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FOREWORD 

The concept of Essential Climate Variables (ECVs) provides a crucial systematic and internationally 
consistent framework of variables/parameters to facilitate the monitoring and understanding of 
climate change and forecast models. The ability to reliably detect trends from a background of natural 
variability requires decades of measurements, each with robust uncertainty estimates to enable the 
necessary long term Climate Data Records (CDRs) to be established. There are many international 
efforts to collect, analyse and interpret the data in a harmonised manner, and increasingly with the 
aim to assign an uncertainty to the information that can be traced back to internationally agreed 
reference standards, ideally those derived and maintained by the international metrology community 
and underpinned by the international system of physical measurement units (SI). 

To generate trustable and robust climate data, it is essential that the metrology community, in 
consultation with climate and Earth Observing community, develops a coordinated work programme 
to ensure its research outputs address the highest priorities in a timely manner. Early cross community 
dialogue is needed so that resources can be coordinated and allocated appropriately. To this end, the 
National Physical Laboratory (NPL), in conjunction with technical experts from European Space Agency 
(ESA), EUMETSAT, the European Commission, the UK Met Office and the University of Reading, 
organised a two-day workshop on 21-22nd May entitled ‘Metrology for Climate’ to provide structured 
workshop sessions to investigate and prioritise the role that metrology should play in supporting the 
robust measurement of ECVs. 

This largely European expert workshop followed on from an earlier 2010 workshop (WMO-BIPM, 
2010) organised jointly by the World Meteorological Organisation (WMO) and the Bureau 
International Poids et Mesures (BIPM), the international coordinating organisation of the national 
metrology institutes and international metrology. The earlier workshop, discussed and identified a 
number of challenges for the metrology community, many of which have been acted upon, with this 
workshop intended to revisit some of the specific technical issues as they related to ECVs and to 
attempt to prioritise some of the actions. To this intent the organisers prepared a set of questions, 
templates, and seed material to help guide and initiate discussions- starting from requirements (as 
defined by GCOS) a review of their perceived adequacy as a basis for defining the necessary 
observations through to issues in their measurement and ultimately actions (ideally individually 
prioritised against a range of criteria). Although the initial templates (attached for reference as 
Appendix: Table 3, Table 4, Table 5) were not necessarily fully completed for all themes during the 
workshop they served as a good framework to initiate discussion, which was very forthcoming from a 
highly motivated group of attendees and resulted in much of the original aims of the workshop being 
achieved. It was noted from the outset that the objective of the workshop was not intended as a 
prioritisation of ECVs but rather of metrology needed to achieve their measurement specifications 
and in the latter also that the criteria driving prioritisation may be different between ECVs, their uses, 
and context. 

The event opened with a keynote address from Dr Bernard Pinty, of the European Commission, on the 
Copernicus Climate Change Service. Dr Pinty presented an overview of the architecture of the service 
before providing detail on the evaluation and quality assessment of the products to be delivered and 
the desire for robust metrology to underpin the service. His talk was followed by Dr Roger Saunders 
of the UK Met office, representing the Global Climate Observing System (GCOS), who provided a 
second keynote assessing the status and requirements for climate observations as specified through 
GCOS.  

The speakers set the scene for the focus of the first day’s workshops, where the participants split into 
three parallel sessions, each focusing on a separate GCOS ECV domain: ocean, terrestrial and 
atmosphere. The sessions assessed whether the ECVs within each respective domain were consistent 
with the GCOS monitoring principles, if the requirements as specified by GCOS were adequate for the 
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needs of the research community, the degree of difficulty in meeting those requirements, and if there 
were any clear limitations in doing so. 

The second day of the workshop opened with an engaging talk delivered by Professor Dame Julia 
Slingo, UK Met Office Chief Scientist, who discussed the challenges and advances in modelling climate 
change, with particular focus on the challenge of understanding the global energy budget and water 
cycle. Again emphasising the importance of metrology and traceability to enable robust detection of 
small trends requiring multi-decadal time scales. To support this she indicated the now timely need 
for the community to look towards the establishment of robust SI traceable reference instruments in 
place in order to anchor the observing system. The breakout sessions on this second day built on day 
one’s review of current state-of-the-art capabilities in measuring ECVs to achieve GCOS requirements 
and aimed to prioritise the most effective areas for the metrology community to focus on. 

Each day ended in plenary sessions where the workshop chairs gave an overview of the day’s 
discussions, before opening the floor to questions and comment from the delegates. Delegates 
represented climate focussed research organisations from across Europe (see CONTRIBUTING 
AUTHORS page III).  

This document contains the summary reports from each of the technical sessions covering the ocean, 
terrestrial and atmosphere domains. It is aimed to serve as an input to a number of ongoing 
international strategy initiatives and provide the evidence base to steer new collaborative research 
activities, prioritising current available investments and establishing mechanisms for future 
interactions. 
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EXECUTIVE SUMMARY 

This report summarises the conclusions of discussions between climate experts and the metrology 
community (in this context national metrology institutes) held over two days at the National Physical 
Laboratory in May 2015. The objectives of the workshop and the framework for the discussions were 
established by leading climate experts including those representing the major European international 
organisations: EU, ESA and EUMETSAT.  

