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ABSTRACT

Temperature has always been a central quantity in meteorology and plays a key role in
weather forecast and climate determination. Long temperature series are a useful tool
both as a direct indicator of global climatic trends and as input to climate models.
However, ensuring the quality of the data records is challenging, with issues arising from
the wide range of sensors used, how the sensors were calibrated, and how the data were
recorded and written down. In particular, the very definition of the temperature scales
has evolved. While the temperature scales have always been tied to phase transitions of
substances such as the freezing and boiling points of water, the temperatures assigned
to those phase transitions have been revised occasionally when new sensors and
measuring techniques suggested discrepancies between the temperature scales and
thermodynamic temperature. Invariably this has led to alterations in the reference scales
of temperature that give rise to biases when compiling historic temperature records, an
issue that appears to be neglected in the meteorological literature. The present work
deals with this issue for 20th century data by proposing a mathematical model to allow
the conversion from historical scales to the International Temperature Scale of 1990 (ITS-
90). This work also presents the implementation of this mathematical model into a
software tool, which can convert large files of historical records to the ITS-30. The
correction equation is applied to example observations, and it is found that the
correction becomes an issue in special cases involving aggregated temperature data.
However, the corrections are significantly smaller than the global warming trend seen in
the 20th century. The corrections applied have shown a level of change, which has not
significantly affected the global warming trend.
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Establishing long instrumental temperature records

IS an important part of ongoing climate research. — | L4
Global Average Temperature 1850 - 2018

-08 ©

Such records are used: . %
a

to constrain models of earth’s climate system 4 §
(Brohan et al., 2012), (2 &
L0 §

to establish long-term trends in temperature, 0.2 E
2

(Morice et al., 2012 on the HadCRUT4 data set),

Land data prepared by Berkeley Earth and combined | -0.4
with ocean data adapted from the UK Hadley Centre

(@]
Global temperature anomalies relative to 1951-1980 average | -0.6 O

and for validation of proxies used to extend the | | | | | VORI S ek S5 confidencn Intervnts B
temperature record further back in time (Jones and o0 G00 IS0 RGN RS RR0) R000; e
Mann, 2004).
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When the thermometer was invented there was still no accepted standard for calibration. The ways in which
people tried to find a reference point were ridiculously arbitrary; they used standards as wide-ranging as the

melting point of butter, the internal temperature of animals, the cellar temperature of the Observatoire de Paris,
the warmest or coldest day of the year in various cities, and “glowing coals in the kitchen fire.”
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In Climatology, a tacit assumption behind the homogenization of long temperature records is
a consistent definition of the temperature scale.

This is more or less true for the freezing point of water, which has
served as anchor points to calibrate thermometers since the 17th
century.

However, all other temperatures have relied on the thermal behaviour
of other substances, such as the expansion of mercury and
ethanol/water mixtures, or electrical resistance. e

thermometer, established 0°F as the lowest
consistent temperature he could replicate in

The nonlinearity of the thermal properties means that the choice of his laboratory by mixing salt with water, a
instrument has a subtle effect on the temperature scale itself: it mEt:f:bfgiﬁj;‘?:"gego'::;;;’rir:l?;f;ifr:iably
introduces a bias in long temperature records, which appears to 1724 Fahrenheit scale |
be neglected in the meteorological (and now climatological) literature. Logs Sl scale

1854 Kelvin thermodynamic scale
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As (here) we know, during the history of temperature measurements, different temperature scales
were introduced and used.

This fact means that a temperature readings taken from a calibrated thermometer before ITS 90
would be different from today’s reading. This difference is caused by the usage of various fixed
points and interpolating functions during the evolution of temperature scales.

