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How do we define the common temperature 
measurements?
Many different temperature measurements are 
routinely collected by organisations around the 
world, encompassing different depths within the 
ocean, the ground surface and many levels within 
the atmosphere, all the way into the stratosphere.
For monitoring the climate, C3S mainly uses surface
air temperature, which is also called 2 m air 
temperature as it is measured away from the main 
influences of the ground. Surface temperatures 
across the ocean - sea surface temperature (SST) 
and sea ice surface temperature – are also used for 
climate monitoring, as is lake surface water 
temperature.
Land (or ground) surface temperature refers to the 
temperature of the land itself. These temperatures 
can be several degrees warmer or cooler than the 
surface air temperature. In urban areas, for example, 
materials such as asphalt, concrete and artificial 
grass tend to absorb heat more readily than natural 
surfaces. This also contributes to the ‘urban heat 
island’ effect, where urban environments are 
significantly warmer than surrounding rural areas. 
C3S does not currently have a dataset for land 
surface temperature.



Source: climate.copernicus.eu

How is temperature measured?
Data on temperature are collected in a variety of 
ways. These include in situ measurements at 
weather stations, or on ships or buoys, for example. 
While in situ data records are only available for 
limited locations, satellites can theoretically measure 
any surface at any time. Rather than directly 
measuring temperature, they capture information on 
radiation at different wavelengths, such as 
infrared[…]
To understand climate change and weather 
extremes, it is important to have complete and 
evenly distributed records in space and in time. 
Even with satellites, observations do not provide a 
full picture across the entire globe at any given point 
in time. This is where reanalysis data are a powerful 
tool. These combine observational data with 
computer models to build a globally complete and 
consistent dataset, and are sometimes referred to as 
‘maps without gaps’.



What is a reference measurement?

Short Course 4.16 - Reference Measurements for Climate Studies and Applications - EGU25 Vienna

Definition by VIM (Vocabulaire
international de métrologie)



What are reference networks?
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What are reference networks?
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These networks provide metrologically traceable observations, with quantified uncertainty, at a limited 
number of locations, or for a limited number of observing platforms, for which traceability has been 
attained.
● The measurements are traceable through an unbroken processing chain (in which the 
uncertainty arising in each step has been rigorously quantified) to SI units, Common Reference Points 
defined by BIPM, or community recognized standards (ideally recognized by National Metrology 
Institutes), using accepted best practices at any time as documented in the accessible literature. 
● Uncertainties arising from each step in the processing chain are fully quantified and 
included in the resulting data. Uncertainties are reported for each data point. Individual components 
of the uncertainty budget are available. Where uncertainties are correlated, these are appropriately 
handled. 
● The measurements are representative of the broader surroundings and the site 
environment is stable (e.g., there is no ongoing or planned large-scale land-use or land-cover change of 
human origin for terrestrial sites).
● Full metadata concerning the measurements is captured and retained, along with the original 
raw data, to allow subsequent reprocessing of entire data streams as necessary by any user. 
● The measurement and its uncertainty are verified through complementary, redundant 
observations of the same measurand on a sufficiently routine basis which might vary by instrument 
and site type. This can be achieved via a variety of means including sustained redundant observations, 
round-robin intercomparisons, travelling standards.
● All data and metadata are made freely available to users.
● The observations programme is actively managed and has a commitment to long-term 
operation, to the extent possible. 
● Change management is robust including a sufficient programme of parallel and/or redundant 
measurements to fully understand the impact of any changes that do occur upon the measurement 
uncertainties. Unnecessary changes are minimized. 
● Measurement technology innovation is pursued. New measurement capabilities through 
new measurement techniques, or innovations to existing techniques, which demonstrably improve the 
ability to characterize the measurand, are encouraged. These innovations must be managed in such a 
way as to understand their impacts on the measurement series before they are deployed



Climate reference data: A series of traceable measurement results
able to quantify the variability and change of climate-relevant
variables.
i. The result of the measurement is a single record of the observed parameter, while the overall

measurand is the variability and change of the variable.
ii. To be traceable, a measurement result requires that each instrument involved in the

measurement process is related to a reference standard of the System of Units (SI) or other
standards through a documented unbroken chain of calibrations.

iii. The absolute requirement of a measurement is that it be made in such a way that after
accounting for all sources of uncertainty it can be concluded that the true value of the
measurand lies within the reported uncertainty interval with specified confidence. The
result of a reference-grade measurement is such that it can be used to improve the quality
of other (lower-tier) measurements.