The principle objective was, following a review of the requirements and measurement status of the 
Essential Climate Variables (ECVs) of Global Climate Observing System (GCOS), to determine and 
where possible prioritise, the research efforts of the metrology community to meet the needs of the 
climate community. As part of the process, the group also considered the adequacy of the GCOS 
monitoring principles and specific ECV requirements from a metrological perspective and have 
identified a number of generic and specific recommendations for consideration during the 
forthcoming review phase.  

The recommendations to GCOS, the metrology community and the Earth Observation and climate 
community are summarised below in their most generic form. Specific examples and details for 
individual ECVs can be found within the relevant sections in the report and its final summary. One of 
the most notable and overarching recommendation is that mechanisms should be sought to encourage 
greater on-going dialogue between the two communities across the full lifecycle of establishing long-
term Climate Data Records: from design of a measurement system through to the linking of multi-
decadal data sets i.e. beyond simply providing the nominal calibration of an instrument.  

If society is to take potentially costly action on the information derived from these measurements it 
is an obligation on the science community to ensure that appropriate levels of confidence and 
quantification of uncertainty are assigned to them in a consistent and robust manner. To achieve this 
requires a globally coordinated, comprehensive and sustained observing system of satellite and in situ 
validation measurements that have documented descriptions, and transparent evidence of their 
traceability and associated breakdown of uncertainty to an invariant reference(s), ideally tied to the 
international system of units. Where these measurements are further processed into derived bio-
geophysical products and/or combined together to form long time base records, these processes 
should similarly be carried out and documented with the same degree of rigour in terms of traceability 
and uncertainty as the underpinning measurements. 

Recommendations to GCOS and climate/EO community: 

 Review of adequacy of climate monitoring  

 Range of target requirements be specified for some ECVs tailored to specific applications.  

 Establish adequacy of end-to-end traceability for gap analysis of ECVs and CDRs; 

 Clarity of ECV definitions (and measurements including metadata required); 

 Identification of a standardised minimum record length for ECVs; 

 Specify ‘metrics’ tailored to each ECV; and consistency in use (and assigned values) of ‘stability’ and 
‘accuracy’. 

 Consistent use and interpretation of metrology terminology (encourage guidance documents) 

 Updates to GCOS requirements should encompass results of community studies.  

Metrology Recommendations: 

 Greater involvement of NMIs in earth observation projects, satellite mission planning and mission 
implementation; and the provision of tailored guidance on uncertainty analysis 

 Development of SI traceable validation networks, ideally multi-parameter; 

 Development of affordable travelling calibration reference standards; 

 Establish robust methods to assign associated uncertainties within FCDRs and CDRs; 

 Pre-flight calibration of sensors & validation networks should be independently audited by  the 
metrology community; 

 Establish a set (all sensor domains) of primary reference satellites to enable interoperability requiring 
improved on-board calibration systems. 
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INTRODUCTION 

Essential Climate Variables (ECVs) established and defined under the Global Climate Observing System 
(GCOS) provide the underpinning evidence needed to understand and forecast climate variability and 
change and underpin climate services. These observed variables are defined by the World 
Meteorological Organization (WMO) as ‘a physical, chemical, or biological variable or a group of linked 
variables that critically contributes to the characterization of Earth’s climate.’ ECVs have been grouped 
by GCOS into three domains: ocean, terrestrial and atmosphere. ECVs can be used to support a range 
of applications, not limited to climate-related activities but can also support other societal benefit 
areas although the specifics of their monitoring requirements may be different. The current list of 
ECVs is specified in the GCOS inventory (GCOS, 2010a) (see Appendix: Table 2), which is expected to 
be subject to minor revision in 2016.  

Confidence in the establishment of a long (multi-decadal) and coherent time-series of global ECV 
products is one of the main objectives for climate studies. Space-borne earth observation provides 
the global sampling to enable evidence-based globally representative monitoring needed for climate 
monitoring. ECV datasets need to be assessed (with respect to the target requirements as defined in 
the GCOS Satellite Supplement) and independently validated using in situ data. The capabilities of 
instruments and data processing techniques are continually improving ECV datasets. These 
improvements and the ability to initiate and test models with accurate observations may be a decisive 
factor in the struggle to reduce uncertainty in our estimations of the Earth’s energy balance and more 
fully understand the 4-dimensional, dynamic problem of climate change and global warming.  

Climate data records (CDRs) are a series of observations over time that measures variables believed 
to be associated with climate variation and change, for example the GCOS ECVs. It is important to 
make the distinction between these and fundamental climate records (FCDRs) that are substantially 
different1. The term Fundamental Climate Data Record (FCDR) denotes a well-characterized, long-
term data record, usually involving a series of instruments, with potentially changing measurement 
approaches, but with overlaps and calibrations sufficient to allow the generation of products that are 
accurate and stable in both space and time to support climate applications (NRC, 2004). FCDRs are not 
usually the ECVs but are typically calibrated ‘Level-1 products: radiances, backscatter of active 
instruments, or radio occultation bending angles. FCDRs also include the ancillary data used to 
calibrate and interpret them. 

