PART I

MEASUREMENT OF METEOROLOGICAL VARIABLES






PART |I. MEASUREMENT OF METEOROLOGICAL VARIABLES

CONTENTS
Page
CHAPTER 1. GENERAL.....ctttiiiittiiitee ettt ettt ettt ettt e s ettt e sttt e e sttt e s eabteeesaabaeeesannaeeas [.1-1
1.1  Meteorological ODSEIVAtIONS .....cceiiiiiiiiiiiiiii ittt e et e e e e e [.1-1
1.2 Meteorological ODSeIrVINg SYStEIMNS ......uueiiiiiiiiiiiiiiieeeee et e e e e e e e [.1-2
1.3  General requirements of a meteorological station ............cccceeeiiiiiiiiiiiiiiiiiiiieee [.1-3
1.4 General requirements of INStTUMENTS...........oocoiiiiiiiiiiiiii I.1-6
1.5 Measurement standards and definitions ..........cccceeeiiiiiiiiiiiiiiiiiii [.1-7
1.6 Uncertainty Of MeEaSUTEIIEIIES .....ccocoutttiriiiiieriiiieeriteeeeitteeeeireeeetreeesirereesnreeessarreeesanneeees [.1-9
Annex 1.A. Regional CENTTS ........cooviiiiiiiiiiiiiiiiii it [.1-17
Annex 1.B. Siting classifications for surface observing stations on land..........cccccccccevvvieeinineennn. [.1-19
Annex 1.C. Station exposure deSCIiption .........ccoovviiiiiiiiiiiiiiiiiiiiic e 1.1-30
Annex 1.D. Operational measurement uncertainty requirements and instrument
PEITOTINIATICE «..viieiiiiiiiiiiteee ettt ettt e e e s et e e e e e samb et et e e e e e sanraaeeeeeeseamnraneeeeas [.1-32
References and further reading .......coooeoueeiiiiiiiiiiiiiee e e e e e e e e e 1.1-38
CHAPTER 2. MEASUREMENT OF TEMPERATURE........cc.cciiiiiiiiiiiiiiiiiiiiiiicicenccec [.2-1
2.1 GeNETAL.cciiiiiiiiiiiiiiiie e e e e [.2-1
2.2 Liquid-in-glass thermOMEtersS ..........cceiiiiiiiiiiiiiiiiiiiiieteee ettt e e et e e e e e eieeeeeeee e e [.2-4
2.3 Mechanical thermographs .......oooouiiiiiiiiiiiee e e e e e e e e 1.2-10
2.4 Electrical thermOmMEteIS.......cccceiiiiiiiiiiiiiiiiiii ettt [.2-11
2.5 Radiation SHIELAS.......ocoouiiiiiiiiiiii e I.2-16
Annex. Defining the fixed points of the international temperature scale of 1990...................... 1.2-18
References and further reading .........ccoovuveeiiiiiiiiniiiee et e e 1.2-20
CHAPTER 3. MEASUREMENT OF ATMOSPHERIC PRESSURE .........cccoiiiiiiiiiiiiiiiiiiiiicciieccee, [.3-1
3.1 GENETAL.cciiiiiiiiiiiiiiiii et e e [.3-1
3.2 METCUIY DATOIMIELETS . .uueeeitteeeeeeeiiiiiteee e e e ettt et e e e ettt e e e e e saabebeeeeeesaaaaebeeeeeeeesaameraeeeeeeaanns 1.3-3
3.3 Electronic DAarOImMELRIS .......ccocouiiiiiiiiiiiiiiiiiiiiiee ettt e e e e e e 1.3-8
3.4 AnNeroid DArOIMELETS.........oiiiiiiiiiiiiiiiiiiiiie ittt [.3-11
3.5 BarOZIraphis ....c.ccoiiiiiiiiiiiiiii e [.3-12
3.6  Bourdon-tube DarOmeters .......cooeouiuiiiiiiiiiiiiiiiiiii it 1.3-13
3.7 BarometriC Chang@e .......cccuuiiiiiiiiiiiiiiiii e 1.3-13
3.8  General eXpOSUre TeQUITEITICTIES .....uuuuuuuiiuiuiiiiiiiiiiiiiieitieieiteebtbeeeeeeeeeeeeeeeeeeeeeeeerenenenereeeeeeeeeeees [.3-14
3.9 BarOMELOT @XPOSUTIE ....uueieii ettt ettt e ee e e ee e e eeeeneeeeeneneeeeeeeeeeeeees [.3-14
3.10 Comparison, calibration and MaiNteNaNCe.......c...eceuviiiiiiiiiiiiiiiieeee e 1.3-15
3.11 Adjustment of barometer readings to other levels..............ccccoooiiiiiniiin 1.3-20
3.12 Pressure tendency and pressure tendency characteristic .........ccccceevrvveiiiieeiiinniiiieceeeenn. 1.3-21
Annex 3.A. Correction of barometer readings to standard conditions ........ccccoeeeevvveeeeeiinninneeeeeen. 1.3-22
Annex 3.B. Regional standard barometers.............oooeiiiiiiiiiii i 1.3-25
References and further 1€ading ........coooveviiiiiiiiiiiiiiiii e 1.3-26
CHAPTER 4. MEASUREMENT OF HUMIDITY ...ccoiiiiiiiiiiiiiiiiiteieie e [.4-1
4.1 GENETAL.ceiiiiiiiiiiiiiiii e e e e s e e e e e [.4-1
4.2 The PSYCHIOMIELET . coooiiiiiiiiiiiiiiiiiii it e e sras e e e 1.4-6
4.3 The hair NYZIOMIEteT ... ...ueiiiiiiiiiiieiee ettt e e e ettt e e e e e e eiereeeeeeeeaas [.4-12

4.4 The chilled-mirror dewpoint hygrometer........cccccooveviiiiiiiiiiriiiiiiieee e 1.4-14



1.2 PART I. MEASUREMENT OF METEOROLOGICAL VARIABLES

Page
4.5 The lithium chloride heated condensation hygrometer (dew cell)...........ccccccevvinniinennnn. 1.4-17
4.6  Electrical resistive and capacitive Nygrometers ............ceeeeeiiriiiiiiiieiiniiiieeee e 1.4-20
4.7 Hygrometers using absorption of electromagnetic radiation.......cccccoeevuiiveeeiiiniiniieeeeeenn. 1.4-21
4.8 ALY .eeeiiieiiii ettt e e sttt e e e et e e e e e s reeeeeeeenan [.4-21
4.9 Standard instruments and calibration ...........ccccceiiviiiiiiiiiiiiiiiii e 1.4-23
Annex 4.A. Definitions and specifications of water vapour in the atmosphere.........c.....cccoc.oc... 1.4-26
Annex 4.B. Formulae for the computation of measures of humidity .......cccoccveeeviiiierniieeennnneeen. 1.4-29
References and further reading..........cccoccciiviiiiiiiiiii 1.4-30
CHAPTER 5. MEASUREMENT OF SURFACE WIND ....ccoiittiiiiiiiiiiiiteeeiieee ettt 1.5-1
5.1 GENETAL.ceiiiiiiiiiiiiiiii e e e 1.5-1
5.2 Estimation Of Wi .....c.cccoiiiiiiiiiiiiiiiice e 1.5-3
5.3  Simple instrumental Methods ...........coiiiiiiiiiiiiiiii e 1.5-5
5.4  Cup and Propeller SETISOTIS ........ccovvuiiiiiiiiiiiiiiiiiiiiie ittt sas e 1.5-5
5.5 WiInd-diT€CHION VATNES......ciiiiiiiiiiiiiiiiiiiiiiieee ettt e et re e e e e seiareeeee e s seannne 1.5-6
5.6 Other WINd SEIISOTS .....uuiiiiiiiiiiiiiiiiiee ettt et e e e e sebaa e e e e e s sannns 1.5-6
5.7  Sensors and sensor combinations for component resolution ...........ccc.eeeeeerinniiiiieeeeinnnninne 1.5-7
5.8  Data-processing MethodS. ......occuueiiiiiiiiiiiiiiieee ettt e e e e et e e e e e e 1.5-7
5.9  Exposure of Wind INStIUMENTS.......cceiiiiiiiiiiiieiiiiiiiieee et e e e e e eirreee e e e e e 1.5-9
5.10 Calibration and MaiNteNATICe. ......ccitiiiiriiiiiiiiei ittt e e e e eerreeee e e e e 1.5-12
Annex. The effective roughness length ...........cccccoiriiiiiiii e 1.5-13
References and further 1€ading .........cooovvviiiiiiiiiiiiiiii e 1.5-14
CHAPTER 6. MEASUREMENT OF PRECIPITATION ......coiiiiiiiiiiiiiiiiiiiieiiiicenteceiene e L.6-1
6.1  GENETAL..cciiiiiiiiiiiiiii e e e e s [.6-1
6.2 Siting AN @XPOSUTE .....eeviiiiieieiiiiittee e e ettt e e e e ettt e e e e ebbateeeeesesaabeteeeeeeesannbrreeeeessanannne I.6-3
6.3  Non-recording precipitation GAUZES ......cc..uveeeeiiiriiiiiiiieeeeeriiteeee e e e e e e eireeeeee e s e I.6-3
6.4 Precipitation gauge errors and COITECtIONS ........ceeiiriiiiiiiiiiiiiiiiii e [.6-6
6.5 Recording precipitation GAUZES .......cccoovvriiiiiiiiiiiiiiiiiieeeeeteeee e I.6-8
6.6 Measurement of dew, ice accumulation and fog precipitation ............cccccccevvviiiiinnnin, [.6-12
6.7 Measurement of SNOwfall aNd STIOW COVET ....ccovuiiiiriiiiiiniieeiiiiee e e 1.6-14
Annex 6.A. Precipitation intercompariSOmn Sites ..........cccccccciiiiiiiiiiiii, [.6-18
Annex 6.B. Suggested correction procedures for precipitation measurements..........ccccceeeeuneeeen. 1.6-19
Annex 6.C. Standardized procedure for laboratory calibration of catchment type rainfall
INTENISILY GAUZES ooiiiiiiiiiiiiiiiiiie ittt e e eeneeneneee 1.6-20
References and further 1€ading .........cooovviiiiiiiiiiiiiiii e [.6-22
CHAPTER 7. MEASUREMENT OF RADIATION ......ottiiiiiiiiiiiiieiiiieeeiete ettt 1.7-1
7.1 GOIETAL ..euiiiiiiiiiiiiiiccc et e e e e s aaae e [.7-1
7.2 Measurement of direct solar radiation...........cccceeriiiiiiniiiiiriiiiiec e 1.7-5
7.3  Measurement of global and diffuse sky radiation .............ccccceerrriiiiiieiiiiiiiiiiieeeeeeeeee [.7-11
7.4  Measurement of total and long-wave radiation ...........ccccveeeiiiiiiiiiiiiiiiineeeee 1.7-19
7.5 Measurement of special radiation quantities ............cccccccciviiiiiiniiiii 1.7-24
7.6 Measurement Of UV radiation ........cocccuiiiiiiiiiiiiiiiiiiiiiiiiicceeireccee e 1.7-25
Annex 7.A. Nomenclature of radiometric and photometric quantities........ccccccoeevveeeeeirininnnnen. 1.7-31
Annex 7.B. Meteorological radiation quantities, symbols and definitions............ccccceeeniuiiieeeenn. 1.7-33
Annex 7.C. Specifications for world, regional and national radiation centres ...........cccccceeeunnnee. 1.7-35
Annex 7.D. Useful fOIMUIAC .......couemiiiiiiiiiie et e e e e e e 1.7-37
Annex 7.E. Diffuse sky radiation - correction for a shading ring.......c..cccccceveveeeniieeceniecinineeenne 1.7-39

References and further reading .......ccooevoiiiiiiiiiiiiiiiii e 1.7-40



CONTENTS 1.3

Page
CHAPTER 8. MEASUREMENT OF SUNSHINE DURATION ......cciiiiiitiiiiiteeeniieeeenitee et e eieee e [.8-1
8.1 GENETAL...oiiiiiiiiiiiiiiiiic e 1.8-1
8.2 INStruments and SEIISOTS ......c..eiiiriuieiiiriiiieeriieeereee et e e st eeeetreeeserreeesaeeeesneeeeseneeeesanee 1.8-3
8.3  Exposure of sunshine deteCtOrs ........ccciiiiriiiiiiiiiiiiiiiiiiiee et ee e e 1.8-7
8.4  General SOUTCES Of EITOT .....eiiiiiiiiiiiiiiiiiiieiititeee ettt ettt e e sttt e e e e e e eerrreeeeeesena 1.8-7
8.5 CaliDIAtION ..ttt e 1.8-7
8.6 MAINTEIIATICE ...eeviiiiiiiiiiiiiiiiiec ettt e st e e e e s aaa s e e e s 1.8-9
Annex. Algorithm to estimate sunshine duration from direct global irradiance
INEASUTEINIETIES ..oeiiiiiiiiiiiiiiiiiiiiiiiiii s 1.8-10
References and further 1€ading ......cccoovvumiiiiiiiiiiiiiieeee et e e e e e e [.8-11
CHAPTER 9. MEASUREMENT OF VISIBILITY .....ooiiiiiiiiiiiiiiiiiiiiiicieecreccee e [.9-1
9.1 GENETAL..ciiiiiiiiiiiiiiiii et 1.9-1
9.2  Visual estimation of meteorological optical range.........cccceeveeuiiiiiieiiniiniiieeeee e 1.9-5
9.3 Instrumental measurement of the meteorological optical range.............ccccceceevrveniieeeeennn. 1.9-8
References and further T@adING .....ccccuiiiiuiiiiiiiiii ittt e e e et e e e e e 1.9-15
CHAPTER 10. MEASUREMENT OF EVAPORATION .....cccitiiiiiiiiiiiiiiiiiiiciiccnc e 1.10-1
10T GONETAL...uuiiiiiiiiiiiiiiiicc et e e e [.10-1
10.2  AtIMOIMIELETS ..oiiiiiiiiiiiiii i e [.10-2
10.3 Evaporation pans and tanks .........oeeoueiiiieiiiiiiiieiee et 1.10-3
10.4 Evapotranspirometers (lySimMeters) ..........ccccoviiiiiiiiiiiiiiiiiiiiiiiiciiiiccecc e 1.10-6
10.5 Estimation of evaporation from natural surfaces............cccccceeiriiiiiiiiiiiiiiiiiieeeeeeee, 1.10-7
References and further 1€ading .......ccooovruumiiiiiiiiiiiie e e e e e e e e I.10-10
CHAPTER 11. MEASUREMENT OF SOIL MOISTURE........ccooiiiiiiiiiiiiiiiiiiiiececceecceeee e [.11-1
111 GOIMETAL...uuiiiiiiiiiiiiiiecc et e e et [.11-1
11.2 Gravimetric direct measurement of soil water content .........cc.cccceveveeriiiiencieniieeniieeeneen. [.11-3
11.3 Soil water content: indirect methods ..........oocceiiiiiiiiiiiii [.11-4
11.4 Soil water potential inStrumMentation ..........occcouieiiiiiiiiiiiii e I.11-6
11.5 Remote sensing of SOl MOISTUTE..........cocciiiiiiiiiiiiiiiii [.11-8
11.6 Site selection and SAMPLE SIZE.......ccocuuiiiiiiiiiiiiiiiiiie e [.11-9
References and further 1€ading .......cccooverumiiiiiiiiiiiieee e e e e e e e [.11-10
CHAPTER 12. MEASUREMENT OF UPPER-AIR PRESSURE, TEMPERATURE AND HUMIDITY ......... 1.12-1
12,1 GOIMETAL...uuiiiiiiiiiiiiieee et e e e e raae e [.12-1
12.2 RadiosOnde €leCtIONICS .......uuviiiiiiiiiiiiiiiiiiii ittt I.12-6
12.3  TeIMPETATUTE SEIISOTS. .cceeiiiiiiiiiiiiitiiittittttteeteeteaeeeeeeeeeteaeeeeeaaaaaaaerareaaaesaaasasasassssssnnnnnnnnnnnnnnsnnnns [.12-7
12,4 PIESSUIE SEIISOTS....uuuiiiiiiiiiiiiiiiiiitt et tee e ettt e e a e e e e e e s aaaa s e e e e e e s ssaaaas e e e e e s s snnnaaeeees 1.12-9
12.5 Relative humidity SEIISOTIS.....ccccuiiiiiiiiiiiiiiiiiiiii i [.12-12
12.6 Ground station eQUIPIMIENTt.....ccciiiiiiiiiiiiiiiiiiiiiee et [.12-15
12.7 RadiosONde OPEIAtiONS.......euuviiiiiiiiiiiiiiiiieiii ittt e e e s sraaee e [.12-16
12.8 RAAIOSONAES EITOTS ..eeiiiiiiiiiiiiiiiiiiiiiiiiiie ettt e e e e e s eaaa s e e e e e s saraaaeeas [.12-18
12.9 Comparison, calibration and maintenNance.........ccccccoeriiiiiiiiiiiiniiiiieeeee e [.12-28
12.10 Computations and IrePOTHIIIE .....cceerriumririieiiiiriiiitetee e et e e e st e e e e e s eerbreeeeeeeeeanreneeees [.12-31
Annex 12.A. Accuracy requirements (standard error) for upper-air measurements for
synoptic meteorology, interpreted for conventional upper-air and wind measurements ............ 1.12-34
Annex 12.B. Performance limits for upper wind and radiosonde temperature, relative
humidity and geopotential height ............c.ccciiiiiiiiiiiii [.12-35
Annex 12.C. Guidelines for organizing radiosonde intercomparisons and
for the establishment Of test SIS ......covviiiiiiiiiiiii e 1.12-40

References and further 1€ading .......cccouvriiiiiiiiiiiie et e e e [.12-44



1.4 PART I. MEASUREMENT OF METEOROLOGICAL VARIABLES

Page
CHAPTER 13. MEASUREMENT OF UPPER WIND ....cciiiiiiiiiiiiiiieeiieiiiiieeeeeeesiiieeeeeeeessnneneeeesssennsnns [.13-1
J S T8 B €< o 1<) ¢ U D S P TP P U U TP U TN [L13-1
13.2 Upper-wind sensors and iNStIUMENTES......cccieiriimiiieeeitiiiiiiiieee et eeeeerereeeee e e e e eiieeeeeees [.13-4
13.3 Measurement MEthOAS .........eeeiiiiiiiiiiiiiiiiiiie et e e e e eere e e e s e e eareeeeeees [.13-10
13.4 Exposure of ground eqUIPIMENt.........ccoociiiiiiiiiiiiiiiiiiiiii it [.13-12
13,5 SOUICES OFf CITOT .oiiiiiiiiiiiiiiiiiiiieiee e [.13-13
13.6 Comparison, calibration and maintenance..........cccccoeeeiviiiiiiiniiiiiiiiii e, [.13-18
S T o) s (et s (o) o R TR R U U U U O PP U U TN [.13-19
References and further 1€ading ........cooovvuiiiiiiiiiiiiiiii e [.13-21
CHAPTER 14. OBSERVATION OF PRESENT AND PAST WEATHER; STATE OF THE GROUND.......... [.14-1
3 R €< o 1<) ¢ 1 DU U U T P U U TN [.14-1
14.2 Observation of present and past Weather.............ccceiiiiiiiiiiiiiiiie e, [.14-2
14.3 Observaiton of state of the round........cccccoeviiiiiiiiiiiiiii e 1.14-7
14.4 Observation of special PhenOMmMeNa ........cccoiiiiiiiiiiiiiiiiiii e 1.14-7
Annex. Criteria for light, moderate and heavy precipitation intensity ........cccccecccceeeeeirnnnnnnneen. 1.14-9
References and further 1€ading .........coovvviiiiiiiiiiiiiii e [.14-10
CHAPTER 15. OBSERVATION OF CLOUDS ...ttt ettt e ettt e e e e seieneeee e e s [.15-1
15.1  GOMETAL cciiiiiiiiiiiiiiiiiie e [L.15-1
15.2 Estimation and observation of cloud amount, cloud base height and cloud type by
RUMAN ODSEIVET ......eiiiiiiiiiceeee ettt e e e st e e e e e ereaee s [.15-3
15.3 Instrumental measurements of cloud aMOUNTt.......ccoovriiiiiiiiiiiiiiiiiieceeeeeee e I.15-5
15.4 Instrumental measurement of cloud-base height..........cccccccciiiiiiiiiiiiniii e, [.15-6
15.5 Instrumental measurement of Cloud tyPe ......ccceeieiiiiiiiiiiiiiiiiiiiiie [.15-10
15.6 Other cloud-related ProPerties........ccccuviiiiiiiiiiiiiiiiiiiiiii e [.15-11
References and further 1€ading ........cooovvviiiiiiiiiiiiiiii e 1.15-12
CHAPTER 16. MEASUREMENT OF OZONE ...ttt ettt e e seeneee e e e s [.16-1
16.1  GONLTAL.cciiiiiiiiiiiiiiiiiiiie e [.16-1
16.2  SUrface 0ZONE MEASUTEINIOIIES ..ccceiiiiiuueiiiteeeeeaaiiiittteeeeeeaiiieeeeeeeesaaaebteeeeeeseaaneabeeeeeesesannreseeeas [.16-3
16.3 Total 0ZONEe MEASUTEIMIEIITS .....ceeetiiiriuiiiiieeeeeieiiiiteeeeee e e ettt eeeeseeierteeeeeeeeenmrrreeeeeeeesannreneeees [.L16-4
16.4 Measurements of the vertical profile of 0ZONe ..........ooecoiiiiiiiiiiiiiiiii e [.16-11
16.5 Corrections tO 0ZONE MEASUTEITIETIES ......cceeiiiiimuuiirereeeiiiiiiiee e eeeettitrieeeeeeeeeeerenaaeeeeeeeeeenees I.16-16
16.6 Aircraft and satellite ODSeIrvations ..........coooiiiiiiiiiiiiii i [.16-17
Annex 16.A. Units for total and 10Cal 0ZONE .........oocueiiiiiiiiiiiiiiieii e [.16-18
Annex 16.B. Measurement theory ... [.16-20
References and further 1€ading ........ccoovviiiiiiiiiiiiiiii e [.16-22
CHAPTER 17. MEASUREMENT OF ATMOSPHERIC COMPOSITION .....ccoviuviiiiniiieeniiieeeeiiieeesieeeenn [.17-1
171 GONCTAL.cciiiiiiiiiiiiiiiiiiiiiie et [L17-1
17.2 Measurement Of SPeCifiC Variables .........cccceoriiiiiiriiiiiiiiiieeriiee e 1.17-1
17.3  QUALIEY @SSUTATICE ....eetiiiiiiiiiitiietee e e ettt e e e ettt e e e e e ettt e e e e e e eabteeeeeeeeeaasebeeeeeeeesannseneeeas [.17-10

References and further 1€ading ........ccooovviiiiiiiiiiiiiiiii e [.17-12



CHAPTER 1

GENERAL

1.1 METEOROLOGICAL OBSERVATIONS

1.1.1 General

Meteorological (and related environmental and
geophysical) observations are made for a variety of
reasons. They are used for the real-time preparation
of weather analyses, forecasts and severe weather
warnings, for the study of climate, for local weather-
dependent operations (for example, local aerodrome
flying operations, construction work on land and at
sea), for hydrology and agricultural meteorology,
and for research in meteorology and climatology.
The purpose of the Guide to Meteorological Instruments
and Methods of Observation is to support these activi-
ties by giving advice on good practices for
meteorological measurements and observations.