Climate reference station: an instrumental installation able to generate
climatological reference data.

i. Measured data must be continuous and representative of the local environment.
ii. The station must be stable in its location and siting characteristics for decades and equipped with top

quality instrumentation.
iii. The instrumentation needs to be well maintained with regular maintenance and calibration to

constantly keep documented data traceability.
iv. Changes in instrumentations must be limited, motivated and documented. Parallel observation

periods must be planned prior to any instrumental change.
v. All metadata on siting, methods of observation and any changes that may have occurred in these must

be documented.
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On-site calibration of air temperature 
sensors in the Arctic (CCT @Ny-
Ålesund, Svalbard, 79°N)

Reassessment of temperature profiles and evaluation of 
calibration and measurement uncertainties

Coppa et al. 2024 (DOI: 10.1139/as-2024-0008)

Conclusion:
• On-site calibration is feasible

and recommended
• Sensor errors up to 1 °C

• Uncertainties cut in half (~0.1 
°C) or even less with relative 

calibrations

Calibration



On-site calibration of permafrost 
temperature sensors (Sommeiller Pass 
@3000 m a.s.l, Italian NW Alps)

Reassessment of temperature profiles and evaluation of 
calibration and measurement uncertainties

Before After

Evaluation of warming due to climate
change with uncertainties

Conclusion:
• On-site calibration is feasible

and recommended
• Sensor drift evaluated as

~1.5 10-2 °C/yr
• Permafrost base warmed up at

a rate of (4.2 ± 0.5) 10-2 °C/yr

Coppa et al. 2025 (DOI: 10.1016/j.coldregions.2024.104364)

Calibration



Why we need to evaluate uncertainty
“Any measurement that you make without the knowledge of its 

uncertainty is completely meaningless.“ (W. Lewin)

• Allows us to assess methods and results against data quality 
requirements.

• Fitness for purpose of a measurement method (do we meet 
target uncertainties?).

• Interpretation and application of results.
• Equivalency of different results.
• Provides an understanding of the measurement and which 

parameters should be given most consideration.
The calibration uncertainty is NOT the measurement uncertainty.



Why we need to evaluate uncertainty



At the beginning…
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… there was GRUAN…



At the beginning…
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… and USCRN
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USCRN

U.S. Climate Reference Network

The U.S. Climate Reference Network (USCRN) is a 
systematic and sustained network of climate 
monitoring stations with sites across the 
conterminous U.S., Alaska, and Hawaii. These 
stations use high-quality instruments to measure 
temperature, precipitation, wind speed, soil 
conditions, and more. Information is available on 
what is measured and the USCRN 
station instruments.
The vision of the USCRN program is to provide 
a continuous series of climate observations for 
monitoring trends in the nation's climate and 
supporting climate-impact research.
USCRN stations are managed and maintained by 
the Atmospheric Turbulence and Diffusion 
Division of the Air Resources Laboratory, NOAA 
Office of Oceanic and Atmospheric Research. 
The National Centers for Environmental 
Information maintains and distributes the USCRN 
observations and derived climate products.

Source: www.ncei.noaa.gov/access/crn/
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USCRN

U.S. Climate Reference Network
The USCRN collects temperature data using 3-sensors individually 
housed in fan-aspirated solar shields. The USCRN provides 
temperature measurements based on simultaneous readings from 
three Platinum Resistance Thermometers (PRTs). The data collected 
is provided to users as a 5-minute (sub-hourly) average, hourly 
average, daily average or monthly average. For the hourly, daily and 
monthly files maximum and minimums are also provided, as well as
daily and monthly means which are calculated as (Tmax+Tmin)/2. 
Uncertainty calculations are performed using data from simultaneous 
measurements in the USCRN data file and using metadata made 
available by NOAA. 

Near-surface temperature from US Climate Reference Network since 2006 onward: 
Product User Guide and Specification (PUGS)
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USCRN

U.S. Climate Reference Network

Data from the USCRN are used in a variety of climate monitoring and 
research activities that include placing current climate anomalies into 
an historical perspective. 