Improving measurements of ECVs and the formation of high quality CDRs and FCDRs are essential to 
understand the question posed by key note speaker, Professor Dame Julia Slingo, “How do we know 
if our climate is changing and why?” It is in this context that the ‘Metrology for Climate’ workshop was 
convened at the National Physical Laboratory, Teddington, to focus the capabilities of the metrological 
community on efforts to improve our scientific understanding of climate change and in particular the 
need to tie measurements to an invariant reference against which change can be monitored with 
confidence. 

The ECV workshop primarily included participation from organisations with technical expertise on 
different ECVs and CDRs together with metrologists from NPL acting as an interface to the wider NMI 
community. The stated aim (see Appendix: Table 3, Table 4, Table 5) was to: 

 Review the current state of the art in measuring terrestrial, atmospheric and oceanic ECVs and 
establishing CDRs 

 Prioritise the ECVs for each domain, based on those that: 
- Have the largest uncertainties; 
- Have the greatest impact on society for the least challenge in metrology; 
- Where improved metrology can provide maximal benefit to existing projects; 

                                                           

1 http://ecv-inventory.com/ecv2/terminology/ 

http://ecv-inventory.com/ecv2/terminology/
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- Have a lack of effort from the metrology community which is stalling progress and 
impacting other investments; 

- Can serve as a catalyst for aligning further resources from the global metrology community 
prioritise the role metrology should play in supporting these and, in particular, influence 
where the metrology community should focus its research efforts. Such collaboration 
would steer new research activities, prioritising current available investments and 
establishing mechanisms for future interactions.  

During the workshop three sessions were run in parallel to focus on the three domains: ocean, 
terrestrial and atmosphere ECVs. Each session addressed the current adherence of satellite products 
to GCOS climate monitoring principles (see Appendix: 11 GCOS CLIMATE MONITORING PRINCIPLES 
page 31) and the adequacy of specific requirements for the ECVs. They reviewed existing ECV datasets 
and developed recommendations on how metrological techniques are and can be applied to the 
generation of improved ECVs to support the long-term generation of quality and consistent CDRs. The 
resultant key objectives of the workshop can be considered to address the following questions: 

1) Can GCOS requirements be met and how can metrology help the earth observation and 
CDR community?  

2) What can the earth observation and CDR community do to ensure successful integration 
of metrological principles into the monitoring of ECVs and the formation of CDRs? 

The need for trustable climate data requires effort to be targeted in a manner that brings optimal 
benefit. It is therefore essential that the metrology community develops a work programme to ensure 
its research outputs addresses the highest priorities in a timely manner. Early cross community 
dialogue is needed so that resources can be coordinated and allocated appropriately. This document 
provides guidance on the prioritisation for the metrology community as identified in discussions 
during the workshop.  
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TECHNICAL SESSION 1: OCEAN DOMAIN 

1. GCOS REQUIREMENTS FOR OCEAN ECV MEASUREMENTS 

The ocean domain session concentrated on assessing the GCOS requirements and capabilities for 
monitoring three ECVs; sea surface temperature (SST), sea ice and ocean colour2.  

1.1 Sea-Surface Temperature 

Meeting GCOS climate monitoring principles 

In situ and ground-based remote sensing observations 

All relevant GCOS principles were deemed to be met for existing in situ Sea Surface Temperature (SST) 
observation networks, except for principle 3. This was considered not to have been met due to 
historical problems with the operating procedures and data continuity of some of the observing 
networks. 

In situ systems considered were: drifting buoys; ships; moorings; and Argo floats. Particular concerns 
raised were that the Global Tropical Moored Buoy Array (GTMBA, McPhaden et al., 2009), the 
continuing operation of which is very important for long-term stability monitoring of SST 
measurements from multiple sensors, had recently suffered some untimely discontinuities. The long-
term functioning of the International Comprehensive Ocean-Atmosphere Data Set (ICOADS, Woodruff 
et al., 2011) needs to be secured. Finally, it was noted that the in situ radiometry system for SST was 
not considered in the discussion regarding operational in situ systems, but is rapidly increasing in 
maturity and could play a role in the future, if and when sufficient number of radiometers of necessary 
quality can be deployed to representatively sample the oceans. It is noted for example that there are 
significant efforts to establish the necessary rigour of SI traceability of such systems through the ESA 
FRM4STS project3, Global High Resolutions Sea Surface Temperature (GHRSST) and EU PF7 EMRP 
project: MetEOC24. 

Satellite observations 

GCOS principle 17 was judged to be adhered to for SST observations from space. The remaining 
relevant GCOS principles are partially met or unmet for these observations. Continuity of satellite 
measurements (principle 13) is relatively secure for thermal infrared measurements, while for passive 
microwave measurements, continuity has not been secured.  