There are many other sources of additional advice,
and users should refer to the references placed at the
end of each chapter for a bibliography of theory and
practice relating to instruments and methods of
observation. The references also contain national
practices, national and international standards, and
specific literature. They also include reports published
by the World Meteorological Organization (WMO)
for the Commission for Instruments and Methods of
Observation (CIMO) on technical conferences, instru-
mentation, and international comparisons of
instruments. Many other Manuals and Guides issued
by WMO refer to particular applications of meteoro-
logical observations (see especially those relating to
the Global Observing System (WMO, 2010b; 2010d),
aeronautical meteorology (WMO, 1990), hydrology
(WMO, 2008), agricultural meteorology (WMO,
2010a) and climatology (WMO, 1983).

Quality assurance and maintenance are of special
interest for instrument measurements. Throughout
this Guide many recommendations are made in
order to meet the stated performance requirements.
Particularly, Part III of this Guide is dedicated to
quality assurance and management of observing
systems. It is recognized that quality management
and training of instrument specialists is of utmost
importance. Therefore, on the recommendation of
CIMO,! several regional associations of WMO have

set up Regional Instrument Centres (RICs) to main-
tain standards and provide advice regarding
meteorological measurements. Their terms of refer-
ence and locations are given in Annex 1.A. In
addition, on the recommendation of the Joint
WMO/IOC Technical Commission for
Oceanography and Marine Meteorology? (WMO,
2009) a network of Regional Marine Instrument
Centres has been set up to provide for similar func-
tions regarding marine meteorology and other
related oceanographic measurements. Their terms
of reference and locations are given in Part II,
Chapter 4, Annex 4.A.

The definitions and standards stated in this Guide
(see section 1.5.1) will always conform to interna-
tionally adopted standards. Basic documents to be
referred to are the International Meteorological
Vocabulary (WMO, 1992) and the International
Vocabulary of Basic and General Terms in Metrology
(ISO, 2008).

1.1.2 Representativeness

The representativeness of an observation is the
degree to which it accurately describes the value of
the variable needed for a specific purpose. Therefore,
it is not a fixed quality of any observation, but
results from joint appraisal of instrumentation,
measurement interval and exposure against the
requirements of some particular application. For
instance, synoptic observations should typically be
representative of an area up to 100 km around the
station, but for small-scale or local applications the
considered area may have dimensions of 10 km or
less.

In particular, applications have their own preferred
timescales and space scales for averaging, station
density and resolution of phenomena — small for
agricultural meteorology, large for global long-
range forecasting. Forecasting scales are closely
related to the timescales of the phenomena; thus,
shorter-range weather forecasts require more
frequent observations from a denser network over
a limited area in order to detect any small-scale
phenomena and their quick development. Using

1 Recommended by the Commission for Instruments and
Methods of Observation at its ninth session (1985) through
Recommendation 19.

2 Recommended by the Joint WMO/IOC Technical Commis-
sion for Oceanography and Marine Meteorology at its third
session (2009) through Recommendation 1 (JCOMM-III).
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various sources (WMO, 2001; 2010d; Orlanski,

1975), horizontal meteorological scales may be

classified as follows, with a factor two

uncertainty:

(a) Microscale (less than 100 m) for agricultural
meteorology, for example, evaporation;

(b) Toposcale or local scale (100-3 km), for exam-
ple, air pollution, tornadoes;

(c) Mesoscale (3-100 km), for example, thunder-
storms, sea and mountain breezes;

(d) Large scale (100-3 000 km), for example,
fronts, various cyclones, cloud clusters;

(e) Planetary scale (larger than 3 000 km), for
example, long upper tropospheric waves.

Section 1.6 discusses the required and achievable
uncertainties of instrument systems. The stated
achievable uncertainties can be obtained with
good instrument systems that are properly oper-
ated, but are not always obtained in practice.
Good observing practices require skill, training,
equipment and support, which are not always
available in sufficient degree. The measurement
intervals required vary by application: minutes
for aviation, hours for agriculture, and days for
climate description. Data storage arrangements
are a compromise between available capacity and
user needs.

Good exposure, which is representative on scales
from a few metres to 100 km, is difficult to achieve
(see section 1.3). Errors of unrepresentative expo-
sure may be much larger than those expected from
the instrument system in isolation. A station in a
hilly or coastal location is likely to be unrepresenta-
tive on the large scale or mesoscale. However, good
homogeneity of observations in time may enable
users to employ data even from unrepresentative
stations for climate studies.

Annex 1.B discusses site representativeness in
further detail and provides guidelines on the clas-
sification of surface observing sites on land to
indicate their representativeness for the measure-
ment of different variables.

1.1.3 Metadata

The purpose of this Guide and related WMO
publications is to ensure reliability of observa-
tions by standardization. However, local resources
and circumstances may cause deviations from the
agreed standards of instrumentation and expo-
sure. A typical example is that of regions with
much snowfall, where the instruments are
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mounted higher than usual so that they can be
useful in winter as well as summer.

Users of meteorological observations often need
to know the actual exposure, type and condition
of the equipment and its operation; and perhaps
the circumstances of the observations. This is
now particularly significant in the study of
climate, in which detailed station histories have
to be examined. Metadata (data about data)
should be kept concerning all of the station
establishment and maintenance matters
described in section 1.3, and concerning changes
which occur, including calibration and mainte-
nance history and the changes in terms of
exposure and staff (WMO, 2003). Metadata are
especially important for elements which are
particularly sensitive to exposure, such as precip-
itation, wind and temperature. One very basic
form of metadata is information on the exist-
ence, availability and quality of meteorological
data and of the metadata about them.

1.2 METEOROLOGICAL OBSERVING
SYSTEMS

The requirements for observational data may be
met using in situ measurements or remote-sensing
(including space-borne) systems, according to the
ability of the various sensing systems to measure
the elements needed. WMO (2010d) describes the
requirements in terms of global, regional and
national scales and according to the application
area. The Global Observing System, designed to
meet these requirements, is composed of the
surface-based subsystem and the space-based
subsystem. The surface-based subsystem comprises
a wide variety of types of stations according to
the particular application (for example, surface
synoptic station, upper-air station, climatological
station, and so on). The space-based subsystem
comprises a number of spacecraft with on-board
sounding missions and the associated ground
segment for command, control and data
reception. The succeeding paragraphs and
chapters in this Guide deal with the surface-based
system and, to a lesser extent, with the space-
based subsystem. To derive certain meteorological
observations by automated systems, for example,
present weather, a so-called “multi-sensor”
approach is necessary, where an algorithm is
applied to compute the result from the outputs of
several sensors.
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1.3 GENERAL REQUIREMENTS OF A
METEOROLOGICAL STATION

The requirements for elements to be observed
according to the type of station and observing
network are detailed in WMO (2010d). In this
section, the observational requirements of a typi-
cal climatological station or a surface synoptic
network station are considered.

The following elements are observed at a station
making surface observations (the chapters refer to
Part I of the Guide):

Present weather

Past weather

Wind direction and speed

Cloud amount

(Chapter 14)
(Chapter 14)
(Chapter 5)

(Chapter 15)

Cloud type (Chapter 15)
Cloud-base height (Chapter 15)
Visibility (Chapter 9)
Temperature (Chapter 2)
Relative humidity (Chapter 4)
Atmospheric pressure (Chapter 3)

Precipitation
Snow cover
Sunshine and/

or solar radiation
Soil temperature
Evaporation

(Chapter 6)
(Chapter 6)

(Chapters 7, 8)
(Chapter 2)
(Chapter 10)

Instruments exist which can measure all of these
elements, except cloud type. However, with current
technology, instruments for present and past
weather, cloud amount and height, and snow cover
are not able to make observations of the whole
range of phenomena, whereas human observers are
able to do so.

Some meteorological stations take upper-air meas-
urements (Part I, Chapters 12 and 13),
measurements of soil moisture (Part I, Chapter 11),
ozone (Part I, Chapter 16) and atmospheric
composition (Part I, Chapter 17), and some make
use of special instrument systems as described in
Part II of this Guide.

Details of observing methods and appropriate
instrumentation are contained in the succeeding
chapters of this Guide.

1.3.1 Automatic weather stations

Most of the elements required for synoptic, clima-
tological or aeronautical purposes can be
measured by automatic instrumentation (Part II,
Chapter 1).
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As the capabilities of automatic systems increase, the
ratio of purely automatic weather stations to
observer-staffed weather stations (with or without
automatic instrumentation) increases steadily. The
guidance in the following paragraphs regarding
siting and exposure, changes of instrumentation,
and inspection and maintenance apply equally to
automatic weather stations and staffed weather
stations.

1.3.2 Observers

Meteorological observers are required for a number

of reasons, as follows:

(@) To make synoptic and/or climatological
observations to the required uncertainty
and representativeness with the aid of
appropriate instruments;

(b) To maintain instruments, metadata docu-
mentation and observing sites in good
order;

(c) To code and dispatch observations (in the
absence of automatic coding and communi-
cation systems);

(d) To maintain in situ recording devices,
including the changing of charts when
provided;

(e) To make or collate weekly and/or monthly
records of climatological data where auto-
matic systems are unavailable or inadequate;

(f) To provide supplementary or back-up obser-
vations when automatic equipment does not
make observations of all required elements,
or when it is out of service;

(g) To respond to public and professional
enquiries.

Observers should be trained and/or certified by an
authorized Meteorological Service to establish their
competence to make observations to the required
standards. They should have the ability to interpret
instructions for the use of instrumental and manual
techniques that apply to their own particular
observing systems. Guidance on the instrument
training requirements for observers will be given in
Part III, Chapter S.

1.3.3 Siting and exposure

1.3.3.1 Site selection

Meteorological observing stations are designed so
that representative measurements (or observa-
tions) can be taken according to the type of
station involved. Thus, a station in the synoptic
network should make observations to meet
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Figure 1.1. Layout of an observing station in the northern hemisphere showing
minimum distances between installations

synoptic-scale requirements, whereas an aviation
meteorological observing station should make
observations that describe the conditions specific
to the local (aerodrome) site. Where stations are
used for several purposes, for example, aviation,
synoptic and climatological purposes, the most
stringent requirement will dictate the precise
location of an observing site and its associated
sensors. A detailed study on siting and exposure
is published in WMO (1993).

As an example, the following considerations

apply to the selection of site and instrument

exposure requirements for a typical synoptic or
climatological station in a regional or national
network:

(@) Outdoor instruments should be installed on
a level piece of ground, preferably no smaller
than 25 m x 25 m where there are many
installations, but in cases where there are
relatively few installations (as in Figure 1.1)
the area may be considerably smaller, for
example, 10 m x 7 m (the enclosure). The
ground should be covered with short grass or
a surface representative of the locality, and

surrounded by open fencing or palings to
exclude unauthorized persons. Within the
enclosure, a bare patch of ground of about
2 m x 2 m is reserved for observations of the
state of the ground and of soil temperature
at depths of equal to or less than 20 cm
(Partl, Chapter 2) (soil temperatures at depths
greater than 20 cm can be measured outside
this bare patch of ground). An example
of the layout of such a station is given in
Figure 1.1 (taken from WMO, 2010b);
There should be no steeply sloping ground
in the vicinity, and the site should not be
in a hollow. If these conditions are not met,
the observations may show peculiarities of
entirely local significance;

The site should be well away from trees,
buildings, walls or other obstructions. The
distance of any such obstacle (including
fencing) from the raingauge should not
be less than twice the height of the object
above the rim of the gauge, and preferably
four times the height;

The sunshine recorder, raingauge and
anemometer must be exposed according to

(b)

(0)

(d)
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their requirements, preferably on the same
site as the other instruments;

(e) It should be noted that the enclosure may
not be the best place from which to esti-
mate the wind speed and direction; another
observing point, more exposed to the wind,
may be desirable;

(f) Very open sites which are satisfactory for
most instruments are unsuitable for rain-
gauges. For such sites, the rainfall catch
is reduced in conditions other than light
winds and some degree of shelter is needed;

(g) If in the instrument enclosure surroundings,
maybe at some distance, objects like trees or
buildings obstruct the horizon significantly,
alternative viewpoints should be selected for
observations of sunshine or radiation;

(h) The position used for observing cloud and
visibility should be as open as possible and
command the widest possible view of the
sky and the surrounding country;

(i) At coastal stations, it is desirable that the
station command a view of the open sea.
However, the station should not be too near
the edge of a cliff because the wind eddies
created by the cliff will affect the wind and
precipitation measurements;

(j) Night observations of cloud and visibil-
ity are best made from a site unaffected by
extraneous lighting.

It is obvious that some of the above considerations
are somewhat contradictory and require compro-
mise solutions. Detailed information appropriate
to specific instruments and measurements is given
in the succeeding chapters.

1.3.3.2 Coordinates of the station

The position of a station referred to in the World

Geodetic System 1984 (WGS-84) Earth Geodetic

Model 1996 (EGM96) must be accurately known

and recorded.3 The coordinates of a station are (as

required by WMO (2010)):

(a) The latitude in degrees, minutes and integer
seconds;

(b) Thelongitude in degrees, minutes and integer
seconds;

(c) The height of the station above mean sea
level,* namely, the elevation of the station, in
metres (up to two decimals).

3 For an explanation of the WGS-84 and recording issues, see
ICAO, 2002.

4  Mean sea level (MSL) is defined in WMO, 1992. The fixed
reference level of MSL should be a well-defined geoid, like
the WGS-84 Earth Geodetic Model 1996 (EGM96) [Geoid:
the equipotential surface of the Earth’s gravity field which
best fits, in a least squares sense, global MSL].
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These coordinates refer to the plot on which the
observations are taken and may not be the same as
those of the town, village or airfield after which the
station is named.

The elevation of the station is defined as the height
above mean sea level of the ground on which the
raingauge stands or, if there is no raingauge,
the ground beneath the thermometer screen. If
there is neither raingauge nor screen, it is the
average level of terrain in the vicinity of the
station. If the station reports pressure, the
elevation to which the station pressure relates
must be separately specified. It is the datum level
to which barometric reports at the station refer;
such barometric values being termed “station
pressure” and understood to refer to the given
level for the purpose of maintaining continuity
in the pressure records (WMO, 2010e).

If a station is located at an aerodrome, other
elevations must be specified (see Part II,
Chapter 2, and WMO, 1990). Definitions of
measures of height and mean sea level are given
in WMO (1992).

1.3.4 Changes of instrumentation and

homogeneity

The characteristics of an observing site will
generally change over time, for example,
through the growth of trees or erection of
buildings on adjacent plots. Sites should be
chosen to minimize these effects, if possible.
Documentation of the geography of the site and
its exposure should be kept and regularly
updated as a component of the metadata (see
Annex 1.C and WMO, 2003).

It is especially important to minimize the effects
of changes of instrument and/or changes in the
siting of specific instruments. Although the static
characteristics of new instruments might be well
understood, when they are deployed operationally
they can introduce apparent changes in site
climatology. In order to guard against this
eventuality, observations from new instruments
should be compared over an extended interval (at
least one year; see the Guide to Climatological
Practices (WMO, 1983) before the old measurement
system is taken out of service. The same applies
when there has been a change of site. Where this
procedure is impractical at all sites, it is essential
to carry out comparisons at selected representative
sites to attempt to deduce changesin measurement
data which might be a result of changing
technology or enforced site changes.



Inspection and maintenance

1.3.5.1 Inspection of stations

All synoptic land stations and principal climato-
logical stations should be inspected no less than
once every two years. Agricultural meteorological
and special stations should be inspected at inter-
vals sufficiently short to ensure the maintenance
of a high standard of observations and the correct
functioning of instruments.

The principal objective of such inspections is to

ascertain that:

(@) The siting and exposure of instruments
are known, acceptable and adequately
documented;

(b) Instruments are of the approved type, in good
order, and regularly verified against standards,
as necessary;

(c) There is uniformity in the methods of obser-
vation and the procedures for calculating
derived quantities from the observations;

(d) The observers are competent to carry out their
duties;

(¢) The metadata information is up to date.

Further information on the standardization of
instruments is given in section 1.5.

1.3.5.2 Maintenance

Observing sites and instruments should be main-
tained regularly so that the quality of observations
does not deteriorate significantly between station
inspections. Routine (preventive) maintenance
schedules include regular “housekeeping” at
observing sites (for example, grass cutting and
cleaning of exposed instrument surfaces) and
manufacturers’ recommended checks on auto-
matic instruments. Routine quality control checks
carried out at the station or at a central point
should be designed to detect equipment faults at
the earliest possible stage. Depending on the
nature of the fault and the type of station, the
equipment should be replaced or repaired accord-
ing to agreed priorities and timescales. As part of
the metadata, it is especially important that a log
be kept of instrument faults, exposure changes,
and remedial action taken where data are used for
climatological purposes.

Further information on station inspection and
management can be found in WMO (2010b).
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1.4 GENERAL REQUIREMENTS OF
INSTRUMENTS
1.4.1 Desirable characteristics

The most important requirements for meteoro-

logical instruments are the following:

(a) Uncertainty, according to the stated require-
ment for the particular variable;

(b) Reliability and stability;

(c) Convenience of operation, calibration and
maintenance;

(d) Simplicity of design which is consistent with
requirements;

(e) Durability;

(f) Acceptable cost of instrument, consumables
and spare parts.

With regard to the first two requirements, it is
important that an instrument should be able to
maintain a known uncertainty over a long period.
This is much better than having a high initial
uncertainty that cannot be retained for long under
operating conditions.

Initial calibrations of instruments will, in general,
reveal departures from the ideal output, necessitat-
ing corrections to observed data during normal
operations. It is important that the corrections
should be retained with the instruments at the
observing site and that clear guidance be given to
observers for their use.

Simplicity, strength of construction, and conven-
ience of operation and maintenance are important
since most meteorological instruments are in
continuous use year in, year out, and may be
located far away from good repair facilities. Robust
construction is especially desirable for instruments
that are wholly or partially exposed to the weather.
Adherence to such characteristics will often reduce
the overall cost of providing good observations,
outweighing the initial cost.

1.4.2 Recording instruments

In many of the recording instruments used in
meteorology, the motion of the sensing element
is magnified by levers that move a pen on a chart
on a clock-driven drum. Such recorders should be
as free as possible from friction, not only in the
bearings, but also between the pen and paper.
Some means of adjusting the pressure of the pen
on the paper should be provided, but this pressure
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should be reduced to a minimum consistent with
a continuous legible trace. Means should also be
provided in clock-driven recorders for making
time marks. In the design of recording instruments
that will be used in cold climates, particular care
must be taken to ensure that their performance is
not adversely affected by extreme cold and
moisture, and that routine procedures (time
marks, and so forth) can be carried out by the
observers while wearing gloves.

Recording instruments should be compared
frequently with instruments of the direct-reading

type.

An increasing number of instruments make use of
electronic recording in magnetic media or in semi-
conductor microcircuits. Many of the same
considerations given for bearings, friction and cold-
weather servicing apply to the mechanical
components of such instruments.

1.5 MEASUREMENT STANDARDS AND
DEFINITIONS
1.5.1 Definitions of standards of

measurement

The term “standard” and other similar terms
denote the various instruments, methods and
scales used to establish the uncertainty of measure-
ments. A nomenclature for standards of
measurement is given in the International
Vocabulary of Basic and General Terms in Metrology,
which was prepared simultaneously by the
International Bureau of Weights and Measures, the
International Electrotechnical Commission, the
International Federation of Clinical Chemistry, the
International Organization for Standardization,
the International Union of Pure and Applied
Chemistry, the International Union of Pure and
Applied Physics and the International Organization
of Legal Metrology and issued by ISO. The
current version is JCGM 200:2008, available at
http://www.bipm.org/en/publications/guides/vim.
html. Some of the definitions are as follows:

Measurement standard: Realization of the definition
of a given quantity, with stated quantity value and
associated measurement uncertainty, used as a
reference.
Example 1: 1 kg mass measurement standard
with an associated standard
measurement uncertainty of 3 ug
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Example 2: 100 Q measurement standard
resistor with an associated stand-
ard measurement uncertainty of
1 uQ

International measurement standard: Measurement
standard recognized by signatories to an
international agreement and intended to serve
worldwide.

Example 1: The international prototype of the
kilogramme

National measurement standard (national standard):
Measurement standard recognized by national
authorities to serve in a State or economy as the
basis for assigning quantity values to other meas-
urement standards for the kind of quantity
concerned.

Primary measurement standard (primary standard):
Measurement standard established using a primary
reference measurement procedure, or created as an
artifact, chosen by convention.

Example 1: Primary measurement standard of
amount-of-substance concentra-
tion prepared by dissolving a
known amount of substance of a
chemical component to a known
volume of solution
Example 2: Primary measurement standard for
pressure based on separate meas-
urements of force and area

Secondary measurement standard (secondary standard):
Measurement standard established through calibra-
tion with respect to a primary measurement
standard for a quantity of the same kind.

Reference measurement standard (reference standard):
Measurement standard designated for the calibra-
tion of other measurement standards for quantities
of a given kind in a given organization or at a given
location.

Working measurement standard (working standard):
Measurement standard that is used routinely to
calibrate or verify measuring instruments or meas-
uring systems.

Notes:

1. A working measurement standard is usually calibrated with
respect to a reference measurement standard.

2. In relation to verification, the terms “check standard” or
“control standard” are also sometimes used.
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Transfer measurement device (transfer device): Device
used as an intermediary to compare measurement
standards.

Note:

intermediary is not a standard.

The term “transfer device” should be used when the

Transfer measurement device (transfer device): Device
used as an intermediary to compare measurement
standards.

Note:
devices.

Sometimes, measurement standards are used as transfer

Travelling standard: A standard, sometimes of special
construction, intended for transport between differ-
ent locations.

Collective standard: A set of similar material measures
or measuring instruments fulfilling, by their
combined use, the role of a standard.

Example: = The World Radiometric Reference
Notes:
1. A collective standard is usually intended to provide a single
value of a quantity.

2. The value provided by a collective standard is an appropriate
mean of the values provided by the individual instruments.

Traceability: A property of the result of a measure-
ment or the value of a standard whereby it can be
related to stated references, usually national or inter-
national standards, through an unbroken chain of
comparisons all having stated uncertainties.

Metrological traceability: A property of a measure-
ment result whereby the result can be related to a
reference through a documented unbroken chain
of calibrations, each contributing to the measure-
ment uncertainty.

Calibration: 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.

Notes:

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.
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2. Calibration should not be confused with adjustment of a
measuring system, often mistakenly called “self-calibration”, nor
with verification of calibration.

1.5.2 Procedures for standardization

In order to control effectively the standardization
of meteorological instruments on a national and
international scale, a system of national and
regional standards has been adopted by WMO. The
locations of the regional standards for pressure and
radiation are given in Part I, Chapter 3 (Annex 3.B),
and Part I, Chapter 7 (Annex 7.C), respectively. In
general, regional standards are designated by the
regional associations, and national standards by
the individual Members. Unless otherwise speci-
fied, instruments designated as regional and
national standards should be compared by means
of travelling standards at least once every five years.
It is not essential for the instruments used as travel-
ling standards to possess the uncertainty of primary
or secondary standards; they should, however, be
sufficiently robust to withstand transportation
without changing their calibration.