Measurement theory:
~ Empirical temperature scales are ordinal scales:
+ Historic Fahrenheit mercury-based scale
+ Historic Celsius mercury-based scale
+ Callendar scale
« ITS-27,1TS-48, IPTS-68 and ITS-90
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On the other hand, the freezing point of water remains correction free in all revisions

Absolute Steam
zera _point ..
L 1937
.......... =
K —_nc — - 1948
_____________________________________ jl The ice point was and still is
el used as a key calibration point ; 1954
S35k iy 501 in meteorologlcal thermometers % iobi
0K K = uUELE
Iy aradion E et oD O L IS T |
2019
oK (U= 207 1K I
HO+—— > 20XX
o 273.160XXIK (U < 202 pK) E

Thus, in the vicinity of 0 °C, it is possible to construct simplified mathematical functions to map from
one scale to another: indeed, in the range from —-50 to +50 °C, which is most relevant to temperature
measurement on the earth, a simple polynomial is sufficient.
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However, the empirical nature of the temperature scales precludes any simplified physical model to
inform the choice of polynomial order.

The polynomial order is a compromise between a desire to decrease the number of degrees of freedom
in the fitting procedure, and a desire to capture the nonlinear behaviour of the correction.

Table 1. 7~ Polynomial coetficients.

tog = Iy + I 19271968 1969—1989
a, 4.17095 % 10~ ~8.31908 X 10~
a, ~6.85871x 10~ ~2.07761 x 10~
_ 2 3 4 a, 4.84595 x 107° —3.7404 x 1077
e =ay T a l +dyl +d3l +aul a; 3.44392x 1078 ~5.78149x 10~
a —~7.24503  10~10 ~1.09541x 1071

We have used the Akaike’s information criterion (AIC) (Akaike, 1974) to aid in order selection.
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Table 2. The differences 795 — ;7 in mK for typical temperatures.

Difference in mK between historical
data and I'TS-90 for typical temperatures

Year at 25 °C at 15°C at 5°C at =5 °C at —15°C at =25 °C
1927-1968 —13.5 —8.8 -3.0 4.0 11.8 19.8
1969—-1989 —5.6 —32 —1.1 0.9 2.9 4.9

In MeteoMet we developed a conversion program for converting historical temperature data
from ITS 27, 48, 68 and 76 to the current ITS 90
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This conversion program is capable of converting historical temperature data from the ITS
27 trough IST 48, ITS 68 and ITS 76 to the current International Temperature scale of 1990
(ITS 90). The temperature range of the conversion is set from -50 °C to 50 °C. The program
enables to convert single temperature values as well as whole data series in a predefined
format which is described in the next tab (Data Files).

