02.V.2006)

ENGLISH ONLY


Follow-up on Muscat proposal and additional proposed BUFR Descriptors for Atmospheric Chemistry

Submitted by Yves Pelletier (Canada), Yves J. Rochon (Canada)


________________________________________________________________

Summary and Purpose of Document
This document proposes several new BUFR descriptors and code tables for the representation of atmospheric chemistry observations and forecasts.


________________________________________________________________

ACTION PROPOSED
The ET DR&C meeting is kindly asked to consider the submitted proposals.




                     DISCUSSION

Introduction

This document is the second iteration of proposed additions to the BUFR tables.  We tabled version 1.0 of this document at the ET-DR&C meeting in Muscat, Oman, in December 2005 (item 3.2 in the Minutes of the meeting).  The proposal intends to provide a framework suitable for the reporting and forecasting of atmospheric constituents in disciplines related to Atmospheric Chemistry.  This was initially in response to observational data representation requirements expressed by the Canadian research community, but there were shows of interest from ECMWF, the US NWS and others.  We aim to help meet similar needs in the international community, as described in the 2004 IGACO theme team report.  We also foresee a need for the exchange of forecast data from an emerging international population of atmospheric chemistry prediction models.

At the Muscat meeting, ECMWF and the US NWS proposed some improvements to the descriptors and tables as laid out in the initial document.  This new iteration incorporates input from both these sources.

This version 2.0 of the proposal supersedes version 1.0.  In particular, certain descriptors proposed in version 1.0 were given new numbers or were moved to another class.

Scope of this proposal

There is a lot of ground to cover in order to produce a comprehensive depiction of atmospheric chemistry concepts in BUFR.  It seems prudent, then, not to try to do it all at once.  A firm base should be established and validated before we build toward more complex themes.  The first phase document contained proposals toward the following topics:

· The cataloguing of chemical species

· Descriptors for basic quantities or physical attributes in the discipline of Atmospheric Chemistry

· Basic descriptor sequences

This document expands on the initial topics and adds the following:

· Representation of more complex species, such as particulate matter

· Representation of averaging kernels and correlation matrices

· Further elements in the discussion on floating point data representation

Example descriptor sequence

We do not provide here full templates for specific instances of atmospheric constituent observations; having said this, the general structure of a descriptor sequence is envisioned as follows (where indentation indicates repeatable sub-sequences of descriptors):

· Identification of measurement site and instrumentation

· Date/time of start of measurement

· Horizontal and vertical coordinates of measurement site 

· Time displacement from start of measurement (high precision)

· Lat/lon displacement from start of measurement (high precision)

· Vertical coordinate value (using high-precision descriptor when required)

· Atmospheric constituent type (new descriptor 0 08 043 or 0 08 044)

· Statistical Significance Qualifiers (0 08 023), if applicable 

· Measured or physical quantities  (one or more measurement or forecast)

This structure was based on the WMO BUFR template for TEMP data (aerological sounding).  It would likely suit in-situ or retrieved observations taken by balloon or aircraft and retrieved (level 2) measurement products from ground-based and satellite instruments.  Appropriate and sufficiently general templates would have to be designed for raw or calibrated (level 0 or 1) ground-based and satellite measurements. (e.g. spectral radiances instead of retrieved mixing ratios).  Templates for the latter should preferably by extensions of the above structure and be applicable to a wide range of different instruments instead of being specific to certain instruments.  As starting point, this proposal focuses on quantities provided by forecasts and measurement products provided as retrieved observations.

Design issues

1. Catalogue of chemical species

Atmospheric chemistry deals with thousands of species.  While an initial list may have "only" contained a few dozen species, we perceive that it is important to formulate an approach that scales well as the number of measured chemicals grows.  Unless well planned from the outset, this could become a significant maintenance issue and involve us in an area (the cataloguing of chemicals) that we may not want to get into.