Similarly, the instruments in operational use at a
Service should be periodically compared directly or
indirectly with the national standards. Comparisons
of instruments within a Service should, as far as
possible, be made at the time when the instruments
are issued to a station and subsequently during
each regular inspection of the station, as recom-
mended in section 1.3.5. Portable standard
instruments used by inspectors should be checked
against the standard instruments of the Service
before and after each tour of inspection.

Comparisons should be carried out between opera-
tional instruments of different designs (or principles
of operation) to ensure homogeneity of measure-
ments over space and time (see section 1.3.4).

1.5.3 Symbols, units and constants

1.5.3.1 Symbols and units

Instrument measurements produce numerical
values. The purpose of these measurements is to
obtain physical or meteorological quantities
representing the state of the local atmosphere. For
meteorological practices, instrument readings
represent variables, such as “atmospheric
pressure”, “air temperature” or “wind speed”. A
variable with symbol a is usually represented in
the form a = {a}-[a], where {a} stands for the
numerical value and [a] stands for the symbol for
the unit. General principles concerning quantities,
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units and symbols are stated by ISO (1993) and
IUPAP (1987). The International System of Units
(SI) should be used as the system of units for the
evaluation of meteorological elements included in
reports for international exchange. This system is
published and updated by BIPM (1998). Guides for
the use of SI are issued by NIST (1995) and ISO
(1993). Variables not defined as an international
symbol by the International System of Quantities
(ISQ), but commonly used in meteorology can be
found in the International Meteorological Tables
(WMO, 1966) and relevant chapters in this Guide.

The following units should be used for meteorolog-

ical observations:

(a) Atmospheric pressure, p,
(hPa);?

(b) Temperature, t, in degrees Celsius (°C) or T in
kelvin (K);

in hectopascals

Note:
conform to the actual definition of the International
Temperature Scale (for 2004: ITS-90, see BIPM, 1990).

The Celsius and kelvin temperature scales should

(c) Wind speed, in both surface and upper-air
observations, in metres per second (m s1);

(d) Wind direction in degrees clockwise from north
or on the scale 0-36, where 36 is the wind from
the north and 09 the wind from the east (°);

(e) Relative humidity, U, in per cent (%);

(f) Precipitation (total amount) in millimetres
(mm) or kilograms per m=2 (kg m2);°

(g) Precipitation intensity, Rj, in millimetres
per hour (mm h-') or kilograms per m=2 per
second (kg m=2 s71);7

(h) Snow water equivalent in kilograms per m=2
(kg m™);

(i) Evaporation in millimetres (mm);

(j)  Visibility in metres (m);

(k) Irradiance in watts per m? and radiant expo-
sure in joules per m? (W m=2, ] m=2);

(1)  Duration of sunshine in hours (h);

(m) Cloud height in metres (m);

(n) Cloud amount in oktas;

(o) Geopotential, used in upper-air observa-
tions, in standard geopotential metres (m’).

5 The unit “pascal” is the principal SI derived unit for the pres-
sure quantity. The unit and symbol “bar” is a unit outside
the SI system; in every document where it is used, this unit
(bar) should be defined in relation to the SI. Its continued
use is not encouraged. By definition, 1 mbar (millibar) =
1 hPa (hectopascal).

6  Assuming that 1 mm equals 1kgm= independent of
temperature.

7  Recommendation 3 (CBS-XII), Annex 1, adopted through
Resolution 4 (EC-LIII).
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Note:
a well-defined reference. Typical references are Mean Sea Level
(MSL), station altitude or the 1013.2 hPa plane.

Height, level or altitude are presented with respect to

The standard geopotential metre is defined as
0.980 665 of the dynamic metre; for levels in the
troposphere, the geopotential is close in numerical
value to the height expressed in metres.

1.5.3.2 Constants

The following constants have been adopted for

meteorological use:

(a) Absolute temperature of the normal ice point
T,=273.15 K (t = 0.00°C);

(b) Absolute temperature of the triple point of
water T =273.16 K (t = 0.01°C), by definition

of ITS-90;
(¢) Standard acceleration of gravity () =
9.806 65 m s

(d) Density of mercury at 0°C = 1.359 51 - 10* kg m3.

The values of other constants are given in WMO
(1966; 1988).

1.6 UNCERTAINTY OF MEASUREMENTS

1.6.1 Meteorological measurements

1.6.1.1 General

This section deals with definitions that are relevant to
the assessment of accuracy and the measurement of
uncertainties in physical measurements, and
concludes with statements of required and achiev-
able uncertainties in meteorology. First, it discusses
some issues that arise particularly in meteorological
measurements.

The term measurement is carefully defined in
section 1.6.2, but in most of this Guide it is used
less strictly to mean the process of measurement or
its result, which may also be called an “observa-
tion”. A sample is a single measurement, typically
one of a series of spot or instantaneous readings of
a sensor system, from which an average or smoothed
value is derived to make an observation. For a more
theoretical approach to this discussion, see Part III,
Chapters 2 and 3.

The terms accuracy, error and uncertainty are care-
fully defined in section 1.6.2, which explains that
accuracy is a qualitative term, the numerical expres-
sion of which is uncertainty. This is good practice
and is the form followed in this Guide. Formerly,
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the common and less precise use of accuracy was as
in “an accuracy of +x”, which should read “an
uncertainty of x”.

1.6.1.2 Sources and estimates of error

The sources of error in the various meteorological
measurements are discussed in specific detail in the
following chapters of this Guide, but in general they
may be seen as accumulating through the chain of
traceability and the measurement conditions.

It is convenient to take air temperature as an

example to discuss how errors arise, but it is not

difficult to adapt the following argument to pres-
sure, wind and other meteorological quantities.

For temperature, the sources of error in an indi-

vidual measurement are as follows:

(a) Errorsin the international, national and work-
ing standards, and in the comparisons made
between them. These may be assumed to be
negligible for meteorological applications;

(b) Errors in the comparisons made between the
working, travelling and/or check standards
and the field instruments in the labora-
tory or in liquid baths in the field (if that
is how the traceability is established). These
are small if the practice is good (say 0.1 K
uncertainty at the 95 per cent confidence
level, including the errors in (a) above), but
may quite easily be larger, depending on the
skill of the operator and the quality of the
equipment;

(c) Non-linearity, drift, repeatability and repro-
ducibility in the field thermometer and its
transducer (depending on the type of ther-
mometer element);

(d) The effectiveness of the heat transfer between
the thermometer element and the air in the
thermometer shelter, which should ensure
that the element is at thermal equilibrium
with the air (related to system time-constant
or lag coefficient). In a well-designed aspi-
rated shelter this error will be very small,
but it may be large otherwise;

(e) The effectiveness of the thermometer shel-
ter, which should ensure that the air in the
shelter is at the same temperature as the
air immediately surrounding it. In a well-
designed case this error is small, but the
difference between an effective and an inef-
fective shelter may be 3°C or more in some
circumstances;

(f) The exposure, which should ensure that the
shelter is at a temperature which is repre-
sentative of the region to be monitored.
Nearby sources and heat sinks (buildings,
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other unrepresentative surfaces below and
around the shelter) and topography (hills,
land-water boundaries) may introduce large
errors. The station metadata should contain
a good and regularly updated description
of exposure (see Annex 1.C) to inform data
users about possible exposure errors.

Systematic and random errors both arise at all the
above-mentioned stages. The effects of the error
sources (d) to (f) can be kept small if operations
are very careful and if convenient terrain for
siting is available; otherwise these error sources
may contribute to a very large overall error.
However, they are sometimes overlooked in the
discussion of errors, as though the laboratory
calibration of the sensor could define the total
error completely.

Establishing the true value is difficult in meteor-
ology (Linacre, 1992). Well-designed instrument
comparisons in the field may establish the char-
acteristics of instruments to give a good estimate
of uncertainty arising from stages (a) to (e) above.
If station exposure has been documented
adequately, the effects of imperfect exposure can
be corrected systematically for some parameters
(for example, wind; see WMO, 2002) and should
be estimated for others.

Comparing station data against numerically
analysed fields using neighbouring stations is an
effective operational quality control procedure, if
there are sufficient reliable stations in the region.
Differences between the individual observations at
the station and the values interpolated from the
analysed field are due to errors in the field as well as
to the performance of the station. However, over a
period, the average error at each point in the
analysed field may be assumed to be zero if the
surrounding stations are adequate for a sound anal-
ysis. In that case, the mean and standard deviation
of the differences between the station and the
analysed field may be calculated, and these may be
taken as the errors in the station measurement
system (including effects of exposure). The uncer-
tainty in the estimate of the mean value in the long
term may, thus, be made quite small (if the circum-
stances at the station do not change), and this is the
basis of climate change studies.

Definitions of measurements and
their errors

1.6.2

The following terminology relating to the accuracy
of measurements is taken from ISO (2008), which
contains many definitions applicable to the
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practices of meteorological observations. ISO (1995)
gives very useful and detailed practical guidance on
the calculation and expression of uncertainty in
measurements.

Measurement: A set of operations having the objec-
tive of determining the value of a quantity.

Note: The operations may be performed automatically.
Result of a measurement: Value attributed to a meas-

urand (the physical quantity that is being
measured), obtained by measurement.

Notes:

1. When a result is given, it should be made clear whether it
refers to the indication, the uncorrected result or the corrected
result, and whether several values are averaged.

2. A complete statement of the result of a measure-
ment includes information about the uncertainty of the
measurement.

Corrected result: The result of a measurement after
correction for systematic error.

Value (of a quantity): The magnitude of a particular
quantity generally expressed as a unit of measure-
ment multiplied by a number.

Example: Length of a rod: 5.34 m.

True value (of a quantity): A value consistent with the
definition of a given particular quantity.

<true value> = <measured value> + <uncertainty>

Notes:
1. This is a value that would be obtained by a perfect
measurement.

2. True values are by nature indeterminate.

Accuracy (of measurement): The closeness of the
agreement between the result of a measurement
and a true value of the measurand.

Notes:
1. “Accuracy” is a qualitative concept.
2. The term “precision” should not be used for “accuracy”.

Repeatability (of results of measurements): The close-
ness of the agreement between the results of
successive measurements of the same measu-
rand carried out under the same measurement
conditions.

Notes:

1. These conditions are called repeatability conditions.
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2. Repeatability conditions include:

(a) The same measurement procedure;

(b) The same observer;

(c) The same measuring instrument used under the same

conditions (including weather);

(d) The same location;

(e) Repetition over a short period of time.
3. Repeatability may be expressed quantitatively in terms of
the dispersion characteristics of the results.

Reproducibility (of results of measurements): The close-
ness of the agreement between the results of
measurements of the same measurand carried out
under changed measurement conditions.

Notes:
1. A valid statement of reproducibility requires specification
of the conditions changed.
2. The changed conditions may include:

(a) The principle of measurement;

(b) The method of measurement;

(c) The observer;

(d) The measuring instrument;

(e) The reference standard;

(f) The location;

(g) The conditions of use (including weather);

(h) The time.
3. Reproducibility may be expressed quantitatively in terms
of the dispersion characteristics of the results.
4. Here, results are usually understood to be corrected
results.

Measurement uncertainty (uncertainty of measurement,
uncertainty): Non-negative parameter characterizing
the dispersion of the quantity values being attributed
to a measurand, based on the information used.

Notes:

1. Measurement uncertainty includes components arising from
systematic effects, such as components associated with correc-
tions and the assigned quantity values of measurement stand-
ards, as well as the definitional uncertainty. Sometimes estimated
systematic effects are not corrected for but, instead, associated
measurement uncertainty components are incorporated.

2. The parameter may be, for example, a standard deviation
called standard measurement uncertainty (or a specified multiple
of it), or the half-width of an interval, having a stated coverage
probability.

3. Measurement uncertainty comprises, in general, many
components. Some of these may be evaluated by Type A evalu-
ation of measurement uncertainty from the statistical distribu-
tion of the quantity values from series of measurements and can
be characterized by standard deviations. The other components,
which may be evaluated by Type B evaluation of measurement
uncertainty, can also be characterized by standard deviations,
evaluated from probability density functions based on experience
or other information.
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4. In general, for a given set of information, it is understood
that the measurement uncertainty is associated with a stated
quantity value attributed to the measurand. A modification of
this value results in a modification of the associated uncertainty.

Error (of measurement): The result of a measurement
minus a true value of the measurand.

Note:
conventional true value is used.

Since a true value cannot be determined, in practice a

Deviation: The value minus its conventional true value.

Random error: The result of a measurement minus
the mean that would result from an infinite number
of measurements of the same measurand carried
out under repeatability conditions.

Notes:

1. Random error is equal to error minus systematic error.

2. Because only a finite number of measurements can be taken,
it is possible to determine only an estimate of random error.

Systematic error: A mean that would result from an
infinite number of measurements of the same meas-
urand carried out under repeatability conditions
minus a true value of the measurand.

Notes:

1. Systematic error is equal to error minus random error.

2. Like true value, systematic error and its causes cannot be
completely known.

Correction: The value added algebraically to the
uncorrected result of a measurement to compensate
for a systematic error.

1.6.3 Characteristics of instruments

Some other properties of instruments which must
be understood when considering their uncertainty
are taken from ISO (2008).

Sensitivity: The change in the response of a measur-
ing instrument divided by the corresponding
change in the stimulus.

Note: Sensitivity may depend on the value of the stimulus.
Discrimination: The ability of a measuring instru-

ment to respond to small changes in the value of
the stimulus.

Resolution: A quantitative expression of the ability
of an indicating device to distinguish meaningfully
between closely adjacent values of the quantity
indicated.
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Hpysteresis: The property of a measuring instrument
whereby its response to a given stimulus depends
on the sequence of preceding stimuli.

Stability (of an instrument): The ability of an instru-
ment to maintain its metrological characteristics
constant with time.

Drift: The slow variation with time of a metrologi-
cal characteristic of a measuring instrument.

Response time: The time interval between the instant
when a stimulus is subjected to a specified abrupt
change and the instant when the response reaches
and remains within specified limits around its final
steady value.

The following other definitions are used frequently
in meteorology:

Statements of response time: The time for 90 per
cent of the step change is often given. The time
for 50 per cent of the step change is sometimes
referred to as the half-time.

Calculation of response time: In most simple
systems, the response to a step change is:

Y=A(l-¢T

) (1.1)
where Y is the change after elapsed time ¢t; A is the
amplitude of the step change applied; t is the
elapsed time from the step change; and 7 is a
characteristic variable of the system having the
dimension of time.

The variable 7 is referred to as the time-constant
or the lag coefficient. It is the time taken, after a
step change, for the instrument to reach 1/e of
the final steady reading.

In other systems, the response is more compli-
cated and will not be considered here (see also
Part III, Chapter 2).

Lag error: The error that a set of measurements
may possess due to the finite response time of the
observing instrument.

1.6.4 The measurement uncertainties of

a single instrument

ISO (19935) should be used for the expression and
calculation of uncertainties. It gives a detailed practi-
cal account of definitions and methods of reporting,
and a comprehensive description of suitable statisti-
cal methods, with many illustrative examples.
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Figure 1.2. The distribution of data in an
instrument comparison

1.6.4.1 The statistical distributions of

observations

To determine the uncertainty of any individual
measurement, a statistical approach is to be consid-
ered in the first place. For this purpose, the following
definitions are stated (ISO, 1995, 2008):

(a) Standard uncertainty;

(b) Expanded uncertainty;

(c) Variance, standard deviation;

(d) Statistical coverage interval.

If n comparisons of an operational instrument are
made with the measured variable and all other
significant variables held constant, if the best esti-
mate of the true value is established by use of a
reference standard, and if the measured variable
has a Gaussian distribution,® the results may be
displayed as in Figure 1.2.

In this figure, T is the true value, O is the mean
of the n values O observed with one instru-
ment, and o is the standard deviation of the
observed values with respect to their mean
values.

In this situation, the following characteristics can

be identified:

(a) The systematic error, often termed bias, given
by the algebraic difference O — T. Systematic
errors cannot be eliminated but may often
be reduced. A correction factor can be
applied to compensate for the systematic
effect. Typically, appropriate calibrations and
adjustments should be performed to eliminate
the systematic errors of sensors. Systematic
errors due to environmental or siting effects
can only be reduced;

(b) The random error, which arises from unpre-
dictable or stochastic temporal and spatial
variations. The measure of this random effect
can be expressed by the standard deviation

8  However, note that several meteorological variables do not
follow a Gaussian distribution. See section 1.6.4.2.3.
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o determined after n measurements, where
n should be large enough. In principle, o is a
measure for the uncertainty of 5;

(c) The accuracy of measurement, which is
the closeness of the agreement between the
result of a measurement and a true value of
the measurand. The accuracy of a measuring
instrument is the ability to give responses
close to a true value. Note that “accuracy” is a
qualitative concept;

(d) The uncertainty of measurement, which
represents a parameter associated with the
result of a measurement, that characterizes
the dispersion of the values that could be
reasonably attributed to the measurand. The
uncertainties associated with the random and
systematic effects that give rise to the error
can be evaluated to express the uncertainty of
measurement.

1.6.4.2 Estimating the true value

In normal practice, observations are used to make
an estimate of the true value. If a systematic error
does not exist or has been removed from the data,
the true value can be approximated by taking the
mean of a very large number of carefully executed
independent measurements. When fewer measure-
ments are available, their mean has a distribution
of its own and only certain limits within which the
true value can be expected to lie can be indicated.
In order to do this, it is necessary to choose a statis-
tical probability (level of confidence) for the limits,
and the error distribution of the means must be
known.

A very useful and clear explanation of this notion
and related subjects is given by Natrella (1966).
Further discussion is given by Eisenhart (1963).

1.6.4.2.1 Estimating the true value — n large

When the number of n observations is large, the
distribution of the means of samples is Gaussian,
even when the observational errors themselves
are not. In this situation, or when the distribu-
tion of the means of samples is known to be
Gaussian for other reasons, the limits between
which the true value of the mean can be expected
to lie are obtained from:

Ly=X+k-

Upper limit: (1.2)

e

o

Lower limit: L = X—k-— (1.3)

S
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where X is the average of the observations O
corrected for systematic error; o is the standard
deviation of the whole population; and k is a factor,
according to the chosen level of confidence, which
can be calculated using the normal distribution
function.

Some values of k are as follows:

Level of confidence 90% 95% 99%

k 1.645 1.960 2.575

The level of confidence used in the table above is
for the condition that the true value will not be
outside the one particular limit (upper or lower) to
be computed. When stating the level of confidence
that the true value will lie between both limits,
both the upper and lower outside zones have to be
considered. With this in mind, it can be seen that k
takes the value 1.96 for a 95 per cent probability,
and that the true value of the mean lies between
the limits Ly and L;.

1.6.4.2.2 Estimating the true value — n small

When n is small, the means of samples conform
to Student’s t distribution provided that the
observational errors have a Gaussian or near-
Gaussian distribution. In this situation, and for a
chosen level of confidence, the upper and lower
limits can be obtained from:

Upper limit: L, ~X +¢- (1.4)

@\ o

.. - o
Lower limit: Ly =X-t—F

Jn

(1.5)

where tis a factor (Student’s ) which depends upon
the chosen level of confidence and the number 7 of
measurements; and ¢ is the estimate of the stand-
ard deviation of the whole population, made from
the measurements obtained, using:

f X; - X)*

A2 i=
Foi — i=1

n-1 n-1 (1.6)

where X; is an individual value O; corrected for
systematic error.
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Some values of t are as follows:

Level of confidence 90% 95% 99%
daf
1 6.314 12.706 63.657
4 2.132 2.776 4.604
8 1.860 2.306 3.355
60 1.671 2.000 2.660

where df is the degrees of freedom related to the
number of measurements by df = n — 1. The level
of confidence used in this table is for the condi-
tion that the true value will not be outside the
one particular limit (upper or lower) to be
computed. When stating the level of confidence
that the true value will lie between the two limits,
allowance has to be made for the case in which n
is large. With this in mind, it can be seen that ¢
takes the value 2.306 for a 95 per cent probability
that the true value lies between the limits L;; and
L;, when the estimate is made from nine meas-
urements (df = 8).

The values of t approach the values of k as n
becomes large, and it can be seen that the values
of k are very nearly equalled by the values of t
when df equals 60. For this reason, tables of k
(rather than tables of t) are quite often used when
the number of measurements of a mean value is
greater than 60 or so.

1.6.4.2.3 Estimating the true value — additional

remarks

Investigators should consider whether or not the
distribution of errors is likely to be Gaussian. The
distribution of some variables themselves, such as
sunshine, visibility, humidity and ceiling, is not
Gaussian and their mathematical treatment must,
therefore, be made according to rules valid for
each particular distribution (Brooks and
Carruthers, 1953).

In practice, observations contain both random and
systematic errors. In every case, the observed mean
value has to be corrected for the systematic error
insofar as it is known. When doing this, the estimate
of the true value remains inaccurate because of the
random errors as indicated by the expressions and
because of any unknown component of the
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systematic error. Limits should be set to the
uncertainty of the systematic error and should be
added to those for random errors to obtain the
overall uncertainty. However, unless the uncertainty
of the systematic error can be expressed in
probability terms and combined suitably with the
random error, the level of confidence is not known.
It is desirable, therefore, that the systematic error be
fully determined.

1.6.4.3 Expressing the uncertainty

If random and systematic effects are recognized,
but reduction or corrections are not possible or not
applied, the resulting uncertainty of the measure-
ment should be estimated. This uncertainty is
determined after an estimation of the uncertainty
arising from random effects and from imperfect
correction of the result for systematic effects. It is
common practice to express the uncertainty as
“expanded uncertainty” in relation to the “statisti-
cal coverage interval”. To be consistent with
common practice in metrology, the 95 per cent
confidence level, or k = 2, should be used for all
types of measurements, namely:

<expanded uncertainty>=k-0=2-0 1.7)
As a result, the true value, defined in section 1.6.2,
will be expressed as:

<true value> = <measured value> + <expanded
uncertainty> = <measured value> 2 ¢

1.6.4.4 Measurements of discrete values

While the state of the atmosphere may be described
well by physical variables or quantities, a number
of meteorological phenomena are expressed in
terms of discrete values. Typical examples of such
values are the detection of sunshine, precipitation
or lightning and freezing precipitation. All these
parameters can only be expressed by “yes” or “no”.
For a number of parameters, all of which are
members of the group of present weather
phenomena, more than two possibilities exist. For
instance, discrimination between drizzle, rain,
snow, hail and their combinations is required when
reporting present weather. For these practices,
uncertainty calculations like those stated above are
not applicable. Some of these parameters are related
to a numerical threshold value (for example,
sunshine detection using direct radiation intensity),
and the determination of the uncertainty of any
derived variable (for example, sunshine duration)
can be calculated from the estimated uncertainty of
the source variable (for example, direct radiation
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intensity). However, this method is applicable only
for derived parameters, and not for the typical
present weather phenomena. Although a simple
numerical approach cannot be presented, a number
of statistical techniques are available to determine
the quality of such observations. Such techniques
are based on comparisons of two data sets, with one
set defined as a reference. Such a comparison results
in a contingency matrix, representing the cross-
related frequencies of the mutual phenomena. In
its most simple form, when a variable is Boolean
(“yes” or “no”), such a matrix is a two by two matrix
with the number of equal occurrences in the
elements of the diagonal axis and the “missing
hits” and “false alarms” in the other elements. Such
a matrix makes it possible to derive verification
scores or indices to be representative for the quality
of the observation. This technique is described by
Murphy and Katz (1985). An overview is given by
Kok (2000).

