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1. INTRODUCTION
The fundamental reference document to perform the uncertainties calculation is the Guide to the Expression of Uncertainty in Measurement (GUM)
.This Guide expressed the need of uncertainty by:
“When reporting the result of a measurement of a physical quantity, it is obligatory that some quantitative indication of the quality of the result be given so that those who use it can assess its reliability. Without such an indication, measurement results cannot be compared, either among themselves or with reference values given in a specification or standard. It is therefore necessary that there be a readily implemented, easily understood, and generally accepted procedure for characterizing the quality of a result of a measurement, that is, for evaluating and expressing its uncertainty.”

2. Standards and Definitions
The formal definition of the term “uncertainty of measurement” may be found in the VIM
(VIM:1993, definition 3.9) as follows:
uncertainty (of measurement)
parameter, associated with the result of a measurement, that characterizes the dispersion of the values that could reasonably be attributed to the measurand.
NOTE 1 The parameter may be, for example, a standard deviation (or a given multiple of it), or the half-width of an interval having a stated level of confidence.

NOTE 2 Uncertainty of measurement comprises, in general, many components. Some of these components may be evaluated from the statistical distribution of the results of series of measurements and can be characterized by

experimental standard deviations. The other components, which also can be characterized by standard deviations, are evaluated from assumed probability distributions based on experience or other information.

NOTE 3 It is understood that the result of the measurement is the best estimate of the value of the measurand, and that all components of uncertainty, including those arising from systematic effects, such as components associated with corrections and reference standards, contribute to the dispersion.
The WMO Guide to Meteorological instruments and methods of Observation (Guide CIMO)
 expressed the uncertainty in the Quality assurance and management of observing systems part by:
Uncertainty is expressed as a measure of dispersion, such as a standard deviation or a confidence level.

The 2.39 paragraph of VIM explain that 
calibration is an operation that, under specified conditions, in a first step, establishes a relation between the quantity values with measurement uncertainties provided by measurement standards and corresponding indications with associated measurement uncertainties and, in a second step, uses this information to establish a relation for obtaining a measurement result from an indication
NOTE 1 A calibration may be expressed by a statement, calibration function, calibration diagram, calibration curve, or calibration table. In some cases, it may consist of an additive or multiplicative correction of the indication with associated measurement uncertainty.

NOTE 2 Calibration should not be confused with adjustment of a measuring system, often mistakenly called “self-calibration”, nor with verification of calibration NOTE 3 Often, the first step alone in the above definition is perceived as being calibration.

The International System of Units (SI)
From global perspective all measurements are based on the globally agreed International System of Units (SI). This ensures that we use the same quantities, and that measurements performed with various types of equipment in various locations are comparable. The further we are from the International System of Units (SI) the higher uncertainty we have in the measurement in terms of absolute accuracy. The International System of Units (SI) may be seen as the backbone of metrology.

Metrology organizations are built to maintain and improve the International System of Units (SI) and provide accurate measurement and calibration services. The International System of Units (SI) is maintained by BIPM (International Bureau of Weights and Measures) in France. The task of the BIPM is to ensure worldwide uniformity of measurements and their traceability to the International System of Units (SI). National laboratories represent the top metrology level. They are responsible for maintaining and developing traceability and for providing the highest accuracy calibrations.

Accredited and other calibration services are then providing the traceability to the users.

An uncertainty budget should include the measurement model (mathematical relation among known quantities) to be involved in a measurement, estimates, and measurement uncertainties associated with the quantities in the measurement model, covariances, type of applied probability density functions, degrees of freedom, type of evaluation of measurement uncertainty, and any coverage factor. Measurement uncertainty comprises, in general, many components; all of them can be characterized by standard deviations and are divided in two groups. Type A, where the standard deviation is from a statistical analysis of series of measurements, and type B, where the evaluation of uncertainty is calculated by means other than statistical analysis, based on experience or other information.
3. CALIBRATION REQUIREMENTS

3.1 Quality management standard
ISO 17 025 … ISO 9001...

Accreditation of laboratories (From guide CIMO)
Accreditation requires additional processes and documentation and, most importantly, evidence that laboratory staff have been trained and have mastered the processes and methods to be accredited.

The documentation must contain the following aspects:

(a) A management manual for the laboratory;

(b) The process descriptions mentioned in section 1.2;

(c) The documentation of all processes and methods;

(d) Work instructions for all partial steps in the processes and methods;

(e) Equipment manuals (manual including calibrating certificates);

(f) Maintenance manuals.

Since procedures and methods are likely to change more frequently than the management aspects of the accreditation, the methods are usually not included in the management manual. However, there is specific reference to the procedures and methods used in the management manual. As it is unlikely that all aspects of the accreditation will be covered once the quality management system is introduced, it is recommended that a preaudit be conducted and coordinated with the certifying agency. In these pre-audits it would be normal for the certifying agency:

(a) To assess staff and spatial prerequisites;

(b) To assess the suitability of the management system;

(c) To check the documentation;

(d) To validate the scope of the accreditation.