The ET-DR&C discussed and agreed upon the following approach at the Muscat Meeting: 

The atmospheric constituent type is to be identified using a catalogue code value under one of two possible code tables with element descriptors 0 08 044 and 0 08 043, respectively. 

Unambiguous identification of a chemical is commonly accomplished through the use of so-called CAS Registry Numbers. CAS (Chemical Abstracts Service, http://www.cas.org/EO/regsys.html) is a division of the American Chemical Society.  A CAS number is composed of 11 characters at most: 9 digits or less, and 2 hyphens.   Identification of the constituent type via a CAS Registry Number will be done by referring to the code table element descriptor 0 08 044.

We created a BUFR table B descriptor, currently under validation, that allows the use of CAS numbers inside a BUFR message. This has at least three advantages:

· allowing the use of CAS numbers alleviates the need to create and maintain tables of atmospheric chemicals within the BUFR framework (but does not quite eliminate it).  However, those tables that we have to create, can now be short and generic.

· CAS provides a more robust catalog than what we could come up with on our own. 

· It connects the BUFR representation of atmospheric chemistry with a tool that is well known and routinely used by chemists.

One inconvenient of this approach is that a chemical designated by its CAS Registry Number must then be looked up in the CAS database or some other source, such as could be found in the scientific literature.  Otherwise, it could simply be provided to users by the provider of the data.  We believe this is easily manageable by data producers and users in the field of Atmospheric Chemistry.  Thus, for completely unambiguous specification of chemical species in BUFR, the use of CAS registry numbers would be recommended.  

A small WMO-maintained catalogue would still be required, but only for general and generic species without a CAS number, such as volcanic ash, smoke, and generic aerosols.  Very fundamental species such as water vapour, ozone and the other main greenhouse gases would also be included.  This second part of the catalogue would take the form of a code table corresponding to proposed element descriptor 0 08 043 (see below).  To prevent undue growth of the WMO maintained catalogue, the addition, to this table, of constituents endowed with a CAS number should be given careful consideration and occur only for especially common or important species. 

A short discussion and list of the main constituent types of interest is found in Annex B and in the code table 0 08 043.  

2. Approaches to satisfy precision requirements
The absolute values and precision required for some measurement types (i.e. concentration) span across at least 16 decimal orders of magnitude with different chemical species covering very different dynamical ranges.  Individual chemical species may have narrower requirements, but to accommodate a whole catalogue of species with a single concentration descriptor, that is what we need.   This means that a concentration descriptor meant for general use for any chemical would need to be at least 54 bits wide.  For individual species, the required width could in some cases exceed 32 bits.                                                                                                             

The five solutions considered to permit large dynamical ranges are described below. A decision is requested in selecting one or more of the first four options (a, b, c or d) as the fifth option (e) was dismissed at the Muscat meeting.

a) Within the existing BUFR framework, the solution we settled on, at the time of the first edition of this document, was to give the concentration (and similar) descriptors default scales and bit width that work for the greater number of species, and to leave specialist users to choose appropriate scaling and bit width on a case by case basis, by using BUFR Data Description Operators. 

b) As a means of providing additional flexibility, we re-iterate the second option presented in the first edition of this document to create a new Data Description Operator that would make it possible to express values in IEEE floating point format.  In many cases this would allow data representation with the fewest possible intermediate steps while maintaining sufficient precision as determined by the user at the encoding end.  It would, however, require the adaptation of existing decoders.  At the Muscat meeting, the Expert Team agreed with the technical approach but debated whether this change could be implemented within the current BUFR edition number.  The underlying issue is whether the new Data Description Operators would create issues for existing BUFR users and the software they use.  In practice, this would be mitigated by the fact that the bulk of BUFR exchange on the GTS will be done using WMO templates that will not use this Data Description Operator for the foreseeable future.  Centres likely to use this operator in the short to medium term would be the ones that have the means to make the relatively uncomplicated changes required to their BUFR software. We recommend that this feature be included in the next BUFR edition.  However, if there is not to be a new edition for some time, we request that the Expert Team consider including it in the current BUFR edition.

c) Another alternative was proposed at the Muscat meeting.  It consists in placing the signed values of the mantissa and a base 10 scaling factor in two consecutive instances of a given numerical element descriptor (in other words, a couplet of a given descriptor).  The very presence of a couplet would signal the use of this convention.  In the BUFR context, this has some advantages over the IEEE representation, one being that no new Data Description Operator would be required to implement this solution.  Another plus is that it remains wholly consistent with the “all integer”, architecture-independent design of BUFR. 

If this approach were adopted, it seems reasonable to leave the Table B bit width values as wide as necessary (or possible) for use in the traditional way, and to use Data Operation Descriptors to set the scale, width and reference values best suited for the mantissa and exponent.  Precautions would have to be taken in making those changes.  For instance: for descriptors expressing a concentration, the mantissa would necessarily have a reference value of zero, but the scaling factor would generally have a negative reference value. 

There are some other considerations.  First, this approach could not be used in the case of some coordinate element descriptors (specifically, classes 04-07), for which there is already a prescribed meaning to consecutive instances of the same element descriptor, as per BUFR regulation 95.5.3.4.  Second, current BUFR regulations are silent on the meaning of couplets of non-coordinate, numerical element descriptors.  Prescribing a calculated value (mantissa * (10 ^ exponent)) for such a couplet would require changes to existing decoders.  But it also seems reasonable to suppose that unmodified decoders encountering two consecutive instances of the same element descriptor are likely to be less traumatized, if at all,  than if they came across a previously unknown Data Description Operator, as discussed above.  But let’s not make assumptions about the behaviour of unknown software.  Nevertheless, using this “couplet convention” in operational data exchange while leaving their proper handling unspecified in the BUFR regulations would only be suitable in the context of a local extension to the standard.  


d) Perhaps a somewhat simpler variation on solution c) above would be to define an element descriptor named “decimal scale factor relating to following value” which would apply to the numerical element descriptor immediately following it.  This differs from using a Data Description Operator to change the scale factor of an element descriptor.  This would not alter the Table B values attached to a given numerical element descriptor; it would simply indicate a decimal scale factor to be applied to the element descriptor’s own value.  An already existing descriptor, 0 25 142, seems to hint in that direction.  This approach has the advantage that the reference value and bit width of such a descriptor could be set to a default that would be satisfactory in the vast majority of cases, without consuming a lot of space.  An 8-bit descriptor could cover the range from 10-127 to 10127.  A new class 08 element descriptor would be required for this approach.  At first glance this seems to have the same advantages as solution c), while the concerns we expressed there seem less applicable.


e) Finally: yet another alternative, which we only discuss here for completeness, would be to define the element descriptor as the logarithm of the actual value.  Precautions would have to be taken as the value neared zero, with the use of an appropriate threshold value to prevent accidental attempts to perform the logarithm of zero.  One problem with this method is that the appropriate value for the near-zero threshold varies widely from species to species, as would the optimum scaling and bit-width.  So the use of Data Description Operators would, again, be difficult to avoid.  This solution was discussed at the Muscat meeting, where it was found to be impractical.

3. Averaging Kernel and Covariance Matrix Representation

The representation of averaging kernel matrices or covariance matrices for the purpose of exchange must be as terse and compact as possible, yet be complete and unambiguous.  The covariance matrix can be decomposed into (and re-constructed from) the error correlation matrix and a one dimensional array of error standard deviations.  The BUFR format can already accommodate observation error standard deviations (code figure 10 of code table 0 80 023).  The values contained in the averaging kernel matrices and in correlation matrices (as oppose to covariance matrices) are respectively filtering and statistical weights that can be restricted to a small relevant dynamical range of at most a few orders of  magnitude.  Correlation coefficients and averaging kernel elements should be expected to be within ( 1.