1.6.5 Accuracy requirements

1.6.5.1 General

The uncertainty with which a meteorological vari-
able should be measured varies with the specific
purpose for which the measurement is required. In
general, the limits of performance of a measuring
device or system will be determined by the variabil-
ity of the element to be measured on the spatial
and temporal scales appropriate to the application.

Any measurement can be regarded as made up of
two parts: the signal and the noise. The signal consti-
tutes the quantity which is to be determined, and
the noise is the part which is irrelevant. The noise
may arise in several ways: from observational error,
because the observation is not made at the right time
and place, or because short-period or small-scale
irregularities occur in the observed quantity which
are irrelevant to the observations and need to be
smoothed out. Assuming that the observational
error could be reduced at will, the noise arising from
other causes would set a limit to the accuracy. Further
refinement in the observing technique would
improve the measurement of the noise but would
not give much better results for the signal.

At the other extreme, an instrument — the error of
which is greater than the amplitude of the signal
itself — can give little or no information about the
signal. Thus, for various purposes, the amplitudes
of the noise and the signal serve, respectively, to
determine:

(@) The limits of performance beyond which

improvement is unnecessary;
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(b) The limits of performance below which
the data obtained would be of negligible
value.

This argument, defining and determining limits
(a) and (b) above, was developed extensively for
upper-air data by WMO (1970). However, state-
ments of requirements are usually derived not
from such reasoning but from perceptions of
practically attainable performance, on the one
hand, and the needs of the data users, on the
other.

1.6.5.2 Required and achievable performance

The performance of a measuring system includes
its reliability, capital, recurrent and lifetime cost,
and spatial resolution, but the performance
under discussion here is confined to uncertainty
(including scale resolution) and resolution in
time.

Various statements of requirements have been
made, and both needs and capability change with
time. The statements given in Annex 1.D are the
most authoritative at the time of writing, and may
be taken as useful guides for development, but they
are not fully definitive.

The requirements for the variables most commonly
used in synoptic, aviation and marine meteorology,
and in climatology are summarized in
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Annex 1.D.° It gives requirements only for surface
measurements that are exchanged internationally.
Details on the observational data requirements for
Global Data-processing and Forecasting System
Centres for global and regional exchange are given
in WMO (2010c). The uncertainty requirement for
wind measurements is given separately for speed
and direction because that is how wind is reported.

The ability of individual sensors or observing
systems to meet the stated requirements is chang-
ing constantly as instrumentation and observing
technology advance. The characteristics of typical
sensors or systems currently available are given in
Annex 1.D.1° It should be noted that the achievable
operational uncertainty in many cases does not
meet the stated requirements. For some of the
quantities, these uncertainties are achievable only
with the highest quality equipment and
procedures.

Uncertainty requirements for upper-air measure-
ments are dealt with in Part I, Chapter 12.

9  Established by the CBS Expert Team on Requirements for
Data from Automatic Weather Stations (2004) and approved
by the president of CIMO for inclusion in this edition of
the Guide after consultation with the presidents of the other
technical commissions.

10 Established by the CIMO Expert Team on Surface Technol-
ogy and Measurement Techniques (2004) and confirmed for
inclusion in this Guide by the president of CIMO.
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ANNEX 1.A
REGIONAL CENTRES

1. Considering the need for the regular cali-
bration and maintenance of meteorological
instruments to meet the increasing needs for high-
quality meteorological and hydrological data, the
need for building the hierarchy of the traceability
of measurements to the International System of
Units (SI) standards, Members’ requirements for the
standardization of meteorological and related envi-
ronmental instruments, the need for international
instrument comparisons and evaluations in support
of worldwide data compatibility and homogeneity,
the need for training instrument experts and the
role played by Regional Instrument Centres (RICs)
in the Global Earth Observing System of Systems,
the Natural Disaster Prevention and Mitigation
Programme and other WMO cross-cutting
programmes, it has been recommended that:!!

A Regional Instrument Centres with full
capabilities and functions should have the following
capabilities to carry out their corresponding functions:

Capabilities:

(@) A RIC must have, or have access to, the
necessary facilities and laboratory equipment
to perform the functions necessary for the
calibration of meteorological and related
environmental instruments;

(b) A RIC must maintain a set of meteorological
standard instruments and establish the trace-
ability of its own measurement standards and
measuring instruments to the SI;

(c) A RIC must have qualified managerial and
technical staff with the necessary experience
to fulfil its functions;

(d) A RIC must develop its individual technical
procedures for the calibration of meteorological
and related environmental instruments using
calibration equipment employed by the RIC;

(¢) A RIC must develop its individual quality
assurance procedures;

(f) A RIC must participate in, or organize,
inter-laboratory comparisons of standard
calibration instruments and methods;

(g) A RIC must, when appropriate, utilize the
resources and capabilities of the Region
according to the Region’s best interests;

11 Recommended by the Commission for Instruments and
Methods of Observation at its fourteenth session, held in 2006.

(h) A RIC must, as far as possible, apply inter-
national standards applicable for calibration
laboratories, such as ISO/IEC 17025;

(i) A recognized authority must assess a RIC, at
least every five years, to verify its capabili-
ties and performance;

Corresponding functions:

(i) A RIC must assist Members of the Region
in calibrating their national meteorological
standards and related environmental moni-
toring instruments;

(k) A RIC must participate in, or organize, WMO
and/or regional instrument intercomparisons,
following relevant CIMO recommendations;

(I)  According to relevant recommendations on the
WMO Quality Management Framework, a RIC
must make a positive contribution to Members
regarding the quality of measurements;

(m) A RIC must advise Members on enquiries
regarding instrument performance, mainten-
ance and the availability of relevant
guidance materials;

(n) A RIC must actively participate, or assist, in
the organization of regional workshops on
meteorological and related environmental
instruments;

(o) The RIC must cooperate with other RICs in
the standardization of meteorological and
related environmental measurements;

(p) A RIC must regularly inform Members and
report,'> on an annual basis, to the presi-
dent of the regional association and to the
WMO Secretariat on the services offered to
Members and activities carried out;

B. Regional Instrument Centres with basic
capabilities and functions should have the follow-
ing capabilities to carry out their corresponding
functions:

Capabilities:

(@ A RIC must have the necessary facilities
and laboratory equipment to perform the
functions necessary for the calibration of
meteorological and related environmental
instruments;

12 A Web-based approach is recommended.
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(b) A RIC must maintain a set of meteorologi-
cal standard instruments'® and establish the
traceability of its own measurement stand-
ards and measuring instruments to the SI;

(c) A RIC must have qualified managerial and
technical staff with the necessary experience
to fulfil its functions;

(d) A RIC must develop its individual technical
procedures for the calibration of meteorologi-
cal and related environmental instruments
using calibration equipment employed by the
RIG;

(e) A RIC must develop its individual quality
assurance procedures;

(f) A RIC must participate in, or organize,
inter-laboratory comparisons of standard
calibration instruments and methods;

(g) A RIC must, when appropriate, utilize the
resources and capabilities of the Region
according to the Region’s best interests;

(h) A RIC must, as far as possible, apply inter-
national standards applicable for calibration
laboratories, such as ISO/IEC 17025;

(i) A recognized authority must assess a RIC, at
least every five years, to verify its capabilities
and performance;

Corresponding functions:

(j))) A RIC must assist Members of the Region
in calibrating their national standard

13 For calibrating one or more of the following variables: temper-
ature, humidity, pressure or others specified by the Region.
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meteorological and related environmental
monitoring  instruments according to
Capabilities (b);

(k) According to relevant recommendations on
the WMO Quality Management Framework,
a RIC must make a positive contribution
to Members regarding the quality of
measurements;

() A RIC must advise Members on enquiries
regarding instrument performance, main-
tenance and the availability of relevant
guidance materials;

(m) The RIC must cooperate with other RICs in
the standardization of meteorological and
related environmental instruments;

(n) A RIC must regularly inform Members and
report,'* on an annual basis, to the president
of the regional association and to the WMO
Secretariat on the services offered to Members
and activities carried out.

2. The following RICs have been designated by
theregional associations concerned: Algiers (Algeria),
Cairo (Egypt), Casablanca (Morocco), Nairobi
(Kenya) and Gaborone (Botswana) for RA I; Beijing
(China) and Tsukuba (Japan) for RA II; Buenos Aires
(Argentina) for RA III; Bridgetown (Barbados), Mount
Washington (United States) and San José (Costa
Rica) for RA IV; Manila (Philippines) and Melbourne
(Australia) for RA V;, Bratislava (Slovakia), Ljubljana
(Slovenia) and Trappes (France) for RA VI.

14 A Web-based approach is recommended.




CHAPTER 1. GENERAL

1.1-19

ANNEX 1.B
SITING CLASSIFICATIONS FOR SURFACE OBSERVING STATIONS ON LAND

Environmental conditions of a site!®> may generate
measurement errors exceeding the tolerances envis-
aged for instruments. More attention is usually
given to the characteristics of the instrument than
to the environmental conditions in which the
measurement is made and it is often environmental
conditions that distort results, influencing their
representativeness, particularly when a site is
supposed to be representative of a large area (i.e.
100 to 1 000 km?).

This Guide indicates exposure rules for various
sensors. But what should be done when these
conditions are not fulfilled?

There are sites that do not respect the recommended
exposure rules. Consequently, a classification has
been established to help determine the given site’s
representativeness on a small scale (impact of the
surrounding environment). Hence, a class 1 site can
be considered as a reference site. A class 5 site is a
site where nearby obstacles create an inappropriate
environment for a meteorological measurement
that is intended to be representative of a wide area
(at least tens of km?) and where meteorological
measurements should be avoided. The smaller the
siting class, the higher the representativeness of the
measurement for a wide area. A site with a poor
class number (large number) can still be valuable
for a specific application needing a measurement in
this particular site, including its local obstacles.

Each type of measurement on a site is subject to a
separate classification.

By linking measurements to their associated uncer-
tainty levels, this classification may be used to
define the maximum class number of a station in
order to be included in a given network, or to be
used for a given application. In a perfect world, all
sites would be in class 1, but the real world is not
perfect and some compromises are necessary. It is
more valuable to accept this situation and to docu-
ment it by means of this siting classification.

Judging from the experience of Météo-France, the
classification process helps the actors and managers
of a network to better take into consideration the

15 A “site” is defined as the place where the instrument is
installed.

exposure rules, and thus it often improves the
siting. At least, the siting environment is known
and documented in the metadata. It is obviously
possible and recommended to fully document the
site, but the risk is that a fully documented site may
increase the complexity of the metadata, which
would often restrict their operational use. That is
why this siting classification is defined to condense
the information and facilitate the operational use
of this metadata information.

A site as a whole has no single classification
number. Each parameter being measured at a site
has its own class, and is sometimes different from
the others. If a global classification of a site is
required, the maximum value of the parameters’
classes can be used.

The rating of each site should be reviewed periodi-
cally as environmental circumstances can change
over a period of time. A systematic yearly visual
check is recommended: if some aspects of the envi-
ronment have changed, a new classification process
is necessary.

A complete update of the site classes should be
done at least every five years.

In the following text, the classification is (occasion-
ally) completed with an estimated uncertainty due
to siting, which has to be added in the uncertainty
budget of the measurement. This estimation is
coming from bibliographic studies and/or some
comparative tests.

The primary objective of this classification is to
document the presence of obstacles close to the
measurement site. Therefore, natural relief of the
landscape may not be taken into account, if far
away (i.e. > 1 km). A method to judge if the relief is
representative of the surrounding area is the follow-
ing: does a move of the station by 500 m change
the class obtained? If the answer is no, the relief is a
natural characteristic of the area and is not taken
into account.

Complex terrain or urban areas generally lead to
high class numbers. In such cases, an additional
flag “S” can be added to class numbers 4 or 5
to indicate specific environment or application
(i.e. 4S).
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AIR TEMPERATURE AND HUMIDITY

Sensors situated inside a screen should be mounted at a height determined by the meteorological service
(within 1.25 m to 2 m as indicated in this Guide). The height should never be less than
1.25 m. The respect of the higher limit is less stringent, as the temperature gradient versus height is decreas-
ing with height. For example, the difference in temperature for sensors located between 1.5 and 2 m is less
than 0.2°C.

The main discrepancies are caused by unnatural surfaces and shading:

(a) Obstacles around the screen influence the irradiative balance of the screen. A screen close to a
vertical obstacle may be shaded from the solar radiation or “protected” against the night radiative
cooling of the air, by receiving the warmer infrared radiation from this obstacle or influenced by
reflected radiation;

(b) Neighbouring artificial surfaces may heat the air and should be avoided. The extent of their influence
depends on the wind conditions, as wind affects the extent of air exchange. Unnatural or artificial
surfaces to take into account are heat sources, reflective surfaces (for example buildings, concrete
surfaces, car parks) and water sources (for example, ponds, lakes, irrigated areas).

Shading by nearby obstacles should be avoided. Shading due to natural relief is not taken into account for
the classification (see above).

The indicated vegetation growth height represents the height of the vegetation maintained in a “routine”
manner. A distinction is made between structural vegetation height (per type of vegetation present on the
site) and height resulting from poor maintenance. Classification of the given site is therefore made on the
assumption of regular maintenance (unless such maintenance is not practicable).

Class 1

(a) Flat, horizontal land, surrounded by an open space, slope less than % (19°);
(b) Ground covered with natural and low vegetation (< 10 cm) representative of the region;
(c) Measurement point situated:
(i) At more than 100 m from heat sources or reflective surfaces (buildings, concrete surfaces, car
parks, etc.);
(i) At more than 100 m from an expanse of water (unless significant of the region);
(iii) Away from all projected shade when the sun is higher than 5°.

A source of heat (or expanse of water) is considered to have an impact if it occupies more than 10 per cent of the
surface within a circular area of 100 m surrounding the screen, makes up 5 per cent of an annulus of 10-30 m,
or covers 1 per cent of a 10 m circle.

= o= = Heat
S = surface of heat sources R
(building, car parks,
concrete surface)
& <14
-—
Low vegetation < 10 cm >100m
= —
3
W Lake
S~ ! -
| N/
\ SV
] ) —5
L

>100m
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Class 2

(a) Flat, horizontal land, surrounded by an open space, slope inclination less than % (19°);
(b) Ground covered with natural and low vegetation (<10 cm) representative of the region;
(c) Measurement point situated:
(i) At more than 30 m from artificial heat sources or reflective surfaces (buildings, concrete surfaces,
car parks, etc.);
(ii) At more than 30 m from an expanse of water (unless significant of the region);
(iii) Away from all projected shade when the sun is higher than 7°.

A source of heat (or expanse of water) is considered to have an impact if it occupies more than 10 per cent of the
surface within a circular area of 30 m surrounding the screen, makes up 5 per cent of an annulus of 5-10 m, or
covers 1 per cent of a 5 m circle.

=t )Ty
S = surface of heat sources Heat
) sources
/’ {building, car parks,
concrete surface)
N <1g [
W LF . 0k =l b
Vegetaton < 10cm >30m -

\ | Lake, % =
% Ve PESSEE of
| L
‘| T — 27

Class 3 (additional estimated uncertainty added by siting up to 1°C)

(a) Ground covered with natural and low vegetation (< 25 cm) representative of the region;
(b) Measurement point situated:
(i) Atmore than 10 m from artificial heat sources and reflective surfaces (buildings, concrete surfaces,
car parks, etc.);
(ii) At more than 10 m from an expanse of water (unless significant of the region);
(iii) Away from all projected shade when the sun is higher than 7°.

A source of heat (or expanse of water) is considered to have an impact if it occupies more than 10 per cent of
the surface within a circular area of 10 m surrounding the screen or makes up 5 per cent of an annulus of 5 m.

S = surface of heat sources Heal ==

sources ul Lake..
(building, car parks, \ £\l
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Class 4 (additional estimated uncertainty added by siting up to 2°C)

(a) Close, artificial heat sources and reflective surfaces (buildings, concrete surfaces, car parks, etc.) or
expanse of water (unless significant of the region, occupying:
(i) Less than 50 per cent of the surface within a circular area of 10 m around the screen;
(ii) Less than 30 per cent of the surface within a circular area of 3 m around the screen;

(b) Away from all projected shade when the sun is higher than 20°.

S = surface of heat sources

an Heat 4o L
§ sources (O)—
(building, car parks, \ a7\
concrete surface)

| ik

-—
<10m

Class 5 (additional estimated uncertainty added by siting up to 5°C)

Site not meeting the requirements of class 4.

PRECIPITATION

Wind is the greatest source of disturbance in precipitation measurements, due to the effect of the instru-
ment on the airflow. Unless raingauges are artificially protected against wind, for instance by a wind shield,
the best sites are often found in clearings within forests or orchards, among trees, in scrub or shrub forests,
or where other objects act as an effective windbreak for winds from all directions. Ideal conditions for the
installation are those where equipment is set up in an area surrounded uniformly by obstacles of uniform
height. An obstacle represents an object with an angular width of 10° or more.

The choice of such a site is not compatible with constraints in respect of the height of other measuring
equipment. Such conditions are practically unrealistic. If obstacles are not uniform, they are prone to gener-
ate turbulence, which distorts measurements; this effect is more pronounced for solid precipitation. This is
the reason why more realistic rules of elevation impose a certain distance from any obstacles. The orienta-
tion of such obstacles with respect to prevailing wind direction is deliberately not taken into account.
Indeed, heavy precipitation is often associated with convective factors, whereby the wind direction is not
necessarily that of the prevailing wind. Obstacles are considered of uniform height if the ratio between the
highest and lowest height is lower than 2.

Reference for the heights of obstacles is the catchment’s height of the rain gauge.

Class 1

(a) Flat, horizontal land, surrounded by an open area, slope less than % (19°). Raingauge surrounded by
obstacles of uniform height, seen under an elevation angle between 14° to 26° (obstacles at a distance
between 2 to 4 times their height);

(b) Flat, horizontal land, surrounded by an open area, slope less than % (19°). For a raingauge artificially
protected against wind, the instrument does not necessarily need to be protected by obstacles of
uniform height. In this case, any other obstacles must be situated at a distance of at least 4 times their
height.
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-
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(site <14)

Class 2 (additional estimated uncertainty added by siting up to 5 per cent)

(a) Flat, horizontal land, surrounded by an open area, slope less than % (19°);

(b) Possible obstacles must be situated at a distance at least twice the height of the obstacle (with respect
to the catchment’s height of the raingauge).

Obstacle

-7 > 10

(site <26.5")

Class 3 (additional estimated uncertainty added by siting up to 15 per cent)

(@) Land is surrounded by an open area, slope less than % (< 30°);
(b) Possible obstacles must be situated at a distance greater than the height of the obstacle.

=

(site <45))

Class 4 (additional estimated uncertainty added by siting up to 25 per cent)

(a) Steeply sloping land (> 30°);
(b) Possible obstacles must be situated at a distance greater than one half (‘%) the height of the obstacle.

(site > 45')
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Class 5 (additional estimated uncertainty added by siting up to 100 per cent)

Obstacles situated closer than one half (*2) their height (tree, roof, wall, etc.).

SURFACE WIND

Conventional elevation rules stipulate that sensors should be placed 10 m above ground surface level and
on open ground. Open ground here represents a surface where obstacles are situated at a minimum
distance equal to at least 10 times their height.

ROUGHNESS
Wind measurements are disturbed not only by surrounding obstacles; terrain roughness also plays a role.
WMO defines wind blowing at a geometrical height of 10 m and with a roughness length of 0.03 m as the

surface wind for land stations.

This is regarded as a reference wind for which exact conditions are known (10 m height and roughness
length of 0.03 m).

Therefore, roughness around the measuring site has to be documented. Roughness should be used to
convert the measuring wind to the reference wind, but this procedure can be applied only when the obsta-
cles are not too close. Roughness-related matters and correction procedure are described in Part I, Chapter 5.

The roughness classification, reproduced from the annex in Part I, Chapter 5, is recalled here:

Terrain classification from Davenport (1960) adapted by Wieringa (1980b) in
terms of aerodynamic roughness length zg

Class Short terrain description zgp (m)
index
2 Mud flats, snow; no vegetation, no obstacles 0.005
3 Open flat terrain; grass, few isolated obstacles 0.03
4 Low crops; occasional large obstacles, x/H > 20 0.10
5 High crops; scattered obstacles, 15 < x/H < 20 0.25
6 Parkland, bushes; numerous obstacles, x/H = 10 0.5
7 Regular large obstacle coverage (suburb, forest) 1.0
8 City centre with high- and low-rise buildings =2

Note: Here x is a typical upwind obstacle distance and H is the height of the corresponding
major obstacles. For more detailed and updated terrain class descriptions see Davenport and
others (2000).
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ENVIRONMENT CLASSIFICATION

The presence of obstacles (almost invariably) means a reduction in average wind readings, but less signifi-
cantly affects wind gusts.

The following classification assumes measurement at 10 m, which is the standard elevation for meteorologi-
cal measurement.

When measurements are carried out at lower height (such as measurements carried out at 2 m, as is some-
times the case for agroclimatological purposes), a class 4 or 5 (see below) is to be used, with flag S (Specific
situation).

Where numerous obstacles higher than 2 m are present, it is recommended that sensors be placed 10 m
above the average height of the obstacles. This method allows the influence of the adjacent obstacles to be
minimized. This method represents a permanent solution for partly eliminating the influence of certain
obstacles. It inconveniently imposes the necessity for higher masts that are not standard and consequently
are more expensive. It must be considered for certain sites and where used, the height of obstacles to be
taken into account is that above the level situated 10 m below the sensors (e.g. for an anemometer installed
at a 13 m height, the reference “ground” level of the obstacles is at a 3 m height; an obstacle of 7 m is
considered to have an effective height of 4 m).

In the following, an object is considered to be an obstacle if its angular width is over 10°, except for tall thin
obstacles, as mentioned below.

Changes of altitude (positive or negative) in the landscape which are not representative of the landscape are
considered as obstacles.

Class 1

(a) The mast should be located at a distance equal to a least 30 times the height of surrounding obstacles;
(b) Sensors should be situated at a minimum distance of 15 times the width of narrow obstacles (mast,
thin tree) higher than 8 m;

Single obstacles lower than 4 m can be ignored.

.’.,_-.- . h
ﬁ _.-» Site

d>30h(site <1.9)

Large obstacle Thin obstacle > 8 m

) ,’:t — _')‘Q‘\.\\'YVI(“']

Ez 15 Width
Obstacles lower than 4 m ignored

Roughness class index is between 2 to 4 (roughness length < 0.1 m).

N | N
Mz ﬁ‘;&b Roughness class < 4
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Class 2 (additional estimated uncertainty added by siting up to 30 per cent, possibility to apply correction)

(a) The mast should be located at a distance of at least 10 times the height of the surrounding obstacles;

(b) Sensors should be situated at a minimum distance of 15 times the width of narrow obstacles (mast,
thin tree) over 8 m high;

Single obstacles lower than 4 m can be ignored.

Thin obstacle >8 m

o {yVId!h
i Y
.
: __./’-
> 15 width
o —
P ———

P d

£ T .