The USCRN provides the United States with a reference network that 
meets the requirements of the Global Climate Observing System 
(GCOS). The network consists of 114 commissioned stations in the 
contiguous United States, 25 stations in Alaska (with a plan to 
eventually have a total of 29), and 2 stations in Hawaii.

Source: www.ncei.noaa.gov/access/crn/



USCRN
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Near-surface temperature from US Climate Reference Network since 2006 onward: Product User Guide and Specification (PUGS)

Where uacc -> PT1000 measurement noise
Ucal -> calibration uncertainty
Uprec -> due to precipitation
Uint -> sensor-datalogger interface
Udl -> datalogger
USR -> radiation
Usnow -> surface albedo



USCRN
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Near-surface temperature from US Climate Reference Network since 2006 onward: Product User Guide and Specification (PUGS)

Where uacc -> PT1000 measurement noise
Ucal -> calibration uncertainty
Uprec -> due to precipitation
Uint -> sensor-datalogger interface
Udl -> datalogger
USR -> radiation
Usnow -> surface albedo

Ulead -> fixed resistor lead (cable) resistance
Utol -> fixed resistor tolerance
UTCO -> fixed resistor temperature coefficient



USCRN
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Source: Madonna et al., 2022, DOI:10.1029/2022JD038057



• Follow the GRUAN ethos of “start small, 
but start”

• Instrumentation need not be identical 
across the network

• Siting considerations: representative, free 
from obstacles, secure, easy to access

• Near-real-time
• Metrological considerations: traceability, 

comparability, representativity, regular 
calibration

Short Course 4.16 - Reference Measurements for Climate Studies and Applications - EGU25 Vienna

The GCOS Reference Surface Network (GSRN)



Climate observations encompass a broad range of environmental observations. They include 
routine weather observations collected consistently over a long period of time, observations 
collected as part of research investigations to elucidate important weather and climate 
processes, and highly precise, sustained observations of the climate system (e.g. atmosphere, 
hydrology, oceans and the biosphere) collected for the express purpose of documenting long-
term (decadal to centennial) changes. Observations of climate proxies extend the instrumental 
climate record to remote regions and back in time. Climate data collection and data processing 
is distinctly different from that minimally required for meteorological data applications. The 
requirements for climate use typically go well beyond those for weather use as high levels of 
accuracy and consistency are needed to detect long-term changes embedded in diurnal, 
seasonal and multi-annual variations.
Reference quality observations respond to the need for monitoring the changes that are 
occurring in the climate system and ensure greater confidence in the assessment of future 
climate change and variability. This will also support timely political decisions around both 
mitigation and adaptation. Reference quality measurement programs have already been 
established for different domains, and several successful examples have now reached 
permanent operational status.
The Global Cryosphere Watch (GCW) programme of WMO (https://globalcryospherewatch.org/) 
established best practice in measuring quantities of interest for cryosphere observations. In this 
way, it coordinates and increases the comparability of data provided by existing stations, that 
were not previously working in a collaborative way. The United States Climate Reference 
Network (USCRN - https://www.ncdc.noaa.gov/crn/) is a network of installed stations where 
identical measurement procedures are adopted with the same instrument layout, under 
continuous maintenance and active management. The network provides a continuous series of 
surface climate observations for monitoring trends and delivering traceable data that are 
comparable in space and time. Finally, the GCOS Reference Upper Air Network (GRUAN -
http://www.gruan.org/) undertakes reference quality measurements of aspects of the 
atmospheric column.
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The GCOS Reference Surface Network (GSRN)



2020

INFCOM -1: GCOS Surface Reference Network Task Team (TT-GSRN) 
established under the leadership of the GCOS SC and SC-ON to be 
responsible for initial implementation

24th March: 1st Meeting of TT-GSRN, several meetings followed in 2021/22
March: Letter to members to express their interest in hosting the 

GSRN Lead Centre (GSRN LC)
November: China Meteorological Administration (CMA) is selected to become GSRN Lead 

Center
GSRN-LC and Experts from TT-GSRN did a review of nominated 
stations and TT-GSRN approved a list of 17 stations for the Pilot 
GSRN.

2021

2022

climate )

Pilot GSRN
(Test Phase, some
stations in different 

climate regions) Initial GSRN
(first operational 

products, 
certified stations) (Final) GSRN

(global network with
operational products)

2023
First meeting of the GSRN – Torino September 2023 –
Hosted by INRiM



GCOS Surface Reference Network Task Team 10-year goals

1. Provide sustained reference quality observations, with full traceability and defined 
and quantified uncertainties, on a global scale (on land) for at least the ECVs 
surface temperature and precipitation, in order to quantify their variability, long-
term change and inform on extremes

2. Deliver an implementation plan for the inclusion of additional ECVs

3. Be a recognized reference network within the WMO tiered system which primarily 
supports the climate community in quantifying climate change 

4. Publish operational procedures and practices for knowledge transfer and capacity 
development

5. Ensure a free and open access archive of accredited GSRN data products

6. Identify GSRN affiliated research facilities delivering scientific advances in 
measurement techniques and improving knowledge on climate reference data and 
instrumentation 

The GCOS Surface Reference Network 



General Requirements of GSRN stations

Siting of instruments: 

The importance of siting characteristics and instrument exposure cannot be overstated

• Siting must be classified by the Siting Classification for Surface Observing Stations on Land in GIMO, 
Volume I, Annex 1.D (WMO-No. 8) 

• Siting should meet Class 1, if this cannot be achieved, all possible efforts should be made to improve the 
classification or at least to ensure that classification level does not deteriorate. 

Metadata:

The details and history of local conditions, instruments, operating procedures, data 
processing algorithms and other factors pertinent to interpreting data (i.e., metadata) should 
be documented and treated with the same care as the data themselves. 

• WIGOS Metadata Standard (WMO-No. 1192), considering mandatory, conditional and optional 
elements 

• Guide to the WMO Integrated Global Observing System (WMO-No. 1165).

Calibration: 

To achieve comparability, measurements need to be traceable to recognised standards for 
the observed quantities.

• GSRN stations are required to meet at least the “Assured traceability level” as described the Strategy for 
traceability assurance in GIMO, Volume I, Annex 1.B. (WMO-No. 8).



Measurement Quality Classification Scheme

The 1-minute resolution temperature data product is the basic GSRN temperature product and will be 
used to generate all additional temperature data products for GSRN for example, an hourly mean, daily 
mean or monthly mean product. The data product contains the measured temperature value (derived 
from the parallel temperature measurements) and measurements from the parallel measured 
associated quantities of influence (AQIs). This temperature data product also makes use of the different 
uncertainty components for this measurement and the corrections applied to the measured value, 
based on the WMO Measurement Quality classification scheme (MQC) (WMO No-8, Volume I, Annex 
1.G). 

Total system 
uncertainty and 

correction 
functions from 
calibration are 

provided by the 
station

Uncertainty components and 
correction functions are calculated at 

the GSRN Lead centre.



Uncertainty due to siting is left off

Experiments 
to support 

the siting classification

Road (Italy)

Three identical experiments

Thermometers at 2 m, 5 m, 10 
m, 50 m, 100 m following the 
WMO classification

Trees (Czech Rep.)

Buildings (Spain)

Coppa et al. 2021 (DOI: 10.1002/joc.7044)
Garcia Izquierdo et al. 2024 (DOI: 10.3390/atmos15020209) 

Results showed effects up 
to ~2 °C



Air temperature near SurfaceGCOS ECV Product

Air temperature at a known height above surface, with the height specified in 
the metadata

Definition (OSCAR)

Temperature of the air measured between 1.25 m and 2 m from the ground
(might be different for specific stations)

Description

Degree Celsius – Symbol °CUnit

0.2 KTarget system uncertainty 
(k=2)

Minimum: 0.01 K 
Recommended: 0.001 K 

Product resolution

0.05 KMaximum calibration 
uncertainty (k=1)

0.02 K/yearMaximum drift (k=1)

10 sSampling frequency

20 sTime constant / response time 
in air

1 minuteAveraging and recording time

YearlyCalibration regime

6-monthlyVerification regime

6-monthlyMaintenance regime

The threshold requirement is to employ two temperature instruments which will 
meet the minimum requirements for testing consistency between 
measurements. The recommended extended requirement is to employ three 
instruments for added confidence and robustness.