g8 TolTs-90 x|

. Historical temperature data in °C Year of temperature data

19271947 T 19668-1975
™ 19481967 T 1976-1959

Converted Historical data to ITS-90 I 1990-Present

Temperature range of data
M -50°C to -40°C T -40°C to -30°C

' '@ M -30°Cto-20°C [~ -20°Cto-10°C

roCtw0C I 0°Cto10°C

qn C0Cto20°C T 20°Cto 30°C

M 30°Ctod0°C [T 40°C to 50°C

] CLEAR | CONVERT |
METEOMET project

100 years of temperature scales — BIPM — 21 May 2026 s



N Rl M Andrea

ISTITUTO NAZIONALE
DI RICERCA METROLOGICA Merlone

=] = METEOMET_calculations_modifarlsx - Excel (Attivazione del prodotta non riuscita) 2@ - B ¢
HOME | INSERISCI  LAYOUTDIPAGINA  FORMULE  DAT  REVISIONE  VISUALIZZA  ACROBAT 4 Andrea Merlone =
P . = : = e .
> Teglia Calibri A === ®-  Eestoacapo Generale - 7] Normale Neutrale valorenonv... Valore valido I:l gm =X 2 somms sutomtica A‘Y H .
el Copia ~ : : - - IEE E‘EE' : Riempimento = ozd ; . <
ncolla - e e A - = . ..y <p o Formattazione Formatta come  cella da cont... | Nota ~| Inserisci Elimina Formato rdinac Trova rea
2% % Copintomare © € 87 E D04 & | B umisei calfnen o centro ot donsle - tabella~ e - e . - € Cancella~ fitra~ seleziona=  un PDF
Appunti i) Carattere ] Allineamento ] Numeri ) Stili Celle Modifica Adobe Acrobat 0
121 - Jr .
A B c D E F G H J K L M N 0 P Q R s T
2 a0 -40,024 0,5940036 30 -30,018 0,59340036 20 20,012 0,59340036 “10 -10,006 0,99340036 0 0 0 10 9,59 1,00040016 20 13,993
3 50 -50,029 0,999420336 -40 -40,024 0,59940036 -30 -30,018 0,59940036 -20 -20,012 0,99940036 -10 -10,006 0,99940036 0 0 0 10 9,996
4 [ 75 -48value 50 175 -48 value -40 TS -48 value 30 175 48 value 20 TS 48 value -10 [ i7s-48vatue 10 [ i7s-48vatue
5 0,999410348 -49,9705174 0,99340036 -39,97601439 0,99940036 -29,98201079 0,99940036 -19,9880072 0,99940036 -9,994003598 1,00040016 10,0040016 1,000375141
5 Converted to IST68 Converted to IST 68 Converted to IST 68 Converted to ST 68 Converted to IST68 Converted to IST68
7 | 0,99959984 9,9959984] [ o0,999624859
g
B ITS 68-ITS 90
10 -40 -40,008 0,59980004 -30 -30,006 0,59980004 -20 -20,004 0,59980004 -10 -10,002 0,99980004 0 0 0 10 9,998 1,00020004 20 19,995
1] 50 -50,008 0,999820032 -40 -40,008 0,59980004 -30 -30,006 0,39380004 20 -20,004 0,99380004 -10 -10,002 0,99980004 0 0 0 10 9,998
2 [ 17s-68value 50 175 -68 value a0 175 -68 value 30 175 -68 value B 175 -68 value 10 [ i7s-68value 10 [ i7s-68vale
13 0,999810036 -49,99050181 0,99980004 -39,9920016 0,99980004 -29,9940012 0,99920004 -19,9960008 0,99920004 -9,9930004 1,00020004 10,0020004 1,000225051
14 Converted to IST S0 Converted to IST 30 Converted to IST 50 Converted to IST 50 Converted to IST 50 Converted to IST 90
5 [ 0,993799%6 5,5979994) | 0,9997743a9
18 40 30 20 “10 0 10 20
19 50 -40 -30 20 -10 0 10
20 [ 75 -28value -50 175 -48 value -40 TS -48 value 30 [ 7548 value 20 ITS -48 value -10 ITS -48 value 10 ITS -48 value
21 | 0,999220493 -49,96102465 0,999200518 -39,96802072 0,999200518 -29,97601554 .I 0,999200515 -19,9840103 0,99920052 -9,9920052 1,00060028 10,0060028 1,000600275
22 Converted to IST 0 Converted to IST 50 Converted to IST 50 Converted to IST 90 Converted to IST 90 Converted to IST 90
23
24| 49,961 -50) -39,968 -40) 29,976 -30) -19,984 20 -8,99201 10 0 0 5,994 10
25 | -39,9688 -40) -29,976 -30) -19,984 -20) -9,99201 -10) 0 0 9,994 10 13,988 20
2% 0,999220488] 0,59520051] 0,599200527] 0,99320051 0,99320052 0 0,9934
27 0,99922049¢} 0,399200527] 0,59520051f 0,99920052 0 0,99940004 0,9994
28 0,999220493) 0,999200518 0,999200518 0,999200515) 0,99920052] | 0,99940004]  0,99940004 0,9994
22 5,5940004]
31 ITS 48 - ITS 68 ITS 68 - ITS 90 ITS48 - ITS 90
2| | s0 50 50
35 40 40 40
36
37 20 20 20
» / / /
40 o o o
» 2 / s 8 10 12 2 / 6 s ] 12 2 / 6 8 10 12
42 | a9 / 20 / 20 /
a5 | a0 a0 -a0
46 / y = 4E-0Bx + 0.012x5 - 0.351x* + 3.441x3 - 14.23x? + 34.30x - 73.28 / y = 2E-06x5 + 0,0128x" - 0,3519x* + 3,446x - 14,252x% + 34,33x - 73,316 ‘/y'= 5E-06x° +0,0126x" - 0,3504x" + 3,4375x" - 14,228x? + 34,293x - 73,266
47| | e 50 -60
48
49
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0.04 T T T T T T T T

] { — — —1969-1989
After selecting the year of 1927-1968
temperature data and hitting the e
CONVERT MULTI button you will
obtain the converted data set 002
according to the selected year. 5
&cf 0.01¢
After using the EXPORT button =
simply select your new file’s path % 0
and press the save button. O
-0.01
-0.02
_003 | | | | | | | | |

-50 -40 -30 -20 -10 0 10 20 30 40 50

Historical temperature value (°C)
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As an example, we examined the
correction of the daily mean

temperature record at Brera, Milano ‘ ‘
in Italy from 1927 to 2010.