A further distinction was made between earlier and later missions. For example GCOS principle 12 was 
only considered to have been met partially for the latest missions and again more for the thermal 
infrared than the passive microwave measurements. Principle 11(constant sampling within the diurnal 
cycle) has not been met for the NOAA AVHRR missions which historically provide a key dataset.  

Evidence of some of the above can be found in Merchant et al. (2012) and the ESA SST Climate Change 
Initiative documentation which also provides some requirements for the long-term monitoring of SST 
for climate studies.  

GCOS monitoring principles 14 and 15 (i.e. pre-launch instrument characterization and calibration, 
and on-board calibration) are not met for passive microwave SST sensors, due to unsolved technical 
challenges in doing so. 

                                                           

2 Experts on sea level, sea surface salinity and sea state ECVs were not available for the workshop. 
3 www.FRM4STS.org 
4 www.Meteoc.org 

http://www.frm4sts.org/
http://www.meteoc.org/
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Meeting GCOS requirements and their adequacy 

GCOS monitoring requirements for SST include appropriately ambitious accuracy and stability 
requirements are largely achieved and appropriate. However, these requirements are tied to a 100 
km length scale that is not clearly justified and over-ambitious. Particularly stability is unverifiable 
on this spatial scale for the necessary time scales for Fundamental Climate Data Records (FCDRs) / 
CDRs. 

1.2 Sea Ice 

Meeting GCOS climate monitoring principles 

In situ and ground based remote sensing observations 

Operation Ice-Bridge5, combining aircraft observations with some ground campaigns is a mission that 
represents one of the main sources of non-satellite data for the sea ice ECV (Studinger et al, 2010). It 
was noted that this is not, as yet, an operational long-term monitoring framework for in situ data but 
rather an interim solution between NASA satellites that has proved successful in providing large 
amounts of data on polar ice. For sea ice concentration, extent and edge, this essentially means that 
GCOS monitoring principles 2, 4 and 6 are not being met. 

For sea ice thickness, where upward-looking sonar, electromagnetic sounding, and ice mass balance 
buoys are additional in situ systems to airborne laser, all relevant GCOS monitoring principles were 
deemed to be being met with the exception of principle 3 which is not followed in all these systems. 
For sea ice drift, which is reliant on GPS buoys for in situ measurements, only principle 10 was 
confirmed as being followed, in that the data are readily accessible. It should be noted that none of 
the ocean domain session participants were aware of whether GCOS principles 3 and 4 were being 
followed in the management of the GPS buoy system. 

Satellite Observations 

For sea ice concentration, extent and edge, there was a clear distinction made between the two main 
sensors used to measure these parameters, i.e. synthetic aperture radar (SAR) and passive microwave 
radiometry. The continuity problems that were limitations for SST also apply to passive microwave 
radiometry of sea ice. GCOS monitoring principles 14 and 15 regarding pre-launch instrument 
characterization and calibration, and on-board calibration, were judged as not being fully followed. 

Limited satellite missions and the applicability of existing satellite sensor capabilities were cited as the 
main reasons for GCOS monitoring principles 12, 13 and 14 not being met for sea ice thickness. There 
are currently no plans for satellite missions that provide appropriate data north or south of eighty one 
degrees latitude in the northern and southern hemispheres respectively. 

Sea ice drift is slightly different in that when monitoring drift from satellite data, principles 11, 14 and 
15 were deemed not applicable because the problem is largely related to change detection or tracking, 
rather than radiometric requirements.  

Meeting GCOS requirements and their adequacy 

For all the sea ice ECV parameters, except concentration, there was a consensus that the GCOS 
requirements were incomplete and thus not adequate. The recurring reason for this was the lack of 
definition of stability requirements for each parameter.  

Sea ice concentration requirements were deemed adequate, although fairly challenging for long-term 
monitoring using present and planned missions. Thus, from both main sources of data (SAR and 
passive microwave radiometry) only some of the GCOS requirements are presently being met. This 

                                                           

5 www.nasa.gov/mission_pages/icebridge/mission/index.html 

http://www.nasa.gov/mission_pages/icebridge/mission/index.html
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mainly relates to repeat-cycle limitations of SAR giving inadequate temporal coverage, and the spatial 
and accuracy limitations of passive microwave radiometers. These same limitations apply to sea ice 
drift where only some of the GCOS requirements are being met, i.e. overlap between successive SAR 
overpasses of the same area are temporally inadequate for tracking ice floes, and the spatial 
resolution of passive microwave radiometry makes the repeated definition of particular ice floes 
difficult. For sea ice thickness the GCOS requirement is too strict for CDR needs at the quoted 
resolution, which means that with existing technological sensors it is impossible to meet the 
requirements. 

It should be noted that the ESA Sea Ice Climate Change Initiative (CCI) documentation6 provides some 
supporting evidence for the above and some requirements for the long-term monitoring of sea ice for 
climate studies. 