W /_(--5; 100 T} Obstacles lower than 4 m ignored

Roughness class £ 5

Note: When the mast is located at a distance of at least 20 times the height of the surrounding obstacles, a correction (see Part I,

Chapter 5) can be applied. In case of nearer obstacles, a correction may be applied is some situations.

Class 3 (additional estimated uncertainty added by siting up to 50 per cent, correction cannot be applied)

(@) The mast should be located at a distance of at least 5 times the height of surrounding obstacles;

(b) Sensors should be situated at a minimum distance of 10 times the width of narrow obstacles (mast,
thin tree) higher than 8 m.

Single obstacles lower than 5 m can be ignored.

Obstacles lower than 5 m ignored

R
+
«

d>5h (site < 11.3")
~ > 10 width

Class 4 (additional estimated uncertainty added by siting greater than 50 per cent)
(@) The mast should be located at a distance of at least 2.5 times the height of surrounding obstacles;

(b) No obstacle with an angular width larger than 60° and a height greater than 10 m, within a 40 m
distance.

Single obstacles lower than 6 m can be ignored, only for measurements at 10 m or above.

No
. A
% h B -‘ﬂ‘>|0m
W .- Sie R R
d>25h (ste< 21.8°) wom

Obstacles lower than 6 m ignored
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Class 5 (additional estimated uncertainty cannot be defined)

Site not meeting the requirements of class 4.

GLOBAL AND DIFFUSE RADIATION

Close obstacles have to be avoided. Shading due to the natural relief is not taken into account for the clas-
sification. Non-reflecting obstacles below the visible horizon can be neglected.

An obstacle is considered as reflecting if its albedo is greater than 0.5.
The reference position for elevation angles is the sensitive element of the instrument.

Class 1

(a) No shade projected onto the sensor when the sun is at an angular height of over 5°. For regions with
latitude = 60°, this limit is decreased to 3°;
(b) No non-shading reflecting obstacles with an angular height above 5° and a total angular width above

10°.
- & — ;i ' e = 4 -
— M L
IP‘* i  EE
L0 e | I [="1s
No shade No non-shading obstacles with
total anqular width > 10°
Class 2

(a) No shade projected onto the sensor when the sun is at an angular height of over 7°. For regions with
latitude = 60°, this limit is decreased to 5°;
(b) No non-shading reflecting obstacles with an angular height above 7° and a total angular width above

20°.
e —J ) EXe—,
=) - =,
v ] 1 A
5 —% » P
L - % Ul |_ v
No non-shading obstacles with
total angular width > 20°
Class 3

(a) No shade projected onto the sensor when the sun is at an angular height of over 10°. For regions with
latitude = 60°, this limit is decreased to 7°;

(b) Nonon-shading reflecting obstacles with an angular height above 15° and a total angular width above
45°.

I - — 110 | f ‘ 1 15

No non-shading obstacles with
total angular width > 45°
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Class 4

No shade projected during more than 30 per cent of the daytime, for any day of the year.

G »~
< = \ < 30 % of daytime

No shade projected for more than 30 % of daytime

Class 5

Shade projected during more than 30 per cent of the daytime, for at least one day of the year.

DIRECT RADIATION AND SUNSHINE DURATION

Close obstacles have to be avoided. Shading due to the natural relief is not taken into account for the clas-
sification. Obstacles below the visible horizon can be neglected.

The reference position for angles is the sensitive element of the instrument.
Class 1

No shade projected onto the sensor when the sun is at an angular height of over 3°.

Class 2

No shade projected onto the sensor when the sun is at an angular height of over 5°.

Class 3

No shade projected onto the sensor when the sun is at an angular height of over 7°.
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Class 4

No shade projected during more than 30 per cent of the daytime, for any day of the year.

N/

A o« \\ < 30 % of daytime
%

"\v/ \?.

No shade for more than 30 % of daytime

Class 5

Shade projected during more than 30 per cent of the daytime, for at least one day of the year.
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ANNEX 1.C
STATION EXPOSURE DESCRIPTION

The accuracy with which an observation describes
the state of a selected part of the atmosphere is not
the same as the uncertainty of the instrument,
because the value of the observation also depends on
the instrument’s exposure to the atmosphere. This is
not a technical matter, so its description is the
responsibility of the station observer or attendant. In
practice, an ideal site with perfect exposure is seldom
available and, unless the actual exposure is
adequately documented, the reliability of observa-
tions cannot be determined (WMO, 2002).

Station metadata should contain the following
aspects of instrument exposure:
(a) Height of the instruments above the surface

(or below it, for soil temperature);

(b) Type of sheltering and degree of ventilation
for temperature and humidity;

(c) Degree of interference from other instruments
or objects (masts, ventilators);

(d) Microscale and toposcale surroundings of the
instrument, in particular:

(i) The state of the enclosure’s surface, influ-
encing temperature and humidity; nearby
major obstacles (buildings, fences, trees)
and their size;

(ii) The degree of horizon obstruction for
sunshine and radiation observations;

(iii) Surrounding terrain roughness and major
vegetation, influencing the wind;

(iv) All toposcale terrain features such as
small slopes, pavements, water surfaces;

(v) Major mesoscale terrain features, such as
coasts, mountains or urbanization.

Most of these matters will be semi-permanent, but
any significant changes (growth of vegetation, new
buildings) should be recorded in the station log-
book, and dated.

For documenting the toposcale exposure, a map
with a scale not larger than 1:25 000 showing
contours of = 1 m elevation differences is desira-
ble. On this map the locations of buildings and
trees (with height), surface cover and installed
instruments should be marked. At map edges,
major distant terrain features (for example, built-
up areas, woods, open water, hills) should be
indicated. Photographs are useful if they are not
merely close-ups of the instrument or shelter, but
are taken at sufficient distance to show the instru-
ment and its terrain background. Such
photographs should be taken from all cardinal
directions.

The necessary minimum metadata for instrument
exposure can be provided by filling in the
template given on the next page for every station
in a network (see the figure below). An example
of how to do this is shown in WMO (2003). The
classes used here for describing terrain roughness
are given in Part I, Chapter 5, of the Guide. A
more extensive description of metadata matters is
given in WMO (2010b).
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Station Update

Elevation Latitude Longitude

0 200 m

T
|Z| Enclosure

N
V4 Building
// Road
x))(( Trees, bushes [-]

(12) Height (m)
of obstacle

_7/3- Elevation
contour

Radiation horizon

1: 6 oo
1:10 " .
1: 20 4
T T T 0°
N E S w N
Temperature and humidity: Sensor height
Artificial ventilation? yes/no

Surface cover under screen
Soil under screen

Precipitation:  Gauge rim height

Wind: Anenomoter height Free-standing? yes/no
(if “no” above: building height , width , length

Terrain roughness class: to N JoE ,to§, toW
Remarks:

General template for station exposure metadata

1.1-31



PART I. MEASUREMENT OF METEOROLOGICAL VARIABLES

.1-32

alnelsadwsa)
almeladway Jie woly

uoneiAsp sy} uo spuadsp wiodmag 1
Ayureypadun juswainsesy AST0 ulw | s0¢ A10 I 110 D.9¢+— 08~
Aupiwuny K4
A0 ulw | s0¢ I AL0 2.0+ - 05— aimesadwa) 10§ |
aimeladwa]
AT0 ulw | s0¢ AL10 [ A10 .01+ — - ddepnsess ¢
Ds0¥+ <4043 §°0
D50+ = pue
o0b— < 10} ¥ €70 ainjesadwal
AT0 ulw | s 0¢ Js0¥— =104 3 §°0 [ AL0 2,09+~ 08~ Jle josswixy 'L
JOSUDS 3y} JIAO MO[}-Jle 3y}
uo spuadap jueisuod-awi]
uaa.ds uoleipes
Je|OS J912WOWIBY} Y} JO Ds0p+ <10} €70
ubisap ay1 Aq pa1daye aq Js0p+ S pue
Aew jueISUODI-3WI) SAINIDYD D50t~ <10} 1°0
pue Aureladun a|qersiypy AC0 uiw | s 0¢ Ds0¥— =404 % €°0 A0 2,09+~ 08~ aimessdwayaly L'
ainmesadwa) L
Auippiadun Auipiadun UOIIDAIISGO
JuaWaInspaw - awiy buibpiaAb  JUDISUOD JudW2INSLIW /IUBWIINSDAW  UOIIN|OSaI
SYIDWIDY a|qpAdIYDY ndno awiiy Josuas pasinbay 4O apopy pajioday abupy 3|qLLIDA
6 8 4 9 9 4 £ 4 l

(*ssoquinu uwinjod a3edipul moJ doy dy3 Ul siaquuinu 2]gel ay) Jo pud ay3 e sajou Alojeue|dxs 235)

IDNVINHO443d INFWNYLSNI ANV SINIFNFHINOIY ALNIVLYIDNN LNFNTINSYIW TVNOILYHIMO

a1 XdNNV



1.1-33

CHAPTER 1. GENERAL

sanjeA snoauejueysul
Uamiaq adualaylq

sdiys pJeoquo syuswainsesw
Joj J91pWoleq ayy Jo

apninje ur Ajurensdun ayy

Aq paydaye si aunssaud SN
Apuediiubis

Ajurensoun juswainsesaw
2y 10aye Aew Jadnpsuesy

9y} jo uonesuadwod
ainjesadwa)l ajenbapeu
uajey aJe suoninedaud

OuU JI puim 03 anp aJnssaid
dlweulp Aqg pajdaye Ajsnolss
s1 AjuleIadUN JUBWSINSEIIN
aJinssald SN

pue ainssaid uonels yjog

edy o edy o

edy SL0 ulw | s¢

edy L0

[ edy L0 paynads JoN

I edy 1’0 €dY 080 L —00S

Aouspus)

ainssaly

danssaad
suaydsowny

e

L€

Souapuadap Aipiwny

pue ainjesadwa)l Juedyiubis 3
MOUYS Aew SIOSUDS 2)e1S-PI|oS
Jo Ajuiepsadun ajgeasiyde

pue juesuod awli] %€

SI2Y10 pue 3e3s pljos

ulw | S oY

gjng 19Mm Joj padiou

2 01 2,0 JO PloysaIYL >

(1L @0u osje 99s) swajqo.id
ssaujjues|d> pue uoinesidse 0}
anp ajqissod ale sioLd abie
(qing Au1p) ainjesadwa)

Jle yum uoneuiquiod

ul pue Ajdalip painseaw J|

NT0
(493owodydAsd) aunjesadwal gqing-19M

ulw | $0¢C ) %1

| %L %001 -0

Apiwny aanejay

44

Auiopaoun
awWaINsLawW  awil) buibpiaAp
a|qpAdIYDY ndino

Auiniadun
UdWAINSDAW
paiinbay

UDISUOD

SYapwoy awil] 10sua§

uollbAIosqo
/IUaWainspawl - UoINjosal

JO apoy parioday abuny

3|qDLIDA

6 8 4 9 S

v £ 4




PART I. MEASUREMENT OF METEOROLOGICAL VARIABLES

.1-34

‘Aurepadun

S} JO SAISN|DUI JUNOdDR U
uye) 3q 0} SPSdU UONEL)S

3y} JO JUBWdAOW Y}

‘suoness ajiqow buirow 104
‘papasu

S JURISUOD W} JO JULISUOD
ddURISIP OU ‘sid)aWoWaUe
Jluoses}n buisn usypn

(dpInD sy Jo

9°¢ uondas ‘¢ sadeyd ‘||| Wed
995s) sjusuodwiod ueisaped)
Jano pandwiod sabelany
Y1bus| asuodsal se passaldxa
Ajjensn s juelsuod aduessiq
ssad01d

buibeiaae Jo ubissp ul papasu
21eD) "SIIASP Jeaul-uoN

ulw Q| Jo/pue Z 19A0 abesany

L\

ulw oL
oS lo/pue 7

Swg<
104 %01
IS W G 5 10}

L Sweo

uiw oL
Jo/pue

€0 <onel
pbuidweg

we-¢
JueISUOD
aouelsig

oS

1S W G <10} %0 |

=S W G510}, SW GO

A =S W S0

09€-0

SWwWeS/-0

uonalIg

paadg
Puim

(49

uoneydaid

Bbulnp seiq juedyiubis
(d1y0ud

UOIDUAXS 3y} Ul AYNURUOdSIp
juediiubis 1o yydap
uonesnduad uo paseq ‘b-9)
1ybIay aseq-pnojd painseawl
A|leausawiniisul 1oy sIsIxa
uoniuysp Jespd oN ‘19biey
piey e Y3Im pauiwisiep

3¢ ued AQuiensdun
JUSWIAINSEIW 3|qeASIYDY
AJleonrewolne Junowe pnojd
MO| 31BWIISS 0} pasn 3q Aew
swiyyIobje buuLisn|d polad

wolL~

8/C

e/u

e/u

w0l <104 %01
w oL =lJojwol

8/1

| wol

[ 8/1

a|qe|ieAe 10N

wy oe -wo

8/8 - 8/0

doy
pnop Jo ybeH

aseq
pnop Jo ybeH

junowe pnojd
spno|)

44

Syapbwioy

Awippadun
awWaINspaw  awil) buiboiaAp
a|qpAdIYDY ndino

JUDISUOD
awin Josuas

Awippaodun
UBWAINSDAW
paisinbay

UOIIDAIISGO
/IUBWAINSDAW  UOIIN|OSa.
JO apon pajioday

abupy

3|qDLIDA

6

8 4

9

S

4 £




1.1-35

CHAPTER 1. GENERAL

y/ww zoo (Ajiep) uoneinp
JO anjeA pjoysalyl s 09 e/u 1 s 09 Uuvrz-o0 uoneydinaig S9
sabneb Jo adAy Juswiydied y/ww 0oL
Buisn uoneyudaid pijos aA0Qe %G
Bbuunp pajaye Auedyubis  pue y/ww g
SI JURISUOD dWI] JOSUDS ‘pPIRY U]
(ou/sak) Ajuo uonosap y/ww o
1.4 ww z°Q > 1o 3A0qe %7
JnoliAeysq Jeaul-uou ‘y/ww
juedyiubIs Moys Aew SIOSUSS ¢ 9AOQR 946 -4 WW Z < Joj %G
puim Aq paidaye ‘K101e10Q€) Sywwg-20
A|snowas si Ajulensdun Ul SUOIRIPUOD Joj Ly ww |0
Ajuo uoneydiaid mojy Jueisuod -4 Wwi z'0 - 200 1-4 Wwi 000 ¢ Aysusyul
pinbi| 1o} sanjea Ajurensdun Japun ulw | s 0§ > Joj e/u :(aden) | SHww g - -y ww zo'o uoneydidaig 9
sdiys
wd | <J0J9%0L Uuo uoljaidde
wd Q| S Jojwd | | wd | payads JoN dIJossawPIYylL €9
31Is buialasqo
ay3 Jo aAnejuasaidal ease wd ¢ < 10§ %S
ue Jano yidep sbelsay wo | ulw | soL> wo gz s Jojun | | wo | wez-0 mous jo pdag  Z'9
sabneb pajeay ui sasso|
uonelsodens pue sabneb
Jo Aouaiys U030
J1weulpolse uo spuadap
AjurenIadUN JUBWIRINSEIIN ww 10
sjunowe 10 946 Jo ww G < 10} %7
Ajiep uo paseq Ainuenp  Jsbue| sy e/u e/u ww ¢ = J0j ww |'Q 1 ww 10 ww 00S - 0 (Arep) 3unowy 19
uonendnaiy ‘9
Swg<
10} %01
psplodaiag | SwWGs
pinoys abesane s ¢ 3s3ybIH 104 | S W G°Q s¢ %01 v SSwpg SwosL-10 sisnhy - ¢€°¢
Aipriaoun Auipriaoun UOIIDAIISGO
JUBWIAINSLAW  aWiI) buibDIGAD  JUDISUOD JUaWIaINSDAW /IUdWIAINSDAW  UOIIN|0Sal
SYIDWAY a|qpAdIYDY ndino Ul JOSUaS paiinbay JO 3popy payioday abupy a|qpLIDA
6 8 V4 9 9 v € 4 L




PART I. MEASUREMENT OF METEOROLOGICAL VARIABLES

.1-36

SIUBLIRINSEIW [eIUBWINIISUI

10} Ulw Q7 19A0 abelany $6°0 uiw oz $G0 $6°0 v S| S00L-0 pouad arepy 76
wg
<J0j9%0L
SJUSLIRINSEIW [RIUBWINIISUI wg W G <J0oj 901 1ybiay
10} ulw Q7 19A0 abelaAy S 10y W G0 uiw 0z $G°0 w G sJojw g \ w10 wosS-0 anem juediublis 16
S9ARM ‘6
ddueulwN|
UAY T°8 01 paje|ay %01 ulw | s 0¢ I WP L zWpd>0000+¥—0 punosbxydeg ¢
‘san|eA Jayyo buikynads
4s1xa Aew syuswindop
9S3Y] JO SUOISIaA MaN
(000Z “p3 puodds)
806/NV-8¢€6 200
OVl pue (‘P2 ¥007) W 008 < 104 %01
Y uswiyoeny w 008 s
‘|| SWN|OA ‘6% "ON-OWM 940Z 10 W 07 ulw | - W QOp < Joj W §7 (YY) abuel
ylm adueplodde Ul o Jabue| sy pue | s 0g > w ooy S Jojw Q| v w woeo0zZ-wol |ensia Aemuny  Z'g
sanjeA djwyebo|
buibelane 10} adUIa)31(
“(3pIND Iy} Jo ‘9'¢ uo1I3S
‘e 191deyd ‘||| Med 99s)
JU3IDIS0D UOIDUNXD
:pabesaae aqg 01 Ainuend W Q0S| < 10} %07
uoneINISCO JO dSNEed Y} WooS LS (HOW)
uo puadap Aew Aurepdun o407 Jo w Oz — W 009 <404 %0 | abuel |eondo
JuUSWaINSLaW d|qeAdlydy Jo Jabiejay] ulw Q| pue | s 0 > w 009 = Joj W Qg I w | wy Q0L - W QL [e2160j0J03IBN  |'S
Anaisia ‘8
W N8 <
uoneipes (3ou) N\%u_:wﬂow = W [N 8 < 10} 9%¢ (Aep)
Jo (aunowie) swins Ajiep se 10} 2-W [N 8 5 1o} ainsodxa jueipel
passaidxa ainsodxs jueipey LW [N 0 e/u s 0¢ W A +'0 1 W pauydads 10N ‘uonelpel BN 7/
%cC 104 10 (Ajrep) uoneinp
Jo 1abue| By e/u s0¢C ytLo 1 s 09 yvyz-0 sulysuns |7/
uoneipey L
Awiopadun Auiopadun UOIIDAI3SGO
JuaWaInspaw - awiy buibpiaAb  JUDISUOD JuaWINSLAW /IUdWAINSDAW  UOJIN|OSa]
SYIDWIY a|qoAdIYDY ndinp Ui} JoSUas paiinbay JO apo parioday abupy 2|gbLIDA
6 8 4 9 g v £ 4 l




1.1-37

CHAPTER 1. GENERAL

‘3[qerrea
redourd ay3 se Ayipruny 93njosqe 03 UIAIS ST 2duarajaId ‘Surdeiaae UaYAA "PIYUI[ 218 SINUILIIDUN IR} SNY} puUR ‘payul] are arnjeradurd) Ire pue Aypruny aaneaI ‘amjeradway yurodmaq 11
*((S66T “OSI) SIUSUIINSLIUI JO AJUTRIIDOUN Y) UO spIepuels OS] YIM 2DUBPIOIIL UT ST AJUTLIIIDUN "°T) AID4NIID IDA0 3dUIja1d sey Auivpaoun wiady ay], ‘01
d1qeoridde jou =e/u g
‘syuawaImbar a[qepIojje pue s[qeasryde JUTUGSp UI sIasn 0 pre [eanoeid e se
papi1edar aq prnoys 3 20noerd [euorierado UT paAlIYde 3aq ULd Jey} 21nsodXd PIpUIWUIOIDI PUL [EUTWOU IpUN dUeWIOIdd I0SUIS UO Pase( ST (§ UWIN[0J) AJUTRHADUN JUIUISINSLIUWI J[(RAIYIY '8
“$00Z Ul sanbruyda], yuswaInsesjy pue ASojourda], adeying uo weay, 33dxy ONID Y3 £q paysi[qeiss sdueurrojad euonerado [eard4} ayj 03 19J91 § 03 9 sUWIN[OD)  /
“$00Z Ul SUOIIR}S IDUILIA JTIRWOINY WOIj vje( 10§ syuauwraimbay uo wres], 31adxy SqD ay3 AQ paysijqeisa syuawaInbal ay} 03 19J91 G 03} Z sUWNO) ‘9
-d1nsodxa pue Sunis 3unodde oyul urye) ‘parmbal swinjoa 10/pue eare ‘TRAIdIUI W}
3A1IRIUISAIADI SY} I9A0 PIAISSO/PIINSLIW 3 0} S[RLIBA ) SIZLIdRIRYD A[309)13d ‘suonipuod [euonerado Bpun ‘Yorym anfea 3y} s anjeA ani} ay [, ‘yuswainbar Ajurejrsoun juswainseswr
pajels oy} M paredwod [[ews 3q PINOYS SeIq [eNPISAI AUy "0I3Z 0} SO (SLIq I0) dN[RA UBSIW © dARY [[IM Sanfea pajrodar ur sI0IL1d 3y} ey} sarfd Wl Junodde 03UT UdY e} dIe SUOTIIII0D UMOUY
[re yey3s uondurnsse Y], ‘d9[erieA 3Y) JO UOTINGIISIP (UBISSNEL)) [RULIOU B I0] [9A3] O Z 3} 03 Spuodsariod ydrym ‘(g = ) 3uad 12d Gg st [949] Afiqeqord papuawrurodal ay ], “Ayfiqeqoid pajels e
UM SI[ AN[RA NI} Y} YIIYM UI [RAISIUT 3U} SIJRIIPUI PUR IN[RA JNI} 3Y3 03 393dsaI Y3m anfea paxrodal ay3 jo Ajureiradun ayj syuasardar Ajureraoun juswainseaw parmbar jo angea pajels ay
‘syuawaImbar yuaduins ssaf aaey Aewr suonpedtidde enprapuy (F5S "ON-OINM) WaISAS Suiaidsqo [pqojn ayj uo [Puppy 343 Ul PAULIP S SUOIILS I9)Lam J[JRWOINE PUR PIUURW [}0q I0J 3[qed
-1idde are syuawrarinbar asay ], *039 ‘ASoforewur]d ‘ASo101pAY ‘A3o1010919W SuLrew pue [einjndiSe ‘Tednneuoide ‘Ondouds 103 arqedridde are pue SUOISSTUITIOD [eDIUYI) IYSID [[e Aq paidope uaaq
aaey A3y, ‘syusreAmnba Y iNg s¥ pue ST ‘FI ‘ST ‘2T AL 03 SUIPIOdIR BIRp [[ [9A] JO “3°T ‘asn [euonierddo [e1auag 10§ syuawaImbal AJUre}Iaoun JUSWIAINSEIW PIPUIWUWIOINI 3} SIAIS ¢ UWN[O) S
‘syuswRIMba1 Surpod £q pagads se ‘porrad paxy e 1940 S[eI0], :S[eI0], = :L
‘syudwRImMbar Surpod ay3 £q paygads se ‘poriad paxy e 1940 sanjea ade1day :JuiSeroay =1y
*31qerdadoe are urw o1 03 dn jo spourad
IDA0 $98RIDAR D[qRIINS JSOW PUR WNWIUTW B S PAIIPISUOD ST UTUI T JO pOL1ad e 1I9A0 anjeA ageIdAe UR ‘OSIOU 1) pue A}[IQRIIBA 3[BIS-[[EWIS [RINJRU U} IPN[OXd O} I9PIO U] Snoduejueisu] = |
 uwnod uy 'y
(90§ "ON-OJNM) S9p0D) U0 [pnupjy 343 £Q PIUTWLIAIRP Se UOHN[OSII JUISULIS ISOUW Y} SIAIS € UWN[0) ¢
*SUOT}IPUOD [eJISO[0RWI[D [8D0] U0 puadap S| ‘SA[RIIRA JSOUW 10} FURI UOWIWIOD 3} SAAIS ¢ UWIN[0) ¢
*3[qerIeA diseq ay3 saA1d [ uwinjo) |
1$9JON
Ww G <104 %¢ uonelodens
e/u wuw ¢ s Joj ww [0 1 wuw 10 ww 0oL -0 ued Jo junowy [0l
uoneiodeny ‘oL
Sljuswalnsesw |ejuswinJisul
Joj ujw g JaA0 abessay o0¢ uiw o¢ $GO0 0l v ol 09 -0 uonoalip sABAA €6
\Ct\ctmut: \QEBENUE: uoipbAIaSqo
Jualiainsbawl  auwli} QEQB‘E\,G Junisuod Juawiainsbad \utmgmxsmcwg uollnjosal
SYIDWIY a|qLA3IYDY ndino Wiy 10sUas paiinbay 4O apopy parioday abupy 2|qpLIDA

6 8 A 9 S 4 13 4 1




1.1-38

PART I. MEASUREMENT OF METEOROLOGICAL VARIABLES

REFERENCES AND FURTHER READING

Bureau International des Poids et Mesures/Comité
Consultatif de Thermométrie, 1990: The
International Temperature Scale of 1990 (ITS-
90) (H. Preston Thomas). Metrologia, 1990, 27,
pp. 3-10.