Temperature medie dal 1763 al 2017 - Osservatorio Brera - Milano

The station has an almost ||
uninterrupted instrumental record | ‘u \ | | W
going back to 1763, with important o l || | |

and well documented meta- 2 I el I
information available that includes as ) (T WA |
the placement of the thermometer, "‘[ﬂ‘_‘l‘ (I
shielding, the daily reading schedule, Uy "w' |
and dates when thermometers were | | |
replaced (Maugeri et al., 2002a) |
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As an example, we examined the
correction of the daily mean
temperature record at Brera, Milano
in Italy from 1927 to 2010.

The station has an almost
uninterrupted instrumental record
going back to 1763, with important
and well documented meta-
information available that includes
the placement of the thermometer,
shielding, the daily reading schedule,
and dates when thermometers were
replaced (Maugeri et al., 2002a)
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Figure 5 Uncertainty due to instrument and correction due to revisions of the temperature scale at Brera,
Milano in Italy.
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We have selected a station in Germany instead, Wasserkuppe, which has a record from
1936, interrupted by World War Il. The uncertainty along with corrections is shown in Figure
4.

o0aF 3 3 ]

Comection

Uncertainty
D25 -

02 n

015 n

Comection/Uncedainty (°C)

005 -

nm S S

1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 41990 1995 2000 2005 2010
Time

Figure 4 Uncertainty due to the instrument, and corrections due to revisions of the temperature scale, at
Wasserkuppe, Germany. The measurement uncertainty dominates over the corrections
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As we can see, the correction leads to negligible impact, with respect to sensor
uncertainty and (more important) uncertainties on homogenization (statistical) and
measurement methods.
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Moreover.

Climate trend analsiysis are based on relative differences in the evolution of anomalies, from
baseline values of given periods, and intended as maximum and minimum values (normally related
to a month) or «maximum of the maxima»
and «minimum of the minima» of that given
period.

Global Land and Ocean

Being the difference ty, — t,, almost
simmetrically distributed in negative and
positive values, the correction leads to
negligible impact, also considering the
absolute values, being well within the
instrumental or harmonization uncertainties.
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Nevertheless

A software was developed and is now available
for any purpose and use. Try it if you like!
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Nevertheless

We gained more in deep knowledge on how to deal with historical
thermometers used in meteorology.

International Journal of Climatology

RESEARCH ARTICLE | (3 Full Access
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Nevertheless

We gained more in deep knowledge on how to deal with historical
thermometers used in meteorology.

The UK-made very old thermometer still
used in Turbat, Pakistan in 2017, having
recorded the second higher temperature
value ever measured in Asia. Calibrated,
tested and validated at INRiIM under WMO
request, showing significant accuracy, with
uncertainty in the order of 0.1 °C.

The uncertainty due to temperature scale is less than the width of the ink marks on the thermometer scale!!
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Nevertheless

The work was a part of a wider effort, started at that time, for delivering
metrological approach to climate studies. The birth of the MeteoMet «story».
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Nevertheless

The work was a part of a wider effort, started at that time, for delivering
metrological approach to climate studies. The birth of the MeteoMet «story».
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Metrologyor Meteorology

CRSY "CRIM®

Metrology for non-catching rain instruments

CLIMATE REFERENCE INSTRUMENTS anc MEASUREMENTS

CPRIN RockFall> CSimpleMetU_>
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Nevertheless

Having demonstrated no impact or correction is
a result. It contributes to further enforcing climate
change analysis and the work of climatologists.
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Finally, in science a negative or null result is a result.

Also when we answer to a question that no one posed!
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Thank you

Kyusushigatake Meteorological Observatory, Mt. Fuji, 1937.
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