If the option were chosen of directly storing complete covariance matrices instead of separately storing the correlation matrices and the error standard deviations, then a dynamical range much broader that that for the observations themselves would be required (as the diagonal elements of covariance matrices are squares of error standard deviations).  This would then constitute another type of data that would benefit from floating point representation. 

For both averaging kernel matrices and correlation (and covariance) matrices, the following assumptions are made:

· The original matrices are square in dimensions. 

· The original matrices are either full matrices or else multidiagonal. For the latter case, data is banded along the diagonal in sub-diagonals disposed on either side of the main diagonal.

3.1 Correlations matrices

Correlation (and covariance) matrices are symmetric.  Only the lower (or upper) triangular halves of these matrices (or a part thereof) need to be stored.  In fact, one could choose to instead store the square root matrix L of the correlation matrix, equal to LLT, where L is lower triangular.  Moreover, it would be computationally efficient, for some applications such as data assimilation, to provide the inverse of L, i.e. L-1, in addition to, or instead of, the former.  This inverse could be produced locally, given L or the correlation matrix, if not produced by the data provider.  All these options are made available in this proposal.

3.2 Averaging kernel matrices

It is assumed here that the vertical levels and units of the source profile to which is multiplied the averaging kernel matrix to estimate the observation profile are the same as those of the observation profile. Otherwise, additional descriptors would be required. 

Retrieval solutions x provided as observations, but which are actually geophysical products derived from the processing of actual measurements, are most often obtained using retrieval methods relying on imposed weak solution constraints (e.g., Rodgers, 2000).  These constraints, most frequently applied via least-squares minimization, can involve explicit profile smoothing conditions (e.g. through differential regularization) or reference a priori state estimates xa. The imposition of either will result in averaging kernel matrices A which are no identity matrices. For linear retrieval problems, the impact of these constraints on the solution can be represented by the equation
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where, here,  xu would be the retrieval solution obtained, if at all feasible, in the absence of constraints.  The rows of A are called averaging kernels as they imply weighted averaging using neighbouring points.

One may choose only to make use of elements xi of the observation profile which are not much affected by the a priori solution; that is, when corresponding elements of (I-A) xa  are sufficiently small compared to xi and its error standard deviation.  Otherwise, the term (I-A) xa should be subtracted,
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if the contribution of the a priori solution is significant and could bias the analyses.  This could be done prior to storage in BUFR format when preferred.  

One descriptor and code table could be made available to indicate whether or not the a priori solution has been subtracted.  Another entry to this code table would be needed in the event that the a priori solution is also stored in BUFR format. 

The forward model relating the forecast xb to the observation x’ or x would involve application, at minimum, of A and of interpolation H to the observation element locations, e.g.,
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and, in some cases, variable transformations.

Subtraction of the contribution from the a priori solution also implies a change in the imposed covariance matrix (error correlations and standard deviations).  One may choose to neglect this fact or to take it into account.  For the latter, it is necessary to provide the covariance matrix (or components) of the applied a priori state and possibly information of the cross-covariance between x and xa so that  the covariances of  x’ can be determined. 

With known matrix dimensions and geometry, it is simple in many cases to compose a BUFR message omitting, in each successive rows, those coefficients which are known to be zero by construction.  The entire matrix can be reconstructed unambiguously at the receiving end.

Example sequence:

	Descriptor
	Value
	Unit
	Meaning
	Comment

	0 08 026


	0
	Code Table


	Matrix significance

(0 = averaging kernel)
	This descriptor characterizes subsequent data as being averaging kernel coefficients.



	0 08 027


	3


	Code Table
	Matrix geometry

(3 = multidiagonal)
	Descriptor characterizes subsequent data as belonging to a matrix of specified geometry

	1 02 Y
	Y=Number of rows
	
	Repeat following two descriptors Y times ; 0 31 001 gets ignored (see note to regulation 94.5.4.1).
	The use of plain replication here supposes we know the size of the matrix and it does not change from observation to observation.

	1 01 000
	
	
	Delayed replication x descriptors
	

	0 31 001
	
	
	Delayed replication count
	This is where to look for the count for the number of incoming values in the current row of the matrix. 

	0 25 102
	 unitless coefficient. 
	Numeric
	Data to be inserted in reconstructed matrix at receiving end.
	Our understanding of the matrix geometry should often be sufficient to allow us to skip the values that are zero by construction.  However nothing in this sequence prevents us from sending every value, including the zeroes.

	0 08 027
	63
	Code Table
	63 = missing
	“ Close”  the significance qualifier

	0 08 026
	63
	Code Table
	63 = missing
	“ Close”  the significance qualifier and sequence


4.  Representation of Particulate Matter

Version 1.0 of this proposal made possible a simple representation of particulate matter, by using size as the only characterization of a PM population.  In this way it was possible, for instance, to treat “PM < 2.5” as a generic chemical species in table 0 08 043.  To refine data representation in relation to particulate matter, we need to represent 


· The measurement as a volumetric mass…

· …volumetric mass is either global or targeted toward a particular ion species…

· …attached to a population of particles under a given size

With the descriptors that have been proposed so far, we can easily tie a volumetric mass measurement to particulate matter under a given size.  The issue is to associate an ion species to this.  There are two ways to do this in the framework of this proposal: we could add one new significance qualifier and associated table to represent the various ions, or we could add elements to table 0 08 043.  In this case, the elements would associate a size and an ion, for example: “ PM<1.0 Sulphate ion”.  We believe it is sufficient to use table 0 08 043, and that a new significance qualifier is not required at this time.

Proposed new descriptors for atmospheric constituents

1.  Measured or physical quantities

	Table Reference
	Element name
	BUFR
	

	F  X   Y
	
	Unit
	Scale
	Ref. value
	Data width (bits)
	Status

	0 15 007
	Molecular mass
	u (unified atomic mass unit)
	2
	0
	15
	Validation

	0 15 008


	Volumetric mixing ratio


	numeric


	      16
	0
	31
	Validation

	0 15 009


	Integrated number density
	m-2
	-12
	0
	31
	Validation

	0 15 010


	Partial pressure
	Pa
	12
	0
	31
	Validation

	0 15 021


	Integrated mass density
	kg/m2 
	14
	0
	31
	Validation

	0 15 022


	Number density
	m-3
	-8
	0
	31
	Validation

	0 15 023


	Mass density
	kg/m3
	18
	0
	31
	Validation

	0 15 024
	Optical depth
	numeric
	4
	0
	24
	Validation

	0 15 027
	Extinction coefficient
	m-1
	9
	0
	30
	Validation

	0 15 028
	Photo dissociation rate
	s-1
	14
	0
	31
	Validation

	0 15 042
	Reflectance
	Numeric
	6
	0
	20
	Validation

	0 15 043
	No. of averaging kernel layers
	Numeric
	0
	0
	10
	Proposed

	0 15 044
	Averaging kernel value
	Numeric
	6
	-5E106
	24
	Proposed


Note : Users should verify that the default width, and scale of the descriptor being used is sufficient to contain the data to be represented in the BUFR message. When necessary, a data description operator should be used to adjust width and scale.   

2.  Coordinates


	Table Reference
	Element name
	BUFR
	

	F  X   Y
	
	Unit
	Scale
	Ref. value
	Data width (bits)
	Status

	0 07 011


	Pressure (high precision)
	Pa
	4
	0
	31
	Validation


3. Instrumentation

	Table Reference
	Element name
	BUFR
	

	F  X   Y
	
	Unit
	Scale
	Ref. value
	Data width (bits)
	Status

	0 02 071


	Spectrographic wavelength
	M
	13
	0
	30
	Validation

	0 02 072
	Spectrographic width
	M
	13
	0
	30
	Validation


4.   Significance qualifier

	Table Reference
	Element name
	BUFR
	

	F  X   Y
	
	Unit
	Scale
	Ref. value
	Data width

(bits)
	Status

	0 08 043


	Atmospheric chemical or physical constituent type
	Code Table 
	0
	0
	8
	Validation

	0 08 044
	CAS registry number
	CCITT IA5
	0
	     0
	88
	Validation

	0 08 026
	Matrix significance
	Code Table
	0
	0
	6
	Proposed

	0 08 027
	Matrix geometry
	Code Table
	0 
	0
	6
	Proposed


5.   Observed phenomena



	Table Reference
	Element name
	BUFR
	

	F  X   Y
	
	Unit
	Scale
	Ref. value
	Data width

(bits)
	Status

	0 20 079


	Snow/Ice crystals indicator
	Flag Table 
	0
	0
	2
	Proposed

	0 20 080
	Cloud amount percentage interval
	Code table
	0
	     0
	3
	Proposed


6. Processing information

	Table Reference
	Element name
	BUFR
	

	F  X   Y
	
	Unit
	Scale
	Ref. value
	Data width

(bits)
	Status

	0 25 102


	Linear coefficient
	Numeric
	6
	-5*106
	24
	Proposed


Note: Descriptor 0 25 102 is intended for numerical, non-dimensional values to be used as coefficients in statistical processing.  Each instance of 0 25 102 should be characterized by using an appropriate significance qualifier, such as 0 08 026.

Code tables

Code table 0 08 043

See remarks in section “Design Issues”, sub-section 1, and in Appendix B.

The last column in the table contains the associated registry number from the Chemical Abstracts Service (CAS) of the American Chemical Society.  

	Code figure
	Meaning

	
	Name
	Formula
	CAS Number (if applicable)

	0
	Ozone
	O3
	10028-15-6

	1
	Water vapour
	H2O
	7732-18-5

	2
	Methane
	CH4
	74-82-8

	3
	 Carbon dioxide
	CO2
	37210-16-5

	4
	Carbon monoxide
	CO
	630-08-0

	5
	Nitrogen dioxide
	NO2
	10102-44-0

	6
	Nitrous oxide
	N2O
	10024-97-2

	7
	Formaldehyde
	HCHO
	50-00-0

	8
	Sulfur dioxide
	SO2
	7446-09-5

	09-24
	reserved
	
	

	25
	Particulate Matter < 1.0 microns (generic)
	
	

	26
	Particulate Matter < 2.5 microns (generic)
	
	

	27
	Particulate Matter < 10 microns (generic)
	
	

	28
	Aerosols (generic)
	
	

	29
	Smoke (generic)
	
	

	30
	Crustal Material (generic dust)
	
	

	31
	Volcanic Ash
	
	

	32
	Particulate Matter < 2.5 microns, NO3(-)
	
	

	33
	Particulate Matter < 2.5 microns, NH4(+)
	
	

	34
	Particulate Matter < 2.5 microns, Na(+)
	
	

	35
	Particulate Matter < 2.5 microns, Cl(-)
	
	

	36
	Particulate Matter < 2.5 microns, Ca(2+)
	
	

	37
	Particulate Matter < 2.5 microns, Mg(2+)
	
	

	38
	Particulate Matter < 2.5 microns, K(+)
	
	

	39
	Particulate Matter < 2.5 microns, SO4(2-)
	
	

	40
	Particulate Matter < 1.0 microns, NO3(-)
	
	

	41
	Particulate Matter < 1.0 microns, NH4(+)
	
	

	42
	Particulate Matter < 1.0 microns, Na(+)
	
	

	43
	Particulate Matter < 1.0 microns, Cl(-)
	
	

	44
	Particulate Matter < 1.0 microns, Ca(2+)
	
	

	45
	Particulate Matter < 1.0 microns, Mg(2+)
	
	

	46
	Particulate Matter < 1.0 microns, K(+)
	
	

	47
	Particulate Matter < 1.0 microns, SO4(2-)
	
	

	48-200
	reserved
	
	

	201-254
	reserved for local use
	
	

	255
	missing
	
	


Code table 0 08 026

	Code figure
	Meaning

	0
	Averaging kernel matrix

	1
	Correlation matrix (C) 

	2
	Lower triangular correlation matrix square root      (L from C=LLT)

	3
	Inverse of lower triangular correlation matrix square root (L-1)

	4-42
	Reserved

	43-62
	Reserved for local use

	63
	Missing or undefined significance


Code table 0 08 027

	Code figure
	Meaning

	0
	Assume no particular matrix geometry

	1
	Diagonal matrix

	2
	Tridiagonal matrix

	3
	Multi-diagonal matrix (general case: diagonal and above)

	4
	Lower triangular matrix

	5
	Symmetrical  matrix

	6-42
	Reserved

	43-62
	Reserved for local use

	63
	Missing


Flag table 0 20 079

	Bit No.
	Meaning

	1
	Snow or ice crystals present

	All 2
	Missing value


Code table 0 20 080

	Code figure
	Meaning

	0
	0-25% cloudy pixels

	1
	25-50% cloudy pixels

	2
	50-75% cloudy pixels

	3
	75-100% cloudy pixels

	5-6
	Reserved

	7
	Missing value


5. Data description operator

See remarks in Section “Design Issues”, sub-section 2.


	Table Reference
	Operator name
	Operation Description
	Status

	F X Operand
	
	
	

	2 07 YYY


	IEEE floating point representation
	For elements in Table B other than CCITT IA5, code tables or flag tables, this operator shall indicate that values are represented in YYY bit IEEE floating point, where YYY can be set to 032, 064 or any valid IEEE floating point width. This operator shall override the scaling and bit width from Table B. The reference value from Table B may be used for bound-checking if applicable.   An operand of YYY=000 shall reinstate the Table B scaling and bit width and return to native BUFR representation.
	Validation (?)


Appendix A - Range correspondence 

Determination and identification of the minimum and maximum values corresponding to the definitions of the descriptor elements in tables 1 to 3 are presented here.  Two maxima are provided when the range of possible expected values cannot be expressed with at most 31 bits; a maximum of at most 2x109 larger than the minimum value can be obtained from 31 bits.  In such instances, both the magnitude corresponding to a limit of 31 bits, in consideration of the minimum value in the table, and the magnitude of the largest expected value are provided.

The range of values for concentrations of constituent observations is based on a minimum set according to a minimum OH mixing ratio of ~10-14 with a precision of 1% and the largest expected maximum set according to the upper limit for tropospheric H2O mixing ratio at ~0.04.  The next largest mixing ratios would be attributed to CO2 at a level just under 0.001.  For conversion to other units which involve pressure and/or temperature, pressures of 105 Pa and 104 Pa for the calculation of the maxima and minima and a temperature of 300 were applied.  Use of 104 Pa with the OH mixing ratio is reasonable for determination of the minimum considering the increase in OH mixing ratio with decreasing pressure as well as the larger mixing ratios in the stratosphere and mesosphere for other constituents.  Here are the conversions applied to the volumetric mixing ratios followed by the resulting ranges:

	Parameter
	Unit
	Conversion factor from mixing ratio 

	Pressure
	Pascal
	Pair

	Number density
	m-3
	PairNa /(R*T)

	Mass density
	kg/m3
	PairM /(R*T)  x10-3 kg/g

	Integrated number density
	m-2
	HPairNa /(R*T)      

	Integrated mass density
	kg/m2
	HPairM /(R*T)  x10-3 kg/g


where Pair is the atmospheric pressure in Pa, Na is the Avogadro constant (6.022x1023 /mol), R* is the gas constant (8.314 J K-1 mol-1), T is temperature in Kelvin, H is the scale height of the atmosphere set to 7x103 m, and M is the molecular mass in unified mass units u (i.e., g mol-1), hence the additional conversion factor of 10-3 kg/g.

	Table Reference
	Element name
	Unit
	Minimum value
	Maxima 

	
	
	
	
	Based on a limit of 31 bits
	Largest expected value

	F  X  Y
	
	
	
	
	

	0 15 007


	Molecular mass
	u (unified  mass unit)
	0.01
	         -
	327.67

	0 15 008


	Mixing ratio in volume


	numeric


	10-16
	2x10-7
	0.04

	0 15 009
	Integrated number density
	m-2
	1012
	2x1021
	1028

	0 15 010
	Partial pressure
	Pa
	10-12
	2x10-3
	104

	0 15 021
	Integrated mass density
	kg/m2 
	10-14
	2x10-5
	102

	0 15 022
	Number density
	m-3
	108
	2x1017
	1024

	0 15 023
	Mass density
	kg/m3
	10-18
	     2x10-9
	       10-2

	
	
	
	
	
	

	0 15 024
	Optical depth
	numeric
	0.0001
	-
	1000 (clouds)

	0 15 027
	Extinction coefficient
	m-1
	10-9
	-
	1.0

(clouds)

	0 15 028
	Photo dissociation rate
	s-1
	10-14
	2x10-5
	0.1

	
	
	
	
	
	

	0 07 011
	Pressure (high precision
	Pa
	10-4

[0.1 Pa (~95 km) with 4 significant digits]
	         -
	2x105



	
	
	
	
	
	

	0 25 103
	Spectral width (line widths to band models)
	m
	10-13
	-
	10-4



	0 25 102
	Wavelength
	m
	10-13 

(102 nm with 7 significant digits)
	-
	10-4

(102 m)


Appendix B  - Chemicals of Interest

We provide below a list of chemicals of interest not present in Code Table 0 08 043, with their CAS registry numbers.  In BUFR code, these chemicals would be identified by their CAS numbers, using element descriptor 0 08 044.  Maintenance of this list is not viewed as being within the scope of the Expert Team on Data Representation and Codes; it is only provided here for illustration purposes.

A first iteration of the list was based on Tables 4.1-4.3 and the text of the IGACO theme report of September 2004 (WMO TD No. 1235)).

Three halon compounds were included based on the table of class I ozone-depleting substances (Group II) of the U.S. Environmental Protection Agency:

 (http://www.epa.gov/docs/ozone/ods.html).

CFC-11 was added to complement CFC-12 and HCFC-22 of the IGACO report. 

The list of measured volatile organic compounds (VOC) would be quite extensive and is not explicitly identified here.  A list of VOC and related families can be consulted in Makar et al. (JGR, 108, 2003).

Other species such as OH, HNO4, CCl4, NH3, CF4, H2O2, N2O5, HF, H2SO4, OCS, HOCl, PAN, O (1D) and mercury-related compounds could also be considered.

	Name
	Formula
	CAS registry number

	Bromine oxide
	BrO
	15656-19-6

	Chlorine monoxide
	ClO
	7791-21-1

	Hydrogen chloride
	HCl
	7647-01-0

	Chlorine dioxide
	OClO
	10049-04-4

	Trichlorofluoromethane
	CFC-11 (CCl3F)
	75-69-4

	Dichlorodifluoromethane
	CFC-12 (CCl2F2)
	75-71-8

	Nitric Oxide
	NO
	10102-43-9

	Nitric acid
	HNO3
	52583-42-3

	Acetylene
	C2H2
	74-86-2

	Ethane
	C2H6
	74-84-0

	Methyl bromide
	CH3Br
	74-83-9

	Bromotrifluoro-methane
	CF3Br (halon 1301)
	75-63-8

	Bromochloro- difluoromethane
	CF2ClBr (halon 1211)
	353-59-3

	Dibromotetra-fluoroethane
	C2F4Br2 (halon 2402)
	25497-30-7

	Chlorodifluoro-methane
	HCFC-22 (CHClF2)
	75-45-6

	Chlorine nitrate
	ClONO2
	14545-72-3
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