Bureau International des Poids et Mesures, 1998:
The International System of Units (SI). Seventh
edition, BIPM, Sevres/Paris.

Brooks, C.E.P. and N. Carruthers, 1953: Handbook of
Statistical Methods in Meteorology. MO 538,
Meteorological Office, London.

Eisenhart, C., 1963: Realistic evaluation of the
precision and accuracy of instrument calibra-
tion systems. National Bureau of Standards-C,
Engineering and Instrumentation, Journal of
Research, Volume 67C, Number 2, April-June
1963.

International Civil Aviation Organization, 2002:
World Geodetic System — 1984 (WGS-84) Manual.
ICAO Doc 9674-AN/946. Second edition,
Quebec.

International Organization for Standardization,
1993: ISO Standards Handbook: Quantities and
Units. ISO 31:1992, third edition, Geneva.

International Organization for Standardization,
1995: Guide to the Expression of Uncertainty of
Measurement. Published in the name of BIPM/
IEC/IFCC/ISO/IUPAC/IUPAP and OIML, first
edition, Geneva.

International Organization for Standardization,
2008: International Vocabulary of Basic and
General Terms in Metrology. Prepared by BIPM/
ISO/OIML/IEC/IFCC/IUPAC and IU-PAP, third
edition, Geneva.

International Union of Pure and Applied Physics,
1987: Symbols, Units, Nomenclature and
Fundamental Constants in Physics. SUNAMCO
Document IUPAP-25 (E.R. Cohen and
P. Giacomo), reprinted from Physica 146A,
pp. 1-68.

Kok, C.J., 2000: On the Behaviour of a Few Popular
Verification Scores in Yes/No Forecasting. Scientific
Report, WR-2000-04, KNMI, De Bilt.

Linacre, E., 1992: Climate Data and Resources —
A Reference and Guide. Routledge, London,
366 pp.

Murphy, A.H. and R.W. Katz (eds.), 1985: Probability,
Statistics and Decision Making in the Atmospheric
Sciences. Westview Press, Boulder.

National Institute of Standards and Technology,
19935: Guide for the Use of the International System
of Units (SI) (B.N. Taylor). NIST Special

Publication No. 811, Gaithersburg, United
States.

Natrella, M.G., 1966: Experimental Statistics.
National Bureau of Standards Handbook 91,
Washington DC.

Orlanski, I., 1975: A rational subdivision of scales
for atmospheric processes. Bulletin of the
American Meteorological Society, 56, pp. 527-530.

World Meteorological Organization, 1966:
International Meteorological Tables (S. Letestu,

ed.) (1973 amendment), WMO-No. 188,
Geneva.
World Meteorological Organization, 1970:

Performance Requirements of Aerological
Instruments (C.L. Hawson). Technical Note
No. 112, WMO-No. 267. TP.151, Geneva.

World Meteorological Organization, 1983: Guide to
Climatological Practices. Second edition,
WMO-No. 100, Geneva (updates available at
http://www.wmo.int/web/wcp/ccl/).

World Meteorological Organization, 1988: Technical
Regulations. Volume I, Appendix A,
WMO-No. 49, Geneva.

World Meteorological Organization, 1990: Guide on
Meteorological Observation and Information
Distribution Systems at Aerodromes.
WMO-No. 731, Geneva.

World Meteorological Organization, 1992:
International Meteorological Vocabulary. Second
edition, WMO-No. 182, Geneva.

World Meteorological Organization, 1993: Siting
and Exposure of Meteorological Instruments
(J. Ehinger). Instruments and Observing
Methods Report No. 55, WMO/TD-No. 589,
Geneva.

World Meteorological Organization, 2001: Lecture
Notes for Training Agricultural Meteorological
Personnel. Second edition, WMO-No. 551,
Geneva.

World Meteorological Organization, 2002: Station
exposure metadata needed for judging and
improving the quality of observations of wind,
temperature and other parameters (J. Wieringa
and E. Rudel). Papers Presented at the WMO
Technical Conference on Meteorological and
Environmental Instruments and Methods of
Observation (TECO-2002), Instruments and
Observing Methods Report No. 75, WMO/
TD-No. 1123, Geneva.

World Meteorological Organization, 2003:
Guidelines on Climate Metadata and
Homogenization (P. Llans6, ed.). World Climate



CHAPTER 1. GENERAL

Data and Monitoring Programme (WCDMP)
Series Report No. 53, WMO/TD-No. 1186,
Geneva.

World Meteorological Organization, 2008: Guide
to Hydrological Practices. WMO-No. 168,
Geneva.

World Meteorological Organization, 2009: joint
WMO/IOC Technical Commission for
Oceanography and Marine Meteorology, WMO-
No. 1049, Geneva.

World Meteorological Organization, 2010a: Guide to
Agricultural Meteorological Practices. WMO-No.
134, Geneva.

1.1-39

World Meteorological Organization, 2010b: Guide
to the Global Observing System. WMO-No. 488,
Geneva.

World Meteorological Organization, 2010c: Manual
on the Global Data-processing and Forecasting
System. Volume 1 - Global Aspects,
Appendix II-2, WMO-No. 485, Geneva.

World Meteorological Organization, 2010d: Manual
on the Global Observing System. Volume 1 -
Global Aspects, WMO-No. 544, Geneva.

World Meteorological Organization, 2010e: Weather
Reporting. Volume A - Observing stations,
WMO-No. 9, Geneva.







CHAPTER 2

MEASUREMENT OF TEMPERATURE

2.1 GENERAL

2.1.1 Definition

WMO (1992) defines temperature as a physical
quantity characterizing the mean random motion
of molecules in a physical body. Temperature is
characterized by the behaviour whereby two bodies
in thermal contact tend to an equal temperature.
Thus, temperature represents the thermodynamic
state of a body, and its value is determined by the
direction of the net flow of heat between two
bodies. In such a system, the body which overall
loses heat to the other is said to be at the higher
temperature. Defining the physical quantity
temperature in relation to the “state of a body”
however is difficult. A solution is found by defining
an internationally approved temperature scale
based on universal freezing and triple points.! The
current such scale is the International Temperature
Scale of 1990 (ITS-90)2 and its temperature is
indicated by T,,,. For the meteorological range (-80
to +60°C) this scale is based on a linear relationship
with the electrical resistance of platinum and the
triple point of water, defined as 273.16 kelvin
(BIPM, 1990).

For meteorological purposes, temperatures are
measured for a number of media. The most
common variable measured is air temperature (at
various heights). Other variables are ground, soil,
grass minimum and seawater temperature. WMO
(1992) defines air temperature as “the temperature
indicated by a thermometer exposed to the air in
a place sheltered from direct solar radiation”.
Although this definition cannot be used as the
definition of the thermodynamic quantity itself,
it is suitable for most applications.

1  The authoritative body for this scale is the International
Bureau of Weights and Measures/Bureau International des
Poids et Mesures (BIPM), Sévres (Paris); see
bipm.ord. BIPM’s Consultative Committee for Thermometry
(CCT) is the executive body responsible for establishing and
realizing the ITS.

2 Practical information on ITS-90 can be found on the ITS-90
website: http://www.its-90.com.

2.1.2 UNITS AND SCALES
The thermodynamic temperature (T), with units of
kelvin (K), (also defined as “kelvin temperature”), is
the basic temperature. The kelvin is the fraction
1/273.16 of the thermodynamic temperature of the
triple point of water. The temperature (), in degrees
Celsius (or “Celsius temperature”) defined by
equation 2.1, is used for most meteorological
purposes (from the ice-point secondary reference in
Table 2 in the annex):
t/°C=T/K-273.15 (2.1)
A temperature difference of one degree Celsius (°C)
unit is equal to one kelvin (K) unit. Note that the
unit K is used without the degree symbol.

In the thermodynamic scale of temperature,
measurements are expressed as differences from
absolute zero (0 K), the temperature at which the
molecules of any substance possess no kinetic
energy. The scale of temperature in general use
since 1990 is the ITS-90 (see the annex), which is
based on assigned values for the temperatures of
a number of reproducible equilibrium states (see
Table 1 in the annex) and on specified standard
instruments calibrated at those temperatures. The
ITS was chosen in such a way that the tempera-
ture measured against it is identical to the
thermodynamic temperature, with any difference
being within the present limits of measurement
uncertainty. In addition to the defined fixed
points of the ITS, other secondary reference
points are available (see Table 2 in the annex).
Temperatures of meteorological interest are
obtained by interpolating between the fixed
points by applying the standard formulae in the
annex.

2.1.3 Meteorological requirements

2.1.3.1 General

Meteorological requirements for temperature meas-
urements primarily relate to the following:

(@) The air near the Earth’s surface;

(b) The surface of the ground;


http://www.bipm.org/
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(c) The soil at various depths;
(d) The surface levels of the sea and lakes;
(e) The upper air.

These measurements are required, either jointly
or independently and locally or globally, for input
to numerical weather prediction models, for
hydrological and agricultural purposes, and as
indicators of climatic variability. Local tempera-
ture also has direct physiological significance for
the day-to-day activities of the world’s popula-
tion. Measurements of temperature may be
required as continuous records or may be sampled
at different time intervals. This chapter deals with
requirements relating to (a), (b) and (c).

2.1.3.2 Accuracy requirements

The range, reported resolution and required uncer-
tainty for temperature measurements are detailed
in Part I, Chapter 1, of this Guide. In practice, it
may not be economical to provide thermometers
that meet the required performance directly.
Instead, cheaper thermometers, calibrated against a
laboratory standard, are used with corrections being
applied to their readings as necessary. It is necessary
to limit the size of the corrections to keep residual
errors within bounds. Also, the operational range of
the thermometer will be chosen to reflect the local
climatic range. As an example, the table below gives
an acceptable range of calibration and errors for
thermometers covering a typical measurement
range.

Thermometer characteristic requirements

Thermometer type  Ordinary Maximum  Minimum

Span of scale "C) -30to45 -30to50 —40to40
Range of

calibration (°C) —301t0 40

-25t040 -30to 30

Maximum error <0.2K 0.2 K 0.3 K
Maximum
difference
between
maximum

and minimum
correction within

the range

0.2K 0.3K 0.5K

Maximum
variation of
correction within
any interval of
10°C

0.1K 0.1K 0.1K
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All temperature-measuring instruments should be
issued with a certificate confirming compliance
with the appropriate uncertainty or performance
specification, or a calibration certificate that gives
the corrections that must be applied to meet the
required uncertainty. This initial testing and cali-
bration should be performed by a national testing
institution or an accredited calibration laboratory.
Temperature-measuring instruments should also be
checked subsequently at regular intervals, the exact
apparatus used for this calibration being dependent
on the instrument or sensor to be calibrated.

2.1.3.3 Response times of thermometers

For routine meteorological observations there is
no advantage in using thermometers with a very
small time-constant or lag coefficient, since the
temperature of the air continually fluctuates up
to one or two degrees within a few seconds. Thus,
obtaining a representative reading with such a
thermometer would require taking the mean of a
number of readings, whereas a thermometer with
a larger time-constant tends to smooth out the
rapid fluctuations. Too long a time-constant,
however, may result in errors when long-period
changes of temperature occur. It is recommended
that the time-constant, defined as the time
required by the thermometer to register 63.2 per
cent of a step change in air temperature, should
be 20 s. The time-constant depends on the air-flow
over the sensor.

2.1.3.4 Recording the circumstances in which

measurements are taken

Temperature is one of the meteorological quantities
whose measurements are particularly sensitive to
exposure. For climate studies in particular, tempera-
ture measurements are affected by the state of the
surroundings, by vegetation, by the presence of
buildings and other objects, by ground cover, by
the condition of, and changes in, the design of the
radiation shield or screen, and by other changes in
equipment. It is important that records should be
kept not only of the temperature data, but also of
the circumstances in which the measurements are
taken. Such information is known as metadata (data
about data).

2.1.4 Measurement methods

In order to measure the temperature of an object, a
thermometer can be brought to the same tempera-
ture as the object (namely, into thermodynamic
equilibrium with it), and the temperature of the
thermometer itself can then be measured.
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Alternatively, the temperature can be determined
by a radiometer without the need for thermal
equilibrium.

Any physical property of a substance which is a
function of temperature can be used as the basis of
a thermometer. The properties most widely used in
meteorological thermometers are thermal expan-
sion and the change in electrical resistance with
temperature. Radiometric thermometers operate in
the infrared part of the electromagnetic spectrum
and are used, among other applications, for temper-
ature measurements from satellites. A special
technique to determine the air temperature using
ultrasonic sampling, developed to determine air
speeds, also provides the average speeds of the air
molecules, and as a consequence its temperature
(WMO, 2002a).

Thermometers which indicate the prevailing
temperature are often known as ordinary thermom-
eters, while those which indicate extreme
temperature over a period of time are called maxi-
mum or minimum thermometers.

There are various standard texts on instrument
design and laboratory practice for the measurement
of temperature thermometry, such as Jones (1992)
and Middleton and Spilhaus (1960). Considering
the concepts of thermometry, care should be taken
that, for meteorological applications, only specific
technologies are applicable because of constraints
determined by the typical climate or environment.

2.1.41 Thermometer exposure and siting

Radiation from the sun, clouds, the ground and
other surrounding objects passes through the air
without appreciably changing its temperature,
but a thermometer exposed freely in the open
can absorb considerable radiation. As a conse-
quence, its temperature may differ from the true
air temperature, with the difference depending
on the radiation intensity and on the ratio of
absorbed radiation to dissipated heat. For some
thermometer elements, such as the very fine wire
used in an open-wire resistance thermometer, the
difference may be very small or even negligible.
However, with the more usual operational ther-
mometers the temperature difference may reach
25 K under extremely unfavourable conditions.
Therefore, in order to ensure that the thermome-
ter is at true air temperature it is necessary to
protect the thermometer from radiation by a
screen or shield that also serves to support the
thermometer. This screen also shelters it from
precipitation while allowing the free circulation
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of air around it, and prevents accidental damage.
Precipitation on the sensor will, depending on the
local air-flow, depress the sensor temperature, caus-
ing it to behave as a wet-bulb thermometer.
Maintaining free circulation may, however, be diffi-
cult to achieve under conditions of rime ice
accretion. Practices for reducing observational
errors under such conditions will vary and may
involve the use of special designs of screens or
temperature-measuring instruments, including arti-
ficial ventilation. Nevertheless, in the case of
artificial ventilation, care should be taken to avoid
unpredictable influences caused by wet deposition
in combination with evaporation during precipita-
tion, drizzle, fog, and the like. An overview of
concepts of temperature measurement applicable
for operational practices is given by Sparks (1970).

In order to achieve representative results when
comparing thermometer readings at different places
and at different times, a standardized exposure of
the screen and, hence, of the thermometer itself is
also indispensable. For general meteorological
work, the observed air temperature should be repre-
sentative of the free air conditions surrounding the
station over as large an area as possible, at a height
of between 1.2 and 2.0 m above ground level. The
height above ground level is specified because large
vertical temperature gradients may exist in the
lowest layers of the atmosphere. The best site for
the measurements is, therefore, over level ground,
freely exposed to sunshine and wind and not
shielded by, or close to, trees, buildings and other
obstructions. Sites on steep slopes or in hollows are
subject to exceptional conditions and should be
avoided. In towns and cities, local peculiarities are
expected to be more marked than in rural districts.
Temperature observations on the top of buildings
are of doubtful significance and use because of the
variable vertical temperature gradient and the effect
of the building itself on the temperature
distribution.

2.1.4.2 Temperature standards

Laboratory standards

Primary standard thermometers will be held and
maintained at national standards laboratories. A
national meteorological or other accredited calibra-
tion laboratory will have, as a working standard, a
high-grade platinum resistance thermometer, trace-
able to the national standard. The uncertainty of
this thermometer may be checked periodically in a
water triple-point cell. The triple point of water is
defined exactly and can be reproduced in a triple-
point cell with an uncertainty of 1-10*K.



1.2-4
Field standards

The WMO reference psychrometer (WMO, 1992)
is the reference instrument for determining the
relationship between the air temperature meas-
ured by conventional surface instruments and
the true air temperature. This instrument has
been designed to be used as a free-standing instru-
ment and not for deployment within a screen or
shelter; it is the most accurate instrument availa-
ble for evaluating and comparing instrument
systems. It is not intended for continuous use in
routine meteorological operations and is capable
of providing a temperature measurement with an
uncertainty of 0.04 K (at the 95 per cent confi-
dence level). See Part I, Chapter 4, for further
information.

2.2 LIQUID-IN-GLASS THERMOMETERS

2.2 General description

For routine observations of air temperature,
including maximum, minimum and wet-bulb
temperatures, liquid-in-glass thermometers are
still commonly used. Such thermometers make
use of the differential expansion of a pure liquid
with respect to its glass container to indicate the
temperature. The stem is a tube which has a fine
bore attached to the main bulb; the volume of
liquid in the thermometer is such that the bulb is
filled completely but the stem is only partially
filled at all temperatures to be measured. The
changes in volume of the liquid with respect to
its container are indicated by changes in the
liquid column; by calibration with respect to a
standard thermometer, a scale of temperature can
be marked on the stem, or on a separate scale
tightly attached to the stem.

The liquid used depends on the required temper-
ature range; mercury is generally used for
temperatures above its freezing point (-38.3°C),
while ethyl alcohol or other pure organic liquids
are used for lower temperatures. The glass should
be one of the normal or borosilicate glasses
approved for use in thermometers. The glass bulb
is made as thin as is consistent with reasonable
strength to facilitate the conduction of heat to
and from the bulb and its contents. A narrower
bore provides greater movement of liquid in the
stem for a given temperature change, but reduces
the useful temperature range of the thermometer
for a given stem length. The thermometer should
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be suitably annealed before it is graduated in
order to minimize the slow changes that occur in
the glass with ageing.

There are four main types of construction for mete-

orological thermometers, as follows:

(a) The sheathed type with the scale engraved on
the thermometer stem;

(b) The sheathed type with the scale engraved on
an opal glass strip attached to the thermom-
eter tube inside the sheath;

(c) The unsheathed type with the graduation
marks on the stem and mounted on a metal,
porcelain or wooden back carrying the scale
numbers;

(d) The unsheathed type with the scale engraved
on the stem.

The stems of some thermometers are lens-fronted
to provide a magnified image of the mercury
thread.

Types (a) and (b) have the advantage over types (c)
and (d) that their scale markings are protected from
wear. For types (c) and (d), the markings may have
to be reblackened from time to time; on the other
hand, such thermometers are easier to make than
types (a) and (b). Types (a) and (d) have the advan-
tage of being less susceptible to parallax errors
(see section 2.2.4). An overview of thermometers,
designed for use in meteorological practices is given
by HMSO (1980).

Whichever type is adopted, the sheath or mount-
ing should not be unduly bulky as this would
keep the heat capacity high. At the same time,
the sheath or mounting should be sufficiently
robust to withstand the normal risks associated
with handling and transit.

For mercury-in-glass thermometers, especially
maximum thermometers, it is important that the
vacuum above the mercury column be nearly
perfect. All thermometers should be graduated
for total immersion, with the exception of ther-
mometers for meauring soil temperature. The
special requirements of thermometers for various
purposes are dealt with hereafter under the appro-
priate headings.

2.2.1.1 Ordinary (station) thermometers

This is the most accurate instrument of all
meteorological thermometers. Usually it is a
mercury-in-glass-type thermometer. Its scale
markings have an increment of 0.2 K or 0.5 K, and
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the scale is longer than that of the other
meteorological thermometers.

The ordinary thermometer is used in a thermome-
ter screen to avoid radiation errors. A support keeps
it in a vertical position with the bulb at the lower
end. The form of the bulb is that of a cylinder or an
onion.

A pair of ordinary thermometers can be used as a
psychrometer if one of them is fitted with a wet-
bulb? sleeve.

2.2.1.2 Maximum thermometers

The recommended type for maximum thermom-
eters is a mercury-in-glass thermometer with a
constriction in the bore between the bulb and the
beginning of the scale. This constriction prevents
the mercury column from receding with falling
temperatures. However, observers can reset by
holding it firmly, bulb-end downwards, and
swinging their arm until the mercury column is
reunited. A maximum thermometer should be
mounted at an angle of about 2° from the hori-
zontal position, with the bulb at the lower end to
ensure that the mercury column rests against the
constriction without gravity forcing it to pass. It
is desirable to have a widening of the bore at the
top of the stem to enable parts of the column
which have become separated to be easily
united.

2.2.1.3 Minimum thermometers

As regards minimum thermometers, the most
common instrument is a spirit thermometer with
a dark glass index, about 2 cm long, immersed in
the spirit. Since some air is left in the tube of a
spirit thermometer, a safety chamber should be
provided at the upper end which should be large
enough to allow the instrument to withstand a
temperature of 50°C without being damaged.
Minimum thermometers should be supported in
a similar manner to maximum thermometers, in
a near-horizontal position. Various liquids can be
used in minimum thermometers, such as ethyl
alcohol, pentane and toluol. It is important that
the liquid should be as pure as possible since the
presence of certain impurities increases the
tendency of the liquid to polymerize with expo-
sure to light and after the passage of time; such
polymerization causes a change in calibration.