The accreditation procedure consists of assessments by an expert panel (external to the organization), which includes a representative from the certifying agency. The assessment panel will focus on two main areas as follows:

(a) Documentation;

(b) An examination of the facilities included in the scope of the accreditation (for example, laboratories, special field sites). 

The assessment of documentation covers verification of the following documents:

(a) A management manual (or laboratory guide);

(b) Procedure instructions;

(c) Work instructions;

(d) Test instructions;

(e) Equipment manuals;

(f) Maintenance manuals;

(g) Uncertainty analyses of specific quantities, test results and calibrations;

(h) Proof documents (for example, that staff training has occurred and that quantities are traceable);

(i) Records (for example, correspondence with the customer, generated calibration certificates).

The external expert team could request additional documents, as all aspects of the ISO/EC 17025 standard are checked and in more detail than a certification under ISO 9001. Besides the inspection of the measurement methods and associated equipment, the assessment of the facilities in the scope of the accreditation will include the following:

(a) Assessment of the staff (including training and responsibility levels);

(b) Assessment of the infrastructure that supports the methods (for example, buildings, access).

The following are also checked during the assessment to ensure that they meet the objectives required by management for accreditation:

(a) Organizational structure;

(b) Staff qualifications;

(c) Adequacy of the technological facilities;

(d) Customer focus.

In addition, the assessment should verify that the laboratory has established proof of the following:

(a) Technical competence (choice and use of the measuring system);

(b) Calibration of measurement equipment;

(c) Maintenance of measurement equipment;

(d) Verification and validation of methods.
3.2 Traceability.
2.41 (6.10)
metrological traceability
property of a measurement result whereby the result can be related to a reference through a documented unbroken chain of calibrations, each contributing to the measurement uncertainty NOTE 1 For this definition, a ‘reference’ can be a definition of a measurement unit through its practical realization, or a measurement procedure including the measurement unit for a non-ordinal quantity, or a measurement standard.
NOTE 2 Metrological traceability requires an established calibration hierarchy.

NOTE 3 Specification of the reference must include the time at which this reference was used in establishing the calibration hierarchy, along with any other relevant metrological information about the reference, such as when the first calibration in the calibration hierarchy was performed.

NOTE 4 For measurements with more than one input quantity in the measurement model, each of the input quantity values should itself be metrologically traceable and the calibration hierarchy involved may form a branched structure or a network. The effort involved in establishing metrological traceability for each input quantity value should be commensurate with its relative contribution to the measurement result.

NOTE 5 Metrological traceability of a measurement result does not ensure that the measurement uncertainty

is adequate for a given purpose or that there is an absence of mistakes.

NOTE 6 A comparison between two measurement standards may be viewed as a calibration if the comparison is

used to check and, if necessary, correct the quantity value and measurement uncertainty attributed to one of the measurement standards.

NOTE 7 The ILAC considers the elements for confirming metrological traceability to be an unbroken metrological traceability chain to an international measurement standard or a national measurement standard, a documented measurement uncertainty, a documented measurement procedure, accredited technical competence, metrological traceability to the SI, and calibration intervals (see ILAC P-10:2002).

NOTE 8 The abbreviated term “traceability” is sometimes used to mean ‘metrological traceability’ as well as other concepts, such as ‘sample traceability’ or ‘document traceability’ or ‘instrument traceability’ or ‘material traceability’, where the history (“trace”) of an item is meant. Therefore, the full term of “metrological traceability” is preferred if there is any risk of confusion.

In pratice
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METROLOGICAL TRACEABILITY FOR METEOROLOGICAL SENSORS ILLUSTRATED THROUGH EXAMPLES
M. Dobre1, S. Bell2, D. del Campo3, M. Heinonen4 , D. Hudoklin5, G. Lopardo6 , A. Merlone6
3.3 Uncertainty sources
Reading the definition,
“calibration is an operation that, under specified conditions, in a first step, establishes a relation between the quantity values with measurement uncertainties provided by measurement standards and corresponding indications with associated measurement uncertainties and, in a second step, uses this information to establish a relation for obtaining a measurement result from an indication”,
uncertainty comes from three main sources: The reference used (measurement standard), the unit under calibration (UUC) (measurement result) itself, and the calibration process used (under specified conditions). The major uncertainty factors are listed below: Uncertainty of the reference is composed of calibration uncertainty, long-term and short-term stability, resolution and the effect of influence quantities. Uncertainty of the UUC is composed of repeatability, linearity, hysteresis and short-term stability, resolution and the influence quantities. The calibration process itself may cause uncertainty; like the uncertainty of the height correction used in a pressure calibration, the temperature uniformity in a climate chamber during a temperature calibration or the pressure correction used in a dew-point calibration.
The uncertainty in the result of a measurement generally consists of several components which may be grouped into two categories according to the way in which their numerical value is estimated: 

A. those which are evaluated by statistical methods,

B. those which are evaluated by other means.

There is not always a simple correspondence between the classification into categories A or B and the previously used classification into “random” and “systematic” uncertainties. The term “systematic uncertainty” can be misleading and should be avoided. 