1.3 Ocean Colour 

Meeting GCOS climate monitoring principles 

In situ and ground based remote sensing observations 

The major in situ systems for ocean colour radiometry measuring water leaving radiance are 
AERONET-OC (Zibordi et al., 2009), MOBY (Mueller et al., 2003) and BOUSSOLE (Antoine et al., 2006) 
– these appear to be following all the relevant GCOS monitoring principles. The second ocean colour 
parameter, chlorophyll-a, is a derived product from the radiance key measurand, and thus in situ 
monitoring systems such as High Performance Liquid Chromotography (HPLC) on sea water samples 
and in situ fluorometry were not considered. 

Satellite observations 

GCOS monitoring principles 11 and 15 were the only ones deemed not to be followed in the 
measurement of ocean colour from space. Furthermore, principle 11, which deals with adequate 
sampling diurnally, is adhered to by the latest geostationary sensor, Geostationary Ocean Colour 
Imager (GOCI). However this sensor does not provide global coverage and therefore can only 
contribute in part to global CDRs of ocean colour. It was also noted that on-board calibration of ocean 
colour sensors and adherence to principle 15, although presently inadequate, may be improved with 
a better lunar model. Such a model would use the moon to monitor the radiometric stability of the 
sensor in space. If the prediction of the moon radiance could be improved using a better lunar model 
(i.e. something that predicts radiance from phase angle etc.), stability values with lower uncertainty 
with respect to present could be achieved at least for a single sensor. NASA Seawiffs and Modis have 
shown that the moon can provide a better means of correcting for satellite instrument drift than some 
other methods. However significant improvement in its absolute calibration (factor of ten) will be 
necessary to allow it to fully harmonise measurements from different sensors at the uncertainty levels 
necessary for CDRs.  

Meeting GCOS requirements and their adequacy 

The requirements for ocean colour were considered as already very demanding. Furthermore, a 
distinction was made between measurements from single satellite missions and when records from 
multiple missions are merged to create CDRs. If only single missions are considered, then it was 
thought that most of the GCOS requirements were being met. However, when multiple missions are 
merged then it becomes impossible to meet the key stability requirements. It should be noted that 
the ESA Ocean Colour CCI7 documentation also provides some supporting evidence for the above and 
some requirements for the long-term monitoring of ocean colour for climate studies. 

                                                           

6 http://esa-cci.nersc.no/ 
7 http://www.esa-oceancolour-cci.org/?q=documents 

http://esa-cci.nersc.no/
http://www.esa-oceancolour-cci.org/?q=documents
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2. RECOMMENDATIONS RELATED TO GCOS REQUIREMENTS AND MONITORING 
PRINCIPLES 

A number of points regarding the GCOS requirements and monitoring principles were raised and 
discussed, both during the ocean workshop session and during the plenary session: 

i. The GCOS monitoring principles are necessary but may not always be sufficient to ensure 
that GCOS requirements are met. For example, for ocean colour variables in particular 
(although true for other domains as well), there is a “missing principle” relating to the 
issue of harmonisation between successive missions and need for consistency in both 
measurement characteristics and processing methods. For example, the need to have 
consistency of spectral bands (width and position), models used for atmospheric 
correction, and instrument stray light/polarisation etc. Without this, the GCOS water 
leaving radiance 0.5% stability requirement is not achievable. This implies that 
harmonisation across overlapping missions is essential. 

ii. In the GCOS implementation plan, individual targets may be justifiable for particular 
applications. However, the combination of all targets being met simultaneously is 
sometimes overly ambitious, and perhaps not required for any single application.  

iii. From an Earth system point of view there does not seem to be a mechanism in the 
implementation plan to ensure requirements are consistent between ECVs. There is 
variability across different ECVs in how the temporal and spatial scales requirements are 
addressed and no record length requirement is stated.  

iv. It may be beneficial if CDR requirements could be reverse engineered to fundamental 
climate data record (FCDR) requirements, which can help identify which ECV 
requirements drive FCDR improvement. 

v. Often stability targets do not seem feasible given the accuracy targets. “Accuracy” is not 
quantitatively defined from a metrological standpoint, and the relationship of stability and 
“accuracy” requirements should be made rigorous.  

vi. “Accuracy” is loosely defined in GCOS, and does not follow the ‘Guide to the expression 
of uncertainty in measurement’ (GUM – BIPM et al., 1995). Thus, the adoption of the 
principles of the GUM relevant to earth observation (EO) is recommended, and should be 
revisited as GCOS redefine ECV requirements. 

vii. Support can be solicited from the metrological community to assist by developing specific 
guidance aimed at the earth observation community (“GUM for EO”) in conjunction with 
the EO/climate community, building on the dialogue that has started in several joint 
initiatives. 

 

3. PRIORITIES FOR METROLOGY 

3.1 ECV-related Priorities 

Sea-Surface Temperature 

 SI traceable and stable drifting buoys. 