Redundancy

Mandatory Variable –
Air temperature

Quantities of influence
• Precipitation (liquid and solid)

• Relative humidity

• Global solar radiation (upward 
looking pyranometer)

• Reflected solar radiation 
(downward looking 
pyranometer)

• Wind (modulus and direction)



Accumulated precipitation

Precipitation intensity at surface (liquid or solid)

GCOS ECV Product

OSCAR Variable

Integration of solid and liquid precipitation rate reaching the ground over a time 
period defined in the metadata.

Intensity of precipitation reaching the ground. 

Definition

Definition

Integration of solid and liquid precipitation rate reaching the ground over several 
time intervals. 

The measurement unit of rainfall intensity is linear depth per hour, usually in 
millimeters per hour. Rainfall intensity is normally measured or derived over one-
minute time intervals due to the high variability of intensity from minute to minute

Description

Description

mm

mm/h

Unit

Unit

The greater of 1 mm or 2% (liquid)

The greater of 0.2 mm/h or 5% (liquid)

Target system uncertainty (k=2)

Target system uncertainty (k=2)

0.1 mm

0.1 mm/h

Product resolution

Variable resolution

1% 

0.1 mm/h

Maximum calibration uncertainty 
(k=1)

Maximum calibration uncertainty 
(k=1)

1% / yearMaximum drift (k=1)

1 sSampling frequency

0.1 mm/h for liquid precipitation intensity onlyStarting threshold 

Mandatory Variable –
Precipitation

Quantities of influence
• T air

• RH

• Solar radiation

• Wind



EMPIR 19SIP03 –
«Climate Reference Station»

Coordinator: A. Merlone INRiM

Primary supporter: WMO

Partners: DTI (DK) – SMU (SK) – UNIGE (IT)

November 2020 – October 2023

Obbiettivi
• Define and evaluate characteristics of instruments for

reference temperature measurements for climate
studies

• Study instrumentation in controlled lab conditions.
• Field installation of a prototype reference station for

research purposes
• Study influence quantities
• Evaluate uncertainty budget components
• Report to WMO e GCOS expert team to guide

recommendations and guidelines for the definition of
requirements of a reference climate network



INRiM’s Climate Reference Station



Calibration
uncertainty

InstrumentVariable

0.02 °CPRT 100 (4 wire)Temperature

0.05 °C
3 % RH

Vaisala HMP 155Temperature –
humidity (AQI)

Total: 2%-10%
Intensity: 2%

SIAP TP200Precipitation

10 PaParoscientific
DIGIQUARTZ 

Pressure

Speed: < 1 m/s
Direction: <1°

GILL HS50 3 Axis
ultrasonic anemometer

Wind speed and 
direction

2%Gill WindsonicWind speed and 
direction

<1.8 %2 Hukseflux LP02 05 
Second class 
pyranometers

Solar radiation
(direct and reflected)



EMPIR 19SIP03 –
«Climate Reference Station»

Coordinator: A. Merlone (INRiM)

Primary supporter: WMO

Partners: DTI (DK) – SMU (SK) – UNIGE (IT)

November 2020 – October 2023

Obbiettivi
• Definire e valutare le caratteristiche di strumenti per la

misurazione della temperatura di riferimento per scopi
climatologici.

• Studiare la strumentazione in condizioni di laboratorio
controllate.

• Installazione in campo di un prototipo di stazione di
riferimento su cui proseguire la ricerca.

• Studio delle grandezze di influenza.
• Valutazione componenti del bilancio di incertezza.

• Report verso WMO e GCOS expert team per
indirizzare raccomandazioni e linee guida che
definiscano i requisiti di un network climatologico di
riferimento



• The WMO measurement lead centers should be asked to do research on 
the determination of the environmental effects on measurements, 
especially for temperature and precipitation, considering the technologies 
already used at the different pilot sites of GSRN. Other interested scientific 
research facilities should be incorporated. 

• A workshop with experts from TT-GSRN, ET-MU und ET-SSM should be 
carried out to discuss the priorities for these research activities based 
on the actual scientific theoretical and experimental knowledge.

• The siting classification should be improved to consider 
temporal/seasonal effects. A focus should be laid on temperature and 
precipitation measurements.

• Next meeting on 21st May in Munich