Any detailed report of the uncertainty should consist of a complete list of the components, specifying for each the method used to obtain its numerical value.

To meet the needs of some industrial and commercial applications, as well as requirements in the areas of health and safety, an expanded uncertainty U is obtained by multiplying the combined standard uncertainty uc by a coverage factor k. The intended purpose of U is to provide an interval about the result of a measurement that may be expected to encompass a large fraction of the distribution of values that could reasonably be attributed to the measurand. In meteorology the factor k, which is always 2, is based on the coverage probability or level of confidence required.

4. Mathematical procedure for evaluating and expressing uncertainty
The steps to be followed for evaluating and expressing the uncertainty of the result of a measurement as presented in this IOM report may be summarized as follows:

1) Express mathematically the relationship between the measurand Y and the input quantities Xi on which Y depends: Y f (X1, X2, ..., XN). The function f should contain every quantity, including all corrections and correction factors, that can contribute a significant component of uncertainty to the result of the measurement

2) Determine xi, the estimated value of input quantity Xi, either on the basis of the statistical analysis of series of observations or by other means

3) Evaluate the standard uncertainty u(xi) of each input estimate xi. For an input estimate obtained from the statistical analysis of series of observations, the standard uncertainty is evaluated as described

(Type A evaluation of standard uncertainty). For an input estimate obtained by other means, the standard uncertainty u(xi) is evaluated as described (Type B evaluation of standard uncertainty).

4) Evaluate the covariances associated with any input estimates that are correlated 

5) Calculate the result of the measurement, that is, the estimate y of the measurand Y, from the functional relationship f using for the input quantities Xi the estimates xi obtained in step 2

6) Determine the combined standard uncertainty uc(y) of the measurement result y from the standard uncertainties and covariances associated with the input estimates, as described in Clause 5. If the measurement determines simultaneously more than one output quantity, calculate their covariances.

7) If it is necessary to give an expanded uncertainty U, whose purpose is to provide an interval y − U to y + U that may be expected to encompass a large fraction of the distribution of values that could reasonably be attributed to the measurand Y, multiply the combined standard uncertainty uc(y) by a coverage factor k, 2 in meteorological domain 3, to obtain U k.uc(y).

8) Report the result of the measurement y together with expanded uncertainty U
5. Reference Uncertainty

5.1 Calibration Uncertainty

5.2 Long term stability

5.3 Condition during calibration

5.4 Calibration documents (who to read them)
Ask for uncertainty when ordering calibration
Some commercial calibration services do not include uncertainty estimations into calibration certificates if not ordered separately. Some calibration services are not able to calculate uncertainty at all. One should always consider the competence of these services.
In all of the QMS’s the management of measurement equipment is based on regular calibrations at predefined intervals, including a documentation system by which this can be proven. This documentation system should contain as minimum: 

1. Organization, management Responsibilities, job descriptions, training plans and training records Management review plan and records of the meetings

2. Register of measurement equipment Each measurement equipment should be identifiable which means some kind of numbering system attached to the equipment Register should contain the history of the equipment and the time for the next calibration

3. Archives containing issued calibration certificates. The certificates should be stored for the time documented in the QMS.

4. Procedures for faulty measurement equipment

5. Procedures for receiving customer feedback, solving complaints, corrective and preventive actions

6. Quality audit plan and records from previous audits, findings and corrective
actions
5.5 Choosing reference equipment

See Drago’s paper: http://www.wmo.int/pages/prog/www/IMOP/publications/IOM-101_RIC-Instrumentation.pdf
6. Unit under calibration uncertainty

6.1 Condition during calibration
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7. Calibration Process Uncertainty
7.1 Stability and Homogeneity

7.2 Choosing calibration method

7.3 Determining the calibration interval

7.4 Choosing calibration points

Calibration methods by the user

8. Calibration Uncertainty Evaluation by examples

8.1 Pressure

8.2 Temperature

8.3 Humidity

�� HYPERLINK "http://www.bipm.org/utils/common/documents/jcgm/JCGM_100_2008_E.pdf"��	Evaluation of measurement data – Guide to the expression of uncertainty in measurement� JCGM 100:2008 (GUM 1995 with minor corrections) 


�	 � HYPERLINK "http://www.bipm.org/utils/common/documents/jcgm/JCGM_200_2012.pdf"��International Vocabulary of Metrology – Basic and General Concepts and Associated Terms� JCGM 200:2012 The abbreviation of the title of this vocabulary is VIM. 
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