 New technology for AMSR-style passive microwave radiometry for on board calibration of 
brightness temperature to give climate accuracy (target ~0.05 K to give SST accuracy of ~0.1K, 
since emissivity of ocean is ~0.5). 

 Dual-view reference sensors (ATSR series and SLSTR): calibration approach is based on ATSR-
1 heritage. While it may meet specifications, it is not optimised. Metrologically rigorous re-
development of the on-board calibration algorithms could improve the value of ATSRs and 
SLSTRs as SST-constellation reference sensors. 
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Sea Ice 

 Methods for rigorous uncertainty estimation for non-Gaussian errors (0 - 1 range of 
concentration). 

 Sound definition of the measurand “sea ice concentration” that is not sensor-dependent. 

Ocean Colour 

 Traceable uncertainty budget for radiance atmospheric correction algorithms. 

 Qualify a class of radiometers as having traceable, well characterised, full uncertainty budget, 
and support system of laboratories in maintaining their calibration. 

 Technology development for affordable field calibration transfer standard. 

3.2 Cross-cutting Priorities 

Within the context of the key objectives of the workshop, the ocean workshop session identified the 
following generic (cross-domain) areas as possible priority areas. 

 
Table 1 Priorities for metrology and the earth observation community 

How can metrology help the earth 
observation and FCDR/CDR community? 

 

What can the earth observation and FCDR/CDR 
community do to ensure successful integration of 

metrological principles into the monitoring of ECVs 
and the formation of CDRs? 

- Traceability to reference standards - Define measurand 
- Detail deployment constraints 
- Construction of traceability chains for uncertainty 

with the aid of metrologists 
- Dialogue during mission / project design 

- Protocols (review of), e.g. uncertainty 
budget for validation 

- Define what is currently done 
- Ask questions of metrology community, e.g. how 

should we be best using instrument X? 
- Define improved requirements 

- Rigour in uncertainty analysis: 

 Language; 

 mathematics and methods; 

 examples; 

 tools. 

- Willingness of earth observation community to 
change 

- Collaborate with metrology community through: 

 Specific joint projects; 

 Giving metrologists specific examples to work 
with earth observation community on, e.g. 
particular tools or exemplar use cases. 

- Guide to the expression of uncertainty in 
measurement tailored for earth 
observation (GUM for EO) 

- Problem / gap analysis 
- Linguistic / translation 

 
These generic priority areas in turn produced some ideas of possible specific priorities for metrology 
for each of the ocean ECVs considered and also some common ones that appeared to apply to all 
parameters. The common priorities included: 

 How to apply a metrologically sound approach to multi-mission harmonisation in terms of 
principles, tools and methods and resultant uncertainties; 

 Need for improved on-board calibration for all sensors used to measure ECVs from optical for 
ocean colour to passive microwave for SST and sea ice ideally to enable in-flight SI traceability.  
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TECHNICAL SESSION 2: TERRESTRIAL DOMAIN  

4. GCOS REQUIREMENTS FOR LAND ECV MEASUREMENTS 

The land (terrestrial) domain technical session concentrated on the discussion of a few land surface 
essential climate variables (ECVs) with respect to the GCOS requirements: surface albedo, soil 
moisture, fire disturbance, snow water, ice sheets and glaciers and ice caps8.  

This section addresses the current adherence to GCOS climate monitoring principles and the adequacy 
of specific requirements for these terrestrial ECVs. The consideration is restricted to satellite products, 
whilst ground-based or airborne data are only addressed where validation for satellite derived 
products is concerned. 

4.1 Surface Albedo 

Meeting GCOS climate monitoring principles 

For the surface albedo ECV it was found that principles on instrument overlap (principles 2 & 12), 
continuity of satellite measurements (principle 13), and pre-launch instrument characterisation 
(principle 14) are largely fulfilled. Also user access to data (principle 17) has been established and is 
maintained at a sufficient level. In contrast, the constant sampling of the diurnal cycle (principle 11) is 
not realised even though its establishment would be useful. Furthermore, on-board calibration 
adequate for climate system observations (principle 15) has not been implemented for all satellite 
instruments relevant for the retrieval of surface albedo, in particular for operational geostationary 
satellites. 

Meeting GCOS requirements and their adequacy 

The horizontal resolution requirement of 1 km was considered to be adequate, although for a 
hydrological application, a higher horizontal resolution would be preferable. In addition, higher 
horizontal resolution is needed for land glaciers and mountainous areas in general. 

For temporal sampling there are clear indications that daily resolution would be preferential. For 
example the properties of snow and burnt areas can have a high variability on a daily scale. Better 
temporal sampling may be achieved by combining different instruments, e.g. those in polar and 
geostationary orbit. The 5% accuracy requirement should really be considered as a threshold and not 
an optimum. If 5% can be understood as climate variation, then the albedo requirement needs to be 
tighter, in particular because uncertainties are propagated further into other ECVs such as Leaf Area 
Index (LAI) and Fraction of Absorbed Photosynthetically Active Radiation (fAPAR). GCOS could 
consider formulating differing levels of requirements to suit differing applications and impacts on 
other ECVs. The stability requirement as it is formulated needs correction. The (relative) 1% criterion 
gives higher values than the (absolute) 0.0001 criterion for surfaces with albedo values >0.01 (1% of 
0.01 equals to 0.0001). Even the darkest surfaces on Earth are characterised by albedo values >0.01 
which means that the 0.0001 stability criterion never applies in practice. To make it equivalent to 
the accuracy requirement, the GCOS stability requirement should read Max (1%, 0.0005). 

                                                           

8 ECVs not covered in the discussions were; lakes, land cover, Fraction of Absorbed Photosynthetically 
Active Radiation (fAPAR), Leaf Area Index (LAI) and above ground biomass, due to the lack of expertise 
representing these areas and a lack of time. Land surface temperature was also not explicitly discussed 
as it is not a GCOS ECV. 
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Additional requirements are available from the Integrated Global Observing Strategy (IGOS) which is 
represented by the Committee on Earth Observation Satellites (CEOS). These requirements were not 
explicitly considered during the workshop. 

It was also noted that the GCOS albedo ECV may be enhanced by adding spectral albedo as another 
variable, as this is the quantity that is, in conjunction with LAI and fAPAR, commonly used in land-
atmosphere applications and carbon cycle assimilation activities. 

4.2 Soil Moisture 

Meeting GCOS climate monitoring principles 

Constant sampling within the diurnal cycle (principle 11) is currently met when all operational and 
research missions are considered. The overlap principle (principle 2) is largely fulfilled for current and 
future mission with some gaps in the past that can never be filled. The general continuity of satellite 
missions for soil moisture is a concern (principle 13); whilst coverage with C-band scatterometers is 
guaranteed beyond 2040 there is at least the need for uninterrupted passive microwave low 
frequency (L-band and C-Band) coverage.  

Rigorous pre-launch characterisation and calibration (principle 14) is performed for most of today’s 
instruments. However, there is an ongoing need to ensure minimum Radio Frequency Interference 
(RFI) or at least characterisation of RFI. This is a major concern for passive microwave sensors and 
increasingly becomes an issue for active instruments as well. Frequency protection activities might 
have to be strengthened but currently it's likely to be weakened across the EU and USA. 

On-board calibration (principle 15) is available for the existing time series and dedicated efforts have 
been undertaken to recalibrate and reprocess passive and active instruments. 

The access to data (principle 10 & 17) should be improved and reprocessing should be done more 
often and at regular intervals, e.g., every year. Reprocessing is indicated at least when improvements 
in the calibration of instruments have been achieved and soil moisture retrieval algorithms improve. 

Meeting GCOS requirements and their adequacy 

The requirement of a horizontal resolution of 50 km is fine for many climate applications but does not 
fit hydrology applications. It was indicated that structuring requirements according to major 
applications might be helpful. The requirement on accuracy is not well understood in the communities 
producing and using soil moisture products. Given that the spatio-temporal scaling properties of soil 
moisture can be described through the concept of temporal stability, there is a tendency in the 
community for accuracy to be interpreted as uncertainty arising from random effects in the 
measurement time series, ignoring spatial biases. As a consequence, it is suggested that the definition 
and description of accuracy in the GCOS Satellite Supplement should be revisited during a next 
update of the document. 

Additional requirements may be issued by local water authorities and companies with interest in local 
climate but were not considered at this workshop. 

4.3 Fire Disturbance 

The ECV fire disturbance consists of burnt area which is supplemented by two other products, active 
fire maps and fire radiative power. During the terrestrial session only burnt area was considered. 

Meeting GCOS climate monitoring principles 

Participating experts were stating that all relevant GCOS monitoring principles are fulfilled which is 
largely due to the use of operational satellite missions.  



Workshop 21-22 May 2015 

10 
 

There are neither specific sensors nor specific channels to derive fire disturbance products, i.e., each 
sensor observing at visible, near-infrared and shortwave infrared is suitable. As a quasi-reference for 
other sensors, the community uses pairs of Landsat images at 30 m horizontal resolution. 
Uncertainties exist concerning the rigorous pre-launch instrument characterisation and calibration 
(principle 14) as this has some deficits for old instruments but it is not fully understood what impact 
this has on the classification type of fire disturbance products. Considering similar but not equal 
sensors are used for burnt area products, it is likely that the need for a relative calibration uncertainty 
of 2% of visible, near-infrared and shortwave infrared channels over the full lifetime of each 
instrument as stated by GCOS, is not met. 

Meeting GCOS requirements and their adequacy 

The horizontal resolution requirement of 250 m is feasible using MODIS infrared and near-infrared 
data but global products at this resolution are not available because it is a huge computational task 
with high cost and requiring massive processing infrastructure. The temporal sampling resolution 
requirement of daily detection is not reached due to persistent cloudiness in certain regions. It was 
indicated that a temporal sampling of 4-5 days is the most feasible sampling resolution at present. The 
accuracy and stability criteria also seem to be too ambitious as no product is near to the given 
requirements. 

The non-existence of sensors specifically designed for burnt area detection represents the major 
limitation for the accuracy of the products because spectral and spatial resolutions are optimised for 
other purposes and burnt area information is retrieved from all sensors available. 

For fire radiative power (FRP) derived from a polar-orbiting platform, a horizontal resolution of 1 km 
seems feasible but a temporal resolution of 3-hourly is difficult to achieve. FRP derived from a 
geostationary platform is far from meeting the spatial resolution; meanwhile the temporal resolution 
required seems achievable. Independent of satellite orbit, the accuracy of products is difficult to 
determine, mostly as no suitable reference exists. 

Additional user requirements have been collected by the ESA CCI Fire project9, however these were 
not explicitly considered during the workshop. In addition it is expected that there will be a fast 
evolution of requirements as companies such as Google are taking up applications and services to 
users.  

4.4 Snow Water 

Meeting GCOS climate monitoring principles 

It was confirmed that the relevant GCOS monitoring principles are fulfilled for both snow areal extent 
and snow water equivalent (SWE) with two exceptions for SWE that are pre-launch instrument 
characterisation and calibration (principle 14) and on-board calibration (principle 15). 

Meeting GCOS requirements and their adequacy 

GCOS requirements for snow areal extent are considered to be adequate. Data products have been 
operationally produced since the 1960s by NOAA and other operational organisations. Products are 
regularly used in International Panel on Climate Change (IPCC) assessments as a key variable and for 
water resources applications. A major limitation to the retrieval of snow areal extent is cloud cover 
and thin snow layers which cannot be detected. In addition, retrieval of snow in forest areas is also 
very difficult. 

For snow water equivalent the requirements are difficult to evaluate because the understanding of 
snow characteristics (structure) related to microwave emission is still very limited. Recent activities 

                                                           

9 www.esa-fire-cci.org/ 

http://www.esa-fire-cci.org/
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such as those outlined at the ESA MicroSnow workshop10 will improve our understanding, but satellite 
retrievals will require adequate validation, including a reference standard which will need to be 
developed within the metrology community.  

Other sources of requirements include the MicroSnow workshop and Global Energy and Water Cycle 
Experiment (GEWEX) but they were not discussed further during this workshop. 

4.5 Ice Sheets 

Meeting GCOS climate monitoring principles 

The ice sheet ECV was briefly discussed as a group without the full expertise to assess all of the GCOS 
monitoring principles. For surface elevation changes GCOS monitoring principles are partly met at 
present. There is no sampling of the diurnal cycle as the orbital repeat period of historical and future 
satellite missions does not accommodate this (principle 11 not met). However it is not necessary to 
meet the GCOS ice sheet temporal resolution requirement. Ice sheet surface elevation change is 
unique in spatially resolving the detailed pattern of mass imbalance, with monthly temporal sampling, 
and has been applied to both the Greenland and Antarctic ice sheets. The succession of ESA satellite 
missions starting with ERS-1 in 1992 and continuing with CryoSat-2, has allowed satellite altimetry to 
provide the longest unbroken record of ice sheet mass balance from all geodetic techniques, and with 
the occurrence of mission overlap (principle 13 & 12 respectively).  

For satellite missions that directly measure ice sheet mass change, the monitoring principles are 
largely unmet as apart from the Gravity Recovery and Climate Experiment (GRACE) there is no 
historical mission available. The lifetime of GRACE is being stretched in an attempt to overlap the 
existing mission with the future GRACE follow-on mission, but it remains uncertain as to whether this 
will be successful.  

Historical satellite missions such as ERS-1/2 and Landsat are available to make historical ice velocity 
measurements, and overlap between new and old observing systems has been possible in a few 
limited areas (principle 2), however the spatial and temporal sampling of these datasets is sparse. 
Today, new satellite missions such as Sentinel-1 are already acquiring ice velocity datasets over large 
areas, and data access (principle 10) for ice velocity will continue to improve with the Sentinel-1 
mission.  

Pre-launch characterisation and calibration (principle 14) as well as data access principles (10 & 17) 
were not fully discussed, however all historical and current ESA satellite Earth observation datasets 
are freely and publicly available. 

Meeting GCOS requirements and their adequacy 

For surface elevation change the horizontal resolution of 100 m can be met by differencing digital 
elevation models (DEMs) produced from SAR datasets. However the temporal frequency and spatial 
extent over which these products can be generated is extremely limited and does not meet the other 
GCOS requirements. Full ice sheet wide surface elevation change can be measured by satellite 
altimetry at the monthly (30-day) temporal resolution, and over a long 25 year period, as required by 
GCOS, but at a coarser spatial resolution (typically 5 km). The spatial resolution of measured altimetry 
surface elevation change, and measurement density in the ice sheet margins, is significantly improved 
(up to 1 km) by the novel Synthetic Aperture Radar Interferometry (SARIn) imaging mode on CryoSat-
2. However there is currently no future follow-on mission planned with this imaging capability. