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The GCOS Surface Reference Network: a proposal. 

Introduction 

 

The climate observing system has been very successful in detecting, attributing and 

monitoring climate change. Surface meteorological parameters have been measured for 

more than a century in many parts of the world (e.g., Jones, 2016, Rennie et al., 2014, 

Menne et al., 2010, Willett, et al., 2013, Becker et al., 2013). These measurements 

underpin much of our understanding of historical climatic changes and their causes 

(Hartmann et al., 2013) and together with satellites, weather balloons, ocean buoys, 

ships and observations of the cryosphere, hydrosphere, terrestrial biosphere and soils 

have provided the evidence for the Intergovernmental Panel on Climate Change to 

conclude in its last two assessment reports that the evidence for a warming world is 

unequivocal (IPCC, 2013).  

 

However, the demands on the climate observing system are increasing. Adaptation to 

climate change and monitoring the impact of mitigation efforts require local and 

regional scale information, including forecasts and projections on different timescales 

that provide a more rigorous assessment of future climate change and variability. 

 

The observations system that underpins this assessment should be accurate, and 

metrologically traceable, with long term stability and well characterised uncertainties: a 

reference network. To meet these needs, it is proposed to establish the GCOS Surface 

Reference Network (GSRN). This paper outlines the steps towards the   establishment of 

the GSRN. 

 

It is not necessary to achieve reference measurements at all sites of the observations 

system, since a tiered approach can be adopted (see Figure 1, Thorne et al., submitted). 

A reference network can provide a sufficient set of long-term, high quality, stable 

observations to enable an improved understanding of the remainder of the continually 

evolving global observing system. This reference network would constitute the top tier 

in Figure 1.   

 

The current global surface meteorological observing network over land that reports via 

WMO comprises ~11000 stations, although there are many more observations not 

currently reported in this manner held by numerous other stakeholders. These various 

observations collectively represent the lowermost ‘Comprehensive networks’ tier in 

Figure 1. Between these two tiers lie Baseline networks, the defining characteristics of 

which are long-term operational commitment and spatial representativeness (Figure 1 

middle tier). 
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Figure 1 Conceptual outline of how climate observational capabilities map onto the tiered system of systems approach of 

Thorne et al. (submitted). The tiers from top to bottom are: Reference, Baseline and Comprehensive. Arrows and 

associated text denote important facets of the measurements that increase as you move down tiers (left hand side) or up 

tiers (right hand side). 

 

Several directly relevant examples of reference networks currently exist that have 

proven value, like the US Climate Reference Network (USCRN)1, the GCOS Reference 

Upper Air Network (GRUAN)2 and  the Cryonet sites and stations3 from WMO’s Global 

Cryosphere Watch. 

The Benefits of a global climate reference surface network 

 

The GSRN will have multiple benefits: 

 Single sites making  high quality measurements of multiple ECVs  will allow the 

development of a more accurate and detailed understanding of the climate 

related processes, which together with the long-term consistent measurements 

will:  

o improve local and regional near-term forecasting and long-term 

projections which are vital for adaptation, 

o provide the basis for improved attribution of changes and specific events 

to anthropogenic or natural causes, 

o aid validation of both large-scale and downscaled models. 

o Improve understanding of the  water, energy and carbon cycles 

 Consistent and accurate time series from these sites will lead to a better 

understanding of extreme events. 

                                                      
1 https://www.ncdc.noaa.gov/crn/ 
2 https://www.gruan-online.org/ 
3 http://globalcryospherewatch.org/cryonet/site_types.html 

http://globalcryospherewatch.org/cryonet/site_types.html
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  An initial focus on temperature and precipitation would support plans to adapt 

to climate change to heat waves, flooding and drought. 

  A  more detailed understanding of the instrumentation and sources of 

uncertainty in measurements will be developed at the reference sites. This can 

be used to: 

o improve measurements made at other, non-reference, site. For 

example, the knowledge gained by the GCOS Reference Upper Air 

Network (GRUAN) is informing improvements and changes to other 

upper are measurements. 

o test and develop new techniques and equipment by comparison with 

reference measurements. This knowledge can then be used in other 

networks. 

o reduce the vulnerability to observational biases in reanalysis and 

improve their long-term homogeneity. 

 Co-located reference quality measurements will provide a valuable data set for 

the calibration and validation of satellite observations. 

 Reference sites would provide desirable locations to base future field campaigns 

as they provide a pre-existing capability and a longer-term context in which to 

interpret the results including how climatologically representative the period of 

the campaign was.  

• While this document is focussed on climate needs many of these benefits also 

apply to other uses such as numerical weather prediction and disaster and 

emergency response systems. If many terrestrial ECVs are also observed, then 

other applications would benefit such as biodiversity and ecosystem changes. 

Background 

 

Observations to detect, attribute and forecast climate change need to be more accurate 

and temporally stable than the requirements for numerical weather prediction. In the 

past a number of issues have contributed to uncertainties in climate records. These 

include: 

• Poor operation, such as poor siting practices, poor quality instruments and 

maintenance, missing or undocumented calibrations and recalibrations, 

inadequate radiation shielding, restricted or otherwise unrepresentative 

instrument ventilation, and insufficient observer training leading to poor 

observing practices (Menne et al., 2010, Fall et al., 2011, Parker, 1994, Aguilar et 

al., 2003, Brandsma and Van der Meulen, 2008, Mekis and Vincent, 2011, Sevruk  

et al., 2009).   

• Changes to the sites including station locations, observation times, 

instrumentation, and the relative urbanisation and land use characteristics of 

surrounding areas (Karl et al., 1986; Quayle et al., 1991, Changnon and Kunkel 

2006, Hausfather et al., 2013).  
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To create homogeneous long-term records for multiple ECVs, a statistical assessment of 

homogeneity and the application of adjustments is needed (Menne and Williams 2009, 

Rohde et al., 2013, Willett et al., 2013, 2014, Mekis and Vincent, 2011). Independent 

methods for global and regional trends have been shown to be consistent (Hartmann et 

al., 2013).  However, these issues are hard to remove for sparse networks (Aguilar et al., 

2003, Lindau and Venema, 2016) and are also more serious in extremes than in the 

mean (e.g., Trewin, 2012). 

 

Reanalysis produces globally complete estimates from the available data and are 

affected by varying biases in the observations (Schröder et al., 2016, Dessler and Davis, 

2010, Simmons et al., 2004, Simmons et al. 2010, Simmons et al. 2017). Most recent 

reanalyses show greatly improved perfomance for surface parameters (Simmons et al., 

2010, 2017).  

 

Nevertheless, it would clearly be greatly preferable were they not required to contend 

with such challenges in the first instance.  The GSRN will be a key step in improving the 

long-term accuracy, stability and comparability of the observations. 

Potential framework of the Global Climate Surface Reference Network 

 

ECVs  

As a final goal, all surface atmospheric, composition and terrestrial ECVs capable of 

being measured to reference quality should be measured in reference network sited. 

(Table 1).  

 

In terms of practical implementation, and given their significant importance to multiple 

stakeholders and application areas, an initial network would consider temperature and 

precipitation measurements as core measurements at every site, along with as many 

other highlighted ECVs from Table 1 as are practicable. Locating the reference site with 

a GRUAN site would allow co-located upper-air measurements as well.  In the longer-

term, efforts should be encouraged to develop and roll-out instrumentation to measure 

the full suite of relevant ECVs at each site highlighted in Table 1.  A site will need to 

cover a wide enough area for the biospherical observations, such as above-ground 

biomass, FAPAR, to be unaffected the site itself. 
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Table 1 Selected Essential Climate Variables, which may be measurable at land reference network sites 

Measurement 
domain 

Essential Climate Variables (ECVs) 

Atmospheric 
 

Surface 
 

air temperature,  
wind speed and direction,  
water vapour,  
pressure,   
precipitation,  
surface radiation budget 

Upper-air temperature,  
wind speed and direction,  
water vapour,  
cloud properties,  
Earth radiation budget,  
lightning 

Composition carbon dioxide (CO2),  
methane (CH4),  
other long-lived greenhouse gases, 
ozone,  
aerosol, precursors for aerosol and ozone 

Terrestrial 
 

Hydrology river discharge,  
groundwater 
lakes,  
soil moisture  

Cryosphere snow,  
glaciers,  
Ice sheets and Ice shelves,  
permafrost 

Biosphere albedo,  
land cover,  
fraction of absorbed photosynthetically active radiation,  
leaf area index,  
above-ground biomass,  
soil carbon,  
fire,  
land surface temperature 

Human use of 
natural resources 

water use,  
greenhouse gas fluxes 

  

 

Observations 

 

Measurement practices and analysis for a reference network will aim to provide the 

highest possible quality observations.  Key aspects of reference grade measurements 

are accuracy, long-term stability, traceability, comparability and representivity. The 

Guide to Expression of Uncertainty in Measurement (GUM, 2008) provides a robust 

framework to assess measurement performance and uncertainty. Measurement 
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redundancy allows aspects of traceability, comparability and representativity to be 

assessed and may allow total uncertainty to be reduced. 

 

Size of the network 

Jones (1995) showed that 170 sites can be used to estimate monthly to annual global 

mean land surface air temperature. Larger numbers of sites are needed to characterise 

national annual air temperature and precipitation trends (Vose and Menne, 2004; Vose, 

2005). Higher frequency estimates (e.g. daily and sub-daily), would require many more 

stations. 

 

In order to achieve the aims of a Global Climate Reference Network, it is not necessary 

to have complete coverage of the globe. Instead, a more limited set of stations is 

envisaged, representative of major climatic and ecosystem types. 

 

 

Siting considerations 

Reference network sites meet these criteria.  

1. Should be located in an area that is representative of the region, yet are 

sufficiently exposed to ensure that the meteorological measurements are not 

impacted by nearby obstacles (trees, buildings, other instruments).  

2. Should be representative of nearby plots where biomass and land use can be 

monitored.   

3. The ownership of the site and surrounding area should be secure and be unlikely 

to undergo substantive land-use change for the foreseeable future.   

4. The site will need to be large enough to house all instrumentation without 

adjacent instrumentation interfering with one another, and with no shading or 

wind-blocking vegetation or localized topography.  The site should also allow 

additional instruments to be added on a temporary basis for intercomparisons. 

5. The siting should adhere to the highest Class 1 classification criteria detailed in 

guidance from the WMO Commission for Instruments and Methods of 

Observations (CIMO, 2014). 

 

Instrumentation 

Reference stations should utilise high-quality instruments that are traceable to SI 

standards, comparable and stable over, at least, decadal time periods. Instrumentation 

need not be identical across the network and the choice of housing and instrument will 

necessarily be region dependent given that different climates pose different challenges. 

Where the global network ends up consisting of two or more distinct set-ups of 

instrumentation, there would be value in side-by-side operations of the different 
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configurations in a subset of climatically distinct regions to ensure long-term 

comparability is assured. 

 

To understand both instrument performance and high spatial and temporal resolution 

processes observations should be made at a high temporal resolution. Any reference 

network will investigate new instrumentation as technology advances. 

    

Data and metadata reporting requirements 

Data collected at reference stations should be transmitted to recognised internet-based 

archives in near-real time. The data at the basic instrument measurement frequency has 

the highest intrinsic value and must be transmitted and retained in perpetuity.  In 

addition, time averaged series over e.g. hourly, daily or monthly periods could be 

transmitted. If data processing occurs then in addition to the processed data the original 

measured series (i.e. a digital count) should be transmitted, as this permits subsequent 

reprocessing of the entire record from the fundamental measurement series if new 

insights are accrued in measurement technologies.  

 

Comprehensive metadata is required to be collected and curated to enable 

unambiguous subsequent use by the research and operations communities. This 

includes: Discovery metadata (sometimes termed collection level metadata), file level 

metadata, and documentation metadata. Metadata collection should follow appropriate 

agreed terminology such as e.g. the emerging WIGOS metadata standard (WIGOS, 2015). 

 

Management 

While GCOS will coordinate the GSRN, sites would be hosted, financially supported and 

implemented at the national or regional level.  In order to ensure comparability and 

interoperability of the national and regional contributions and seamless user access to 

the data, specific governance and management protocols would be required to be 

developed and adopted.  

 

The network will require a degree of standardization to ensure the data can be used 

seamlessly across the network.  A confederated approach as adopted in GRUAN could be 

adopted for a global network.  All reference station data should be openly shared and 

free from any restrictions on use. 

Next Steps 

GCOS will establish a working group that, at a minimum, includes both atmospheric and 

terrestrial experts, representatives of GRUAN, GCW and WMO WIGOS and CHy. The 

working group will agree to a governance and oversight structure; develop a more fully 

articulated concept and formal guidance material; identify the initial partners as well as 

pilot sites to assess costs and needs. In this respect, a two-track approach is envisioned: 
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track one,  with several sites where, at a minimum, temperature and precipitation are 

initially measured; and track two, where one or two supersites designed to measure all 

the relevant surface ECV are established. 

 

The success in the implementation of the GSRN will be evaluated by the number of 

reference climate stations and the establishment of super sites. The progress will only 

be assured with strong backing from the World Meteorological Organization and its 

members.  
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