3 Wet-bulb temperatures are explained in Part I, Chapter 4.
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In the case of ethyl alcohol, for example, the
alcohol should be completely free of acetone.

Minimum thermometers are also exposed to
obtain grass minimum temperature.

2.21.4 Soil thermometers

For measuring soil temperatures at depths of
20 cm or less, mercury-in-glass thermometers,
with their stems bent at right angles, or any other
suitable angle, below the lowest graduation, are
in common use. The thermometer bulb is sunk
into the ground to the required depth, and the
scale is read with the thermometer in situ.
These thermometers are graduated for immersion
up to the measuring depth. Since the remainder
of the thermometer is kept at air temperature, a
safety chamber should be provided at
the end of the stem for the expansion of the
mercury.

For measuring temperature at depths of over
20 cm, mercury-in-glass thermometers, mounted
on wooden, glass or plastic tubes, with their bulbs
embedded in wax or metallic paint, are recom-
mended. The thermometer-tube assemblies are
then suspended or slipped in thin-walled metal
or plastic tubes sunk into the ground to the
required depth. In cold climates, the tops of the
outer tubes should extend above the ground to a
height greater than the expected depth of snow
CoVver.

The technique of using vertical steel tubes is
unsuitable for measuring the diurnal variation of
soil temperature, particularly in dry soil, and
calculations of soil thermal properties based on
such measurements could be significantly in error
because they will conduct heat from the surface
layer.

The large time-constant due to the increased heat
capacity enables the thermometers to be removed
from the outer tubes and read before their temper-
ature has had time to change appreciably from
the soil temperature.

When the ground is covered by snow, and in
order that the observer may approach the line of
thermometers without disturbing the snow cover,
it is recommended that a lightweight bridge be
constructed parallel to the line of thermometers.
The bridge should be designed so that the deck
can be removed between readings without affect-
ing the snow cover.
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2.2.2 Measurement procedures

2.2.21 Reading ordinary thermometers

Thermometers should be read as rapidly as possi-
ble in order to avoid changes of temperature
caused by the observer’s presence. Since the liquid
meniscus, or index, and the thermometer scale
are not on the same plane, care must be taken to
avoid parallax errors. These will occur unless the
observer ensures that the straight line from his/
her eye to the meniscus, or index, is at a right
angle to the thermometer stem. Since thermome-
ter scales are not normally subdivided to less than
one fifth of a degree, readings to the nearest tenth
of a degree, which are essential in psychometry,
must be made by estimation. Corrections for scale
errors, if any, should be applied to the readings.
Maximum and minimum thermometers should
be read and set at least twice daily. Their readings
should be compared frequently with those of an
ordinary thermometer in order to ensure that no
serious errors develop.

2222 Measuring grass minimum

temperatures

The grass minimum temperature is the lowest
temperature reached overnight by a thermometer
freely exposed to the sky just above short grass. The
temperature is measured with a minimum ther-
mometer such as that described in section 2.2.1.3.
The thermometer should be mounted on suitable
supports so that it is inclined at an angle of about 2°
from the horizontal position, with the bulb lower
than the stem, 25 to 50 mm above the ground and
in contact with the tips of the grass. When the
ground is covered with snow, the thermometer
should be supported immediately above the surface
of the snow, as near to it as possible without actu-
ally touching it.

Normally, the thermometer is exposed at the last
observation hour before sunset, and the reading
is taken the next morning. The instrument is kept
within a screen or indoors during the day.
However, at stations where an observer is not
available near sunset, it may be necessary to leave
the thermometer exposed throughout the day. In
strong sunshine, exposing the thermometer in
this way can cause the spirit to distil and collect
in the top of the bore. This effect can be mini-
mized by fitting a cotton sock on a black metal
shield over the safety chamber end of the ther-
mometer; this shield absorbs more radiation and
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consequently reaches a higher temperature than
the rest of the thermometer. Thus, any vapour
will condense lower down the bore at the top of
the spirit column.

2223 Measuring soil temperatures

The standard depths for soil temperature measure-
ments are 5, 10, 20, 50 and 100 cm below the
surface; additional depths may be included. The
site for such measurements should be a level plot of
bare ground (about 75 cm® and typical of the
surrounding soil for which information is required.
If the surface is not representative of the general
surroundings, its extent should not be less than 100
m’. When the ground is covered with snow, it is
desirable to measure the temperature of the snow
cover as well. Where snow is rare, the snow may be
removed before taking the readings and then
replaced.

When describing a site for soil temperature meas-
urements, the soil type, soil cover and the degree
and direction of the ground’s slope should be
recorded. Whenever possible, the physical soil
constants, such as bulk density, thermal conductiv-
ity and the moisture content at field capacity,
should be indicated. The level of the water table (if
within 5 m of the surface) and the soil structure
should also be included.

At agricultural meteorological stations, the contin-
uous recording of soil temperatures and air
temperatures at different levels in the layer adjacent
to the soil (from ground level up to about 10 m
above the upper limit of prevailing vegetation) is
desirable.

223 Thermometer siting and exposure

Both ordinary thermometers and maximum and
minimum thermometers are always exposed in a
thermometer screen placed on a support. Extreme
thermometers are mounted on suitable supports
so that they are inclined at an angle of about 2°
from the horizontal position, with the bulb being
lower than the stem.

The siting and exposure of grass minimum ther-
mometers is as prescribed in section 2.2.2.2.
At a station where snow is persistent and of vary-
ing depth, it is possible to use a support that
allows the thermometers to be raised or lowered
to maintain the correct height above the snow
surface.
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2.2.4 Sources of error in liquid-in-glass

thermometers

The main sources of error common to all liquid-

in-glass thermometers are the following:

(a) Elastic errors;

(b) Errors caused by the emergent stem;

(c) Parallax and gross reading errors;

(d) Changes in the volume of the bulb produced
by exterior or interior pressure;

(e) Capillarity;

(f) Errors in scale division and calibration;

(g) Inequalities in the expansion of the liquid
and glass over the range considered.

The last three errors can be minimized by the
manufacturer and included in the corrections to
be applied to the observed values. Some
consideration needs to be given to the first three
errors. Error (d) does not usually arise when the
thermometers are used for meteorological
purposes.

2.2.4.1 Elastic errors

There are two kinds of elastic errors, namely revers-
ible and irreversible errors. The first is of importance
only when a thermometer is exposed to a large
temperature range in a short period of time. Thus,
if a thermometer is checked at the steam point and
shortly afterwards at the ice point, it will read
slightly too low at first and then the indicated
temperature will rise slowly to the correct value.
This error depends on the quality of the glass
employed in the thermometer, and may be as much
as 1 K (with glass of the highest quality it should be
only 0.03 K) and would be proportionately less for
smaller ranges of temperature. The effect is of no
importance in meteorological measurements, apart
from the possibility of error in the original
calibration.

The irreversible changes may be more significant.
The thermometer bulb tends to contract slowly
over a period of years and, thus, causes the zero to
rise. The greatest change will take place in the first
year, after which the rate of change will gradually
decrease. This alteration can be reduced by
subjecting the bulb to heat treatment and by using
the most suitable glass. Even with glass of the
highest quality, the change may be about 0.01 K per
year at first. For accurate work, and especially with
inspector or check thermometers, the zero should
be redetermined at the recommended intervals and
the necessary corrections applied.

1.2-7

2.2.4.2 Errors caused by the emergent stem
A thermometer used to measure air temperature is
usually completely surrounded by air at an approxi-
mately uniform temperature, and is calibrated by
immersing the thermometer either completely or
only to the top of the mercury column (namely,
calibrated by complete or partial immersion). When
such a thermometer is used to determine the
temperature of a medium which does not surround
the stem, so that the effective temperature of the
stem is different from that of the bulb, an error will
result.

For meteorological applications, the most likely
circumstance where this might be encountered is
when checking the calibration of an ordinary ther-
mometer in a vessel containing another liquid at a
temperature significantly different from ambient
temperature and only the bulb or lower part of the
stem is immersed.

2.2.43 Parallax and gross reading errors

If the thermometer is not viewed on the plane that
is perpendicular to the stem of the thermometer,
parallax errors will arise. The error increases with
the thickness of the thermometer stem and the
angle between the actual and the correct line of
sight. This error can be avoided only by taking great
care when making an observation. With mercury-
in-glass thermometers suspended vertically, as in
an ordinary screen, the thermometer must be
viewed at the horizontal level of the top of the
mercury column.

Errors can also occur because observers usually
disturb the surroundings in some way when they
approach to read the thermometer. It is, therefore,
necessary for observers to take the readings to the
nearest tenth of a degree as soon as possible. Gross
reading errors are usually 1, 5 or 10° in magnitude.
Such errors will be avoided if observers recheck the
tens and units figure after taking their initial
reading.

2244 Errors due to differential expansion

The coefficient of cubical expansion of mercury is
1.82 - 10 K!, and that of most glass lies between
1.0 - 105 and 3.0 - 10~° K-!. The expansion coeffi-
cient of the glass is, thus, an important fraction of
that of mercury and cannot be neglected. As neither
the coefficients of cubical expansion of mercury
and glass nor the cross-sectional area of the bore of
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the stem are strictly constant over the range of
temperature and length of the stem being used, the
scale value of unit length of the stem varies along
the stem, and the thermometer has to be calibrated
by the manufacturer against a standard thermome-
ter before it can be used.

2.2.45 Errors associated with spirit

thermometers

The expansion coefficients of the liquids used in spirit

thermometers are very much larger than those of

mercury, and their freezing points are much lower

(ethyl alcohol freezes at -115°C). Spirit is used in

minimum thermometers because it is colourless and

because its larger expansion coefficient enables a

larger bore to be used. Spirit thermometers are less

accurate than mercury thermometers of similar cost
and quality. In addition to having the general dis-
advantages of liquid-in-glass thermometers, spirit
thermometers have some peculiarities to themselves:

(a) Adhesion of the spirit to the glass: Unlike
mercury, organic liquids generally wet the
glass. Therefore, when the temperature falls
rapidly, a certain amount of the liquid may
remain on the walls of the bore, causing the
thermometer to read low. The liquid gradually
drains down the bore if the thermometer is
suspended vertically;

(b) Breaking of the liquid column: Drops of the
liquid often form in the upper part of the
thermometer stem by a process of evapo-
ration and condensation. These can be
reunited with the main column, but errors
may be caused at the beginning of the proc-
ess before it is noticed. The column is also
often broken during transport. This error is
reduced during manufacture by sealing off
the thermometer at its lowest temperature
so that it contains the maximum amount of
air in the stem;

(c) Slow changes in the liquid: The organic liquids
used tend to polymerize with age and expo-
sure to light, with a consequent gradual dimi-
nution in liquid volume. This effect is speeded
up by the presence of impurities; in particular,
the presence of acetone in ethyl alcohol has
been shown to be very deleterious. Great care
has therefore to be taken over the prepara-
tion of the liquid for the thermometers. This
effect may also be increased if dyes are used to
colour the liquid to make it more visible.

The reduction of errors caused by breakage in the
liquid column and the general care of spirit ther-
mometers are dealt with later in this chapter.
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2.2.5 Comparison and calibration in the
field and laboratory
2.2.51 Laboratory calibration

Laboratory calibrations of thermometers should be
carried out by national testing institutions or
accredited calibration laboratories. For liquid-in-
glass thermometers, a liquid bath should be
employed, within which it should be possible to
maintain the temperature at any desired values
within the required range. The rate of temperature
change within the liquid should not exceed the
recommended limits, and the calibration apparatus
should be provided with a means of stirring the
liquid. The reference thermometers and thermome-
tersbeing tested should be suspended independently
of the container and fully immersed, and should
not touch the sides.

Sufficient measurements should be taken to ensure
that the corrections to be applied represent the
performance of the thermometer under normal
conditions, with errors due to interpolation at any
intermediate point not exceeding the non-system-
atic errors (see Part III, Chapter 4).

2.2.5.2 Field checks and calibration

All liquid-in-glass thermometers experience grad-
ual changes of zero. For this reason, it is desirable
to check them at regular intervals, usually about
once every two years. The thermometers should
be stored in an upright position at room tempera-
ture for at least 24 h before the checking process
begins.

The ice point may be checked by almost filling a
Dewar flask with crushed ice made from distilled
water and moistening it with more distilled water.
The space between the ice pieces as well as the
bottom of the vessel should be free from air. The
water should remain 2 cm beneath the ice surface.
An ordinary Thermos flask will accommodate the
total immersion of most thermometers up to their
ice point. The thermometers should be inserted so
that as little of the mercury or spirit column as
possible emerges from the ice. An interval of at least
15 min should elapse to allow the thermometer to
take up the temperature of the melting ice before a
reading of the indicated temperature is taken. Each
thermometer should be moved backwards and
forwards through the mixture and immediately
read to a tenth part of the scale interval. Further
readings at 5 min intervals should be taken and a
mean value computed.
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Other points in the range can be covered by refer-
ence to a travelling standard or inspector
thermometer. Comparison should be made by
immersing the reference thermometer and the ther-
mometer, or thermometers, to be tested in a deep
vessel of water. It is generally better to work indoors,
especially if the sun is shining, and the best results
will be obtained if the water is at, or close to, ambi-
ent temperature.

Each thermometer is compared with the refer-
ence thermometer; thermometers of the same
type can be compared with each other. For each
comparison, the thermometers are held with their
bulbs close together, moved backwards and
forwards through the water for about 1 min, and
then read. It must be possible to read both ther-
mometers without changing the depth of
immersion; subject to this, the bulbs should be as
deep in the water as possible. Most meteorologi-
cal thermometers are calibrated for total
immersion; provided that the difference between
the water and air temperature is not more than 5
K, the emergent stem correction should be negli-
gible. Often, with the bulbs at the same depth,
the tops of the columns of mercury (or other
liquid) in the reference thermometer and the
thermometer being checked will not be very close
together. Particular care should therefore be taken
to avoid parallax errors.

These comparisons should be made at least three
times for each pair of thermometers. For each set of
comparisons, the mean of the differences between
readings should not exceed the tolerances specified
in the table in section 2.1.3.2.

Soil thermometers may be tested in this manner,
but should be left in the water for at least 30 min
to allow the wax in which the bulbs are embed-
ded to take up the temperature of the water. The
large time-constant of the soil thermometer
makes it difficult to conduct a satisfactory check
unless the temperature of the water can be kept
very steady. If the test is carefully carried out in
water whose temperature does not change by
more than 1 K in 30 min, the difference from the
corrected reading of the reference thermometer
should not exceed 0.25 K.

2.2.6 Corrections

When initially issued, thermometers identified by a
serial number should be provided with either a
dated certificate confirming compliance with the
uncertainty requirement, or a dated calibration
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certificate giving the corrections that should be
applied to the readings to achieve the required
uncertainty.

In general, if the errors at selected points in the
range of a thermometer (for example, 0°C, 10°C,
20°C) are all within 0.05 K, no corrections will be
necessary and the thermometers can be used directly
as ordinary thermometers in naturally ventilated
screens and as maximum, minimum, soil or grass
minimum thermometers. If the errors at these
selected points are greater than 0.05 K, a table of
corrections should be available to the observer at
the place of reading, together with unambiguous
instructions on how these corrections should be
applied.

Thermometers for which certificates would normally

be issued are those:

(a) For use in ventilated psychrometers;

(b) For use by inspectors as travelling standards;

(c) For laboratory calibration references;

(d) For special purposes for which the application
of corrections is justified.

For psychrometric use, identical thermometers
should be selected.

2.2.7 Maintenance

2.2.7.1 Breakage in the liquid column

The most common fault encountered is the break-
ing of the liquid column, especially during transit.
This is most likely to occur in spirit (minimum)
thermometers. Other problems associated with
these thermometers are adhesion of the spirit to
the glass and the formation by distillation of
drops of spirit in the support part of the bore.

A broken liquid column can usually be reunited
by holding the thermometer bulb-end downward
and tapping the thermometer lightly and rapidly
against the fingers or something else which is
elastic and not too hard. The tapping should be
continued for some time (5 min if necessary), and
afterwards the thermometer should be hung, or
stood, upright in a suitable container, bulb
downward, for at least 1 h to allow any spirit
adhering to the glass to drain down to the main
column. If such treatment is not successful, a
more drastic method is to cool the bulb in a
freezing mixture of ice and salt, while keeping
the upper part of the stem warm; the liquid will
slowly distil back to the main column.
Alternatively, the thermometer may be held
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upright with its bulb in a vessel of warm water,
while the stem is tapped or shaken from the water
as soon as the top of the spirit column reaches the
safety chamber at the top of the stem. Great care
must be taken when using this method as there is a
risk of bursting the thermometer if the spirit
expands into the safety chamber.

2.2.7.2 Scale illegibility

Another shortcoming of unsheathed liquid-in-
glass thermometers is that with time their scale
can become illegible. This can be corrected at the
station by rubbing the scale with a dark crayon or
black lead pencil.

2.2.8 Safety

Mercury, which is the liquid most commonly
used in liquid-in-glass thermometers, is poison-
ous if swallowed or if its vapour is inhaled. If a
thermometer is broken and the droplets of
mercury are not removed there is some danger to
health, especially in confined spaces. (Advice on
cleaning up after a breakage is given in Part I,
Chapter 3, in section 3.2 on mercury barometers.)
There may also be restrictions on the carriage of
mercury thermometers on aircraft, or special
precautions that must be taken to prevent the
escape of mercury in the event of a breakage. The
advice of the appropriate authority or carrier
should be sought.

23 MECHANICAL THERMOGRAPHS

2.3.1 General description

The types of mechanical thermographs still
commonly used are supplied with bimetallic or
Bourdon-tube sensors since these are relatively
inexpensive, reliable and portable. However, they
are not readily adapted for remote or electronic
recording. Such thermographs incorporate a
rotating chart mechanism common to the family
of classic recording instruments. In general, ther-
mographs should be capable of operating over a
range of about 60 K or even 80 K if they are to be
used in continental climates. A scale value is
needed such that the temperature can be read to
0.2 K without difficulty on a reasonably sized
chart. To achieve this, provisions should be made
for altering the zero setting of the instrument
according to the season. The maximum error of a
thermograph should not exceed 1 K.
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2.3.1.1 Bimetallic thermograph

In bimetallic thermographs, the movement of the
recording pen is controlled by the change in
curvature of a bimetallic strip or helix, one end of
which is rigidly fixed to an arm attached to the
frame. A means of finely adjusting this arm should
be provided so that the zero of the instrument
can be altered when necessary. In addition, the
instrument should be provided with a means of
altering the scale value by adjusting the length of
the lever that transfers the movement of the
bimetal to the pen; this adjustment is best left to
authorized personnel. The bimetallic element
should be adequately protected from corrosion;
this is best done by heavy copper, nickel or chro-
mium plating, although a coat of lacquer may be
adequate in some climates. A typical time-
constant of about 235 s is obtained at an air speed
of 5m sl

23.1.2 Bourdon-tube thermograph

The general arrangement is similar to that of the
bimetallic type but its temperature-sensitive
element is in the form of a curved metal tube of flat,
elliptical section, filled with alcohol. The Bourdon
tube is less sensitive than the bimetallic element
and usually requires a multiplying level mechanism
to give sufficient scale value. A typical time-constant
is about 6 s at an air speed of 5 m s

2.3.2 Measurement procedures

In order to improve the resolution of the reading,
thermographs will often be set, in different
seasons, to one of two different ranges with corre-
sponding charts. The exact date for changing
from one set of charts to the other will vary
according to the locality. However, when the
change is made the instrument will need to be
adjusted. This should be done either in the screen
on a cloudy, windy day at a time when the
temperature is practically constant or in a room
where the temperature is constant. The adjust-
ment is made by loosening the screw holding the
pen arm to the pen spindle, moving the pen arm
to the correct position and retightening, the
screws. The instrument should then be left as is
before rechecking, and any further adjustments
made as necessary.

233 Exposure and siting

These instruments should be exposed in a large
thermometer screen.
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234 Sources of error

In the thermograph mechanism itself, friction is
the main source of error. One cause of this is bad
alignment of the helix with respect to the spindle.
Unless accurately placed, the helix acts as a power-
ful spring and, if rigidly anchored, pushes the main
spindle against one side of the bearings. With
modern instruments this should not be a serious
problem. Friction between the pen and the chart
can be kept to a minimum by suitably adjusting the
gate suspension.

235 Comparison and calibration

2.3.5.1 Laboratory calibration

There are two basic methods for the laboratory
calibration of bimetallic thermographs. They may be
checked by fixing them in a position with the
bimetallic element in a bath of water. Alternatively,
the thermograph may be placed in a commercial
calibration chamber equipped with an air temperature
control mechanism, a fan and a reference
thermometer.

Comparisons should be made at two temperatures;
from these, any necessary changes in the zero and
magnification can be found. Scale adjustments
should be performed by authorized personnel, and
only after reference to the appropriate manufac-
turer’s instrument handbook.

2352 Field comparison

The time-constant of the instrument may be as low
as one half that of the ordinary mercury thermom-
eter, so that routine comparisons of the readings of
the dry bulb and the thermograph at fixed hours
will, in general, not produce exact agreement even
if the instrument is working perfectly. A better
procedure is to check the reading of the instrument
on a suitable day at a time when the temperature is
almost constant (usually a cloudy, windy day) or,
alternatively, to compare the minimum readings of
the thermograph trace with the reading of the mini-
mum thermometer exposed in the same screen.
Any necessary adjustment can then be made by
means of the setting screw.

2.3.6 Corrections

Thermographs would not normally be issued with
correction certificates. If station checks show an
instrument to have excessive errors, and if these
cannot be adjusted locally, the instrument should

1.2-11

be returned to an appropriate calibration laboratory
for repair and recalibration.

2.3.7 Maintenance

Routine maintenance will involve an inspection of
the general external condition, the play in the bear-
ings, the inclination of the recording arm, the set of
the pen, and the angle between the magnification
arm and recording arm, and a check of the chart-
drum clock timing. Such examinations should be
performed in accordance with the recommenda-
tions of the manufacturer. In general, the helix
should be handled carefully to avoid mechanical
damage and should be kept clean. The bearings of
the spindle should also be kept clean and oiled at
intervals using a small amount of clock oil. The
instrument is mechanically very simple and,
provided that precautions are taken to keep the fric-
tion to a minimum and prevent corrosion, it should
give good service.

2.4 ELECTRICAL THERMOMETERS

2.4.1 General description

Electrical instruments are in widespread use in
meteorology for measuring temperatures. Their
main virtue lies in their ability to provide an
output signal suitable for use in remote indica-
tion, recording, storage, or transmission of
temperature data. The most frequently used
sensors are electrical resistance elements, semi-
conductor thermometers (thermistors) and
thermocouples.

2.4.1.1 Electrical resistance thermometers

A measurement of the electrical resistance of a
material whose resistance varies in a known manner
with the temperature of the material can be used to
represent the temperature.

For small temperature changes, the increase in resist-
ance of pure metals is proportional to the change in
temperature, as expressed in equation 2.2:

Ry =R, [1+a(T-T,] (2.2)
where (T - T,) is small; R is the resistance of a fixed
amount of the metal at temperature T; R, is its
resistance at a reference temperature T, and « is

the temperature coefficient of resistance in the
vicinity of T,
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With 0°C as the reference temperature,
equation 2.2 becomes:
R,=R,(1+a-t) (2.3)

For larger temperature changes and for certain
metallic alloys, equation 2.4 expresses the relation-
ship more accurately:

Rr=R,[1+a(T-Ty+p(T-T," (2.4)

With 0°C as the reference temperature,
equation 2.4 becomes:

Rr=R,(1+a-t+p-1?) (2.5)

These equations give the proportional change in
resistance of an actual thermometer, so that values
for the coefficients « and 8 can be found by calibra-
tion of the thermometer concerned. Based on these
results, the inverse function, namely, t as a function
of R, can be derived. Such a function may be
expressed in terms of a linear series of (R, — R;),
namely, t =t (R, - Rp) = ¢; (R, — Ry) + ¢, (R, - Rp)?
+ ...

A good metal resistance thermometer will satisfy

the following requirements:

(a) Its physical and chemical properties will
remain the same through the temperature
measurement range;

(b) Its resistance will increase steadily with
increasing temperature without any disconti-
nuities in the range of measurement;

(c) External influences such as humidity, corro-
sion or physical deformations will not alter its
resistance appreciably;

(d) Its characteristics will remain stable over a
period of two years or more;

(e) Its resistance and thermal coefficient should
be large enough to be useful in a measuring
circuit.

Pure platinum best satisfies the foregoing require-
ments. Thus, it is used for the primary standard
thermometers needed for transferring the ITS-90
between instrument locations. Platinum ther-
mometers are also used for secondary standards
and for operational sensors.

Practical thermometers are artificially aged before
use and are commonly made from platinum
alloys, nickel and occasionally tungsten for mete-
orological purposes. Usually they are hermetically
sealed in a ceramic sheath. Their time-constant is
smaller than that of liquid-in-glass thermometers.
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2.4.1.2 Semiconductor thermometers

Another type of resistance element in common use
is the thermistor. This is a semiconductor with a
relatively large temperature coefficient of resist-
ance, which may be either positive or negative
depending upon the actual material. Mixtures of
sintered metallic oxides are suitable for making
practical thermistors, which usually take the form
of small discs, rods or spheres and are often glass-
coated. The general expression for the temperature
dependence of the resistance, R, of the thermistor is
given in equation 2.6:

R=aexp (b/T) (2.6)
where a and b are constants and T is the tempera-
ture of the thermistor in kelvins.

The advantages of thermistors from a thermometric

point of view are as follows:

(@) The large temperature coefficient of
resistance enables the voltage applied across
a resistance bridge to be reduced while
attaining the same sensitivity, thus reducing
or even eliminating the need to account for
the resistance of the leads and its changes;

(b) The elements can be made very small, so
their very low thermal capacities can yield
a small time-constant. However, very small
thermistors with their low thermal capacity
have the disadvantage that, for a given
dissipation, the self-heating effect is greater
than for large thermometers. Thus, care
must be taken to keep the power dissipation
small.

A typical thermistor has a resistance which varies
by a factor of 100 or 200 over the temperature range
—-40 to 40°C.

241.3 Thermocouples

In 1821 Seebeck discovered that a very small
contact electromotive force was set up at the place
where two different metals touched. If a simple
circuit is made with two metals and with the
conjunction at the same temperature, there will be
no resultant electromotive force in the circuit
because the two electromotive forces, one at each
junction, will exactly oppose and cancel one
another. If the temperature of one junction is
altered, the two electromotive forces no longer
balance and there is a net electromotive force set
up in the circuit; a current will then flow. When
there are several junctions, the resultant
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electromotive force is the algebraic sum of the
individual electromotive forces. The magnitude
and sign of the contact electromotive force set up
at any one junction depend on the types of metals
joined and the temperature of the junction point,
and may be empirically represented for any two
metals by the expression:

(Ep-E)=a(T-T)+B(T-T)  (2.7)
where E . is the contact electromotive force at a
temperature T and E is the electromotive force at
some standard temperature T, a and f being
constants. If there are two junctions at tempera-
tures T, and T,, the net electromotive force E, (the
thermal electromotive force) is given by (E, - E,),
where E, is the electromotive force at temperature
T, and E, is the contact electromotive force temper-
ature T, - E, can also be represented by a quadratic
formula of the type given for (E; - E)) to a good
approximation:

(2.8)

E =a(T,-T,)+b(T,-T,>? (2.9)
where a and b are constants for the two metals
concerned. For most meteorological purposes, it is
often possible to neglect the value of b, as it is
always small compared with a.

Thermocouples are made by welding or soldering
together wires of the metals concerned. These junc-
tions can be made very small and with negligible
heat capacity.

When used to measure temperature, a measure-
ment is taken of the electromotive force set up
when one junction is maintained at a standard
known temperature and the other junction is
allowed to take the temperature whose value is
required. This electromotive force can be directly
related to the difference in temperature between
the two junctions by previous calibration of the
system, and thus the unknown temperature is
found by adding this difference algebraically to
the known standard temperature.

In meteorology, thermocouples are mostly used
when a thermometer of very small time-constant,
of the order of 1 or 2 s, and capable of remote
reading and recording is required, usually for
special research tasks. A disadvantage, if the
absolute temperature is required, is the necessity
for a constant-temperature enclosure for both the
cold junction and ancillary apparatus for the
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measurements of the electromotive force that has
been set up; thermocouples are best suited for the
measurement of differential temperatures, since
this complication does not arise. Very high
accuracy can be achieved with suitably sensitive
apparatus, but frequent calibration is necessary.
Copper-constantan or iron-constantan
combinations are suitable for meteorological
work, as the electromotive force produced per
degree Celsius is higher than with rarer and more
expensive metals, which are normally used at
high temperatures.

2.4.2 Measurements procedures

2.4.2.1 Electrical resistances and thermistors

Electrical resistance and thermistor thermometers
may be connected to a variety of electrical meas-
urement circuits, many of which are variations of
resistance bridge circuits in either balanced or
unbalanced form. In a balanced bridge, an accu-
rate potentiometer is adjusted until no current
flows in an indicator, with the position of the
potentiometer arm being related to the tempera-
ture. In an unbalanced bridge, the out-of-balance
current may be measured by a galvanometer;
however, this current is not simply a function of
the temperature and depends in part on other
effects. An alternative which avoids this situation
is to use a constant current source to power the
bridge and to measure the out-of-balance voltage
to obtain the temperature reading.

In the case of remote measuring, it should be
taken into consideration that the wire between
the resistance thermometer and the bridge also
forms a resistance that alters depending on the
temperature. Suitable precautions can be taken to
avoid such errors.

Digital voltmeters can be used in conjunction
with a constant current source to measure the
temperature-dependent voltage drop across the
thermometer element; the output can be scaled
directly in temperature. Also, the digital output
can be stored or transmitted without loss of accu-
racy and, thus, be available for further use. The
digital output of the digital voltmeters can be
subsequently converted back to an analogue volt-
age, if desired, to feed a recorder, for example.

2.4.2.2 Thermocouples

There are two main methods of measuring the elec-
tromotive force produced by thermocouples:
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(@) By measuring the current produced in the
circuit with a sensitive galvanometer;

(b) By balancing the thermoelectric electromo-
tive force with a known electromotive force,
so that no current actually flows through
the thermocouples themselves.

In method (a), the galvanometer is connected
directly in series with the two junctions. Method
(b) will generally be used if a measuring
uncertainty of better than 0.5 per cent is required.
This procedure does not depend on the magnitude
of, or changes in, the line resistance since no
current flows in the balanced condition.

243 Exposure and siting

The requirements relating to the exposure and

siting of electrical thermometers will, in general,

be the same as those for liquid-in-glass thermom-
eters (see section 2.2.3). Exceptions include the
following:

(@) The measurement of extreme values: Sepa-
rate maximum and minimum thermometers
may no longer be required if the electrical
thermometer is connected to a continu-
ously operating data recording system;

(b) The measurement of surface temperatures:

The radiative properties of electrical
thermometers will be different from
liquid-in-glass  thermometers. Electrical

thermometers exposed as grass minimum (or
other surface) thermometers will, therefore,
record different values from similarly
exposed conventional thermometers. These
differences may be minimized by placing
the electrical thermometer within a glass
sheath;

(c) The measurement of soil temperatures:
The use of mercury-in-glass thermometers
in vertical steel tubes is quite unsuitable
for the measurement of the diurnal
variation of soil temperature because of
heat conduction from the surface. It is
possible to obtain readings that are much
more representative by deploying electrical
thermometers in brass plugs, inserted at
the required depth into an undisturbed
vertical soil face, the latter having
been exposed by trenching. Electrical
connections are brought out through
plastic tubes via the trench, which is then
refilled in such a way to restore, as far as
possible, the original strata and drainage
characteristics.
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2.4.4 Sources of error

2.44.1 Electrical resistances and thermistors

The main sources of error in a temperature
measurement taken with electrical resistance
thermometers are the following:

(a) Self-heating of the thermometer element;

(b) Inadequate compensation for lead resistance;
(c) Inadequate compensation for non-linearities

in the sensor or processing instrument;
(d) Sudden changes in switch contact resistances.

Self-heating occurs because the passage of a
current through the resistance element produces
heat and, thus, the temperature of the thermom-
eter element becomes higher than that of the
surrounding medium.

The resistance of the connecting leads will intro-
duce an error in the temperature reading. This
will become more significant for long leads, for
example, when the resistance thermometer is
located at some distance from the measuring
instrument; the reading errors will also vary as
the temperature of the cables changes. These
errors can be compensated for by using extra
conductors, ballast resistors and an appropriate
bridge network.

Neither the electrical resistance thermometer nor
the thermistor is linear over an extended temper-
ature range but may approximate a linear output
if the range is limited. Provision must, therefore,
be made to compensate for such non-linearities.
This is most likely to be required for thermistors,
to achieve a usable meteorological range of
measurement.

Sudden changes in switch contact resist-
ance can occur as switches age. They may be
variable and can go undetected unless regular
system calibration checks are performed (see
section 2.4.5).

2.4.4.2 Thermocouples

The main sources of error in the measurement
of temperature using thermocouples are the
following:

(a) Changes in the resistances of the connect-
ing leads with temperature. This effect may
be minimized by keeping all the leads as
short and compact as possible, and well
insulated;



CHAPTER 2. MEASUREMENT OF TEMPERATURE

(b) Conduction along the leads from the junc-
tion when there is a temperature gradient in
the vicinity of the temperature measuring
point;

(c) Stray secondary thermal electromotive
forces due to the use of metals that are
different from the thermocouple metals in
the connecting circuit. The temperature
differences in the remainder of the circuit
must, therefore, be kept as low as possible;
this is especially important when the elec-
tromotive forces to be measured are small
(periodical recalibration will be necessary to
allow for this);

(d) Leakage currents can occur from neighbour-
ing power circuits. This can be minimized by
suitable screening of the leads;

(e) Galvanic currents can be set up if any leads or
junctions are allowed to get wet;

(f) Changes in temperature in the galvanometer
alter its characteristics (chiefly by changing its
resistance). This will not affect the readings
by the potentiometric method to any degree,
but will affect direct-reading instruments. This
effect can be minimized by keeping the temper-
ature of the galvanometer as near as possible to
that at which the circuit was calibrated;

(g In the potentiometric measurement,
changes in the electromotive force of the
standard cell against which the potenti-
ometer current is adjusted and changes in
the potentiometer current between adjust-
ments will cause corresponding errors in the
measured electromotive force. These errors
will normally be small, provided that the
standard cell is treated correctly, and that
adjustments of the potentiometer current
are made just before taking a temperature
measurement.

Errors (a) and (f) emphasize the superiority of the
potentiometric method when a very high degree of
accuracy is required.

245 Comparison and calibration

2.4.5.1 Electrical resistances and thermistors

The basic techniques and procedures for the labora-
tory calibration and field checking of electrical
thermometers will be the same as for liquid-in-glass
thermometers (see section 2.2.5). In general,
however, it will not be possible to bring a resistance
thermometer indoors since checks should include
the thermometer’s normal electrical leads. Checks
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will therefore have to be carried out with the ther-
mometers in the screen. Accurate comparative
measurements of the temperatures indicated by the
electrical thermometer and a reference mercury-in-
glass or local indicating resistance thermometer
will be difficult to achieve unless two observers are
present. Since the measurement instrument is an
integral part of the electrical thermometer, its cali-
bration may be checked by substituting the
resistance thermometer by an accurate decade
resistance box and by applying resistances equiva-
lent to fixed 5 K temperature increments over the
operational temperature range. The error at any
point should not exceed 0.1 K. This work would
normally be performed by a servicing technician.

2.4.5.2 Thermocouples

The calibration and checking of thermocouples
require the hot and cold junctions to be maintained
at accurately known temperatures. The techniques
and instrumentation necessary to undertake this
work are generally very specialized and will not be
described here.

2.4.6 Corrections

When initially issued, electrical thermometers

(which have a serial number) should be provided

with either:

(@) A dated certificate confirming compliance
with the appropriate standard; or

(b) A dated calibration certificate giving the
actual resistance at fixed points in the temper-
ature range. These resistances should be used
when checking the uncertainty of the meas-
uring instrument or system interface before
and during operation. The magnitude of the
resistance difference from the nominal value
should not, in general, be greater than an
equivalent temperature error of 0.1 or 0.2 K.

2.4.7 Maintenance

The regular field checks should identify any
changes in system calibration. These may occur as
a result of long-term changes in the electrical char-
acteristics of the thermometer, degradation of the
electrical cables or their connections, changes in
the contact resistance of switches or changes in
the electrical characteristics of the measuring
equipment. Identification of the exact source and
correction of such errors will require specialized
equipment and training and should be undertaken
only by a maintenance technician.
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2.5 RADIATION SHIELDS

A radiation shield or screen should be designed
to provide an enclosure with an internal temper-
ature that is both uniform and the same as that
of the outside air. It should completely surround
the thermometers and exclude radiant heat,
precipitation and other phenomena that might
influence the measurement. Screens with forced
ventilation, in which air is drawn over the ther-
mometer element by a fan, may help to avoid
biases when the microclimate inside the screen
deviates from the surrounding air mass. Such a
deviation only occurs when the natural wind
speed is very low (< 1 m s7!). When such artifi-
cial ventilation is used, care should be taken to
prevent the deposition of aerosols and rain drop-
lets on the sensor which decrease its temperature
towards the wet-bulb temperature. As a shield
material, highly polished, non-oxidized metal is
tavourable because of its high reflectivity and
low heat absorption. Nevertheless, thermally
insulating plastic-based material is preferable
because of its simple maintenance requirements.
Thermally insulating material must be used if
the system relies on natural ventilation.

The performance of a screen (response behaviour
and microclimate effects introducing unwanted
biases) depends predominantly on its design, in
which care must be taken to ensure both radia-
tion protection and sufficient ventilation. Since
the start of meteorological temperature measure-
ments, very diverse types of screens have been
designed. Following the introduction of temper-
ature measurements taken in automatic weather
stations, the variety of these designs has increased
significantly (see WMO, 1998a). Because of
differences in specific applications, the degree of
automation and climatology, it is difficult to
recommend one specific type of design suitable
for worldwide measurements. Nevertheless,
many investigations and intercomparisons on
designs and their performance have been carried
out. A clear overview of screen designs is given
by WMO (1972). Results of thermometer screen
intercomparisons are reported by Andersson and
Mattison (1991); Sparks (2001); WMO (1998b;
1998¢; 1998d; 2000a; 2000b; 2002b; 2002c¢;
2002d); and Zanghi (1987).

An international standard (ISO/DIS 17714)
defines most relevant screen types and describes
the methods to determine or compare screen
performances (ISO, 2004).
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2.5.1 Louvred screens

Most of the numerous varieties of louvred screen
rely on natural ventilation. The walls of such a
screen should preferably be double-louvred and the
floor should be made of staggered boards, but other
types of construction may be found to meet the
above requirements. The roof should be double-
layered, with provisions for ventilation of the space
between the two layers. In cold climates, owing to
the high reflectivity of snow (up to 88 per cent), the
screen should also have a double floor. At the same
time, however, the floor should easily drop or tilt so
that any snow entering the screen during a storm
can be removed.

The size and construction of the screen should be
such that it keeps the heat capacity as low as practi-
cable and allows ample space between the
instruments and the walls. The latter feature
excludes all possibility of direct contact between
the thermometer sensing elements and the walls,
and is particularly important in the tropics where
insolation may heat the sides to the extent that an
appreciable temperature gradient is caused in the
screen. Direct contact between the sensing elements
and the thermometer mounting should also be
avoided. The screen should be painted both inside
and outside with white, non-hygroscopic paint.

When double walls are provided, the layer of air
between them serves to reduce the amount of heat
that would otherwise be conducted from the outer
wall to the inner enclosure, especially in strong
sunshine. When the wind is appreciable, the air
between the walls is changed continually so that
the conduction of heat inwards from the outer walls
is further decreased.

The free circulation of air throughout the screen
helps the temperature of the inner wall adapt to
ambient air changes. In this way, the influence of
the inner wall upon the temperature of the ther-
mometer is reduced. Also, the free circulation of air
within the screen enables the thermometer to
follow the ambient air changes more quickly than
if radiative exchanges alone were operative.
However, the air circulating through the screen
spends a finite time in contact with the outer walls
and may have its temperature altered thereby. This
effect becomes appreciable when the wind is light
and the temperature of the outer wall is markedly
different from the air temperature. Thus, the
temperature of the air in a screen can be expected
to be higher than the true air temperature on a day
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of strong sunshine and calm wind, and slightly
lower on a clear, calm night, with errors perhaps
reaching 2.5 and -0.5 K, respectively, in extreme
cases. Additional errors may be introduced by
cooling due to evaporation from a wet screen
after rain. All these errors also have a direct influ-
ence on the readings of other instruments inside
the screen, such as hygrometers, evaporimeters,
and the like.

Errors due to variations in natural ventilation can
be reduced if the screen is fitted with a suitably
designed forced ventilation system that main-
tains a constant and known ventilation rate, at
least at low wind speeds. Care should be taken in
the design of such systems to ensure that heat
from the fan or an electrical motor does not affect
the screen temperature.

In general, only one door is needed, with the
screen being placed so that the sun does not shine
on the thermometers when the door is open at
the times of observation. In the tropics, two doors
are necessary for use during different periods of
the year. Likewise, in polar regions (where the
sun is at a low angle) precautions should be taken
to protect the inside of the screen from the direct
rays of the sun either by a form of shading or by
using a screen which is mounted so that it can be
turned to an appropriate angle while the door is
open for readings.

Although most screens are still made of wood,
some recent designs using plastic materials offer
greater protection against radiation effects
because of an improved louvre design that
provides a better air-flow. In any case, the screen
and stand should be constructed of sturdy mate-
rials and should be firmly installed so that errors
in maximum and minimum thermometer read-
ings caused by wind vibration are kept to a
minimum. In some areas where wind vibration
cannot be entirely damped, elastic mounting
brackets are recommended. The ground cover
beneath the screen should be grass or, in places
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where grass does not grow, the natural surface of
the area.

The screen should be kept clean and repainted regu-
larly; in many places, repainting the screen once
every two years is sufficient, but in areas subject to
atmospheric pollution it may be necessary to
repaint it at least once a year.

2.5.2 Other artificially ventilated shields

The main alternative to exposure in a louvred
screen, which is either naturally or artificially
ventilated, is to shield the thermometer bulb
from direct radiation by placing it on the axis of
two concentric cylindrical shields and drawing a
current of air (with a speed between 2.5 and
10 m s-1) between the shields and past the ther-
mometer bulb. This type of exposure is normal in
aspirated psychrometers (see Part I, Chapter 4). In
principle, the shields should be made of a ther-
mally insulating material, although in the
Assmann psychrometer the shields are made of
highly polished metal to reduce the absorption of
solar radiation. The inner shield is kept in contact
with a moving stream of air on both sides so that
its temperature, and consequently that of the
thermometer, can approximate very closely to
that of the air. Such shields are usually mounted
with their axes in a vertical position. The amount
of direct radiation from the ground entering
through the base of such shields is small and can
be reduced by extending the base of the shields
appreciably below the thermometer bulb. When
the artificial ventilation is provided by an electri-
cally driven fan, care should be taken to prevent
any heat from the motor and fan from reaching
the thermometers.

The design of the WMO reference psychrometer
takes careful account of the effects of radiation and
the use of artificial ventilation and shielding to
ensure that the thermometer element is at equilib-
rium at the true air temperature (see Part I,
Chapter 4).
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ANNEX

DEFINING THE FIXED POINTS OF THE INTERNATIONAL
TEMPERATURE SCALE OF 1990

The fixed points of the International Temperature
Scale of 1990 (ITS-90) of interest to meteorological
measurements are contained in Table 1, while
secondary reference points of interest to meteoro-
logical measurements are contained in Table 2.

The standard method of interpolating between the
fixed points uses formulae to establish the relation
between indications of the standard instruments
and the values of the ITS-90. The standard instru-
ment used from -259.34 to 630.74°C is a platinum
resistance thermometer for which the resistance
ratio R,,,/R, is 1.385 0; R,,, is the resistance at
100°C and R, is the resistance at 0°C.

From 0 to 630.74°C, the resistance at temperature
t is provided by the equation:

R=R,(1+A-t+B- 1) (1)

where R, is the resistance at temperature t of a
platinum wire, R, is its resistance at 0°C and A
and B are constants which are found from meas-
urements at R, at the boiling point of water and
the freezing point of zinc.

From -189.344 2°C to 0°C, the resistance at temper-
ature t is provided by the equation:

R,=R,(1+A-t+B-+C-(-100) - 3) (2)
where R, R, A and B are determined as for

equation 1 above and C is found by measurement
at the boiling point of oxygen.

Table 1. Defining fixed points on the ITS-90

Assigned value of ITS
Equilibrium state

K °C
Equilibrium between the solid, liquid and vapour phases of argon
(triple point of argon) 83.8058 -189.344 2
Equilibrium between the solid, liquid and vapour phases of mercury
(triple point of mercury) 2343156 -38.834 4
Equilibrium between the solid, liquid and vapour phases of water
(triple point of water) 273.160 0 0.01
Equilibrium between the solid and liquid phases of gallium
(freezing point of gallium) 302.914 6 29.764 6
Equilibrium between the solid and liquid phases of indium
(freezing point of indium) 429.748 5 156.598 5
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Table 2. Secondary reference points and their temperatures on the ITS-90
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Equilibrium state

Assigned value of ITS

K

‘C

Equilibrium between the solid and vapour phases of carbon dioxide
(sublimation point of carbon dioxide) at standard atmospheric pressure P,
(1 013.25 hPa).

The temperature t as a function of the vapour pressure of carbon dioxide is
given by the equation:

t=[1.21036-1072 (p-p,) -8.91226 - 10’6(p—p0)2 ~ 78.464] °C

where p is the atmospheric pressure in hPa, in the temperature range 194
to 195K

Equilibrium between the solid and liquid phases of mercury (freezing point of
mercury) at standard atmospheric pressure

Equilibrium between ice and air-saturated water (ice-point) at standard
atmospheric pressure

Equilibrium between the solid, liquid and vapour phases of phenoxybenzene
(diphenyl ether) (triple point of phenoxybenzene)

194.686

234.296

273.150

300.014

-78.464

-38.854

0.00

26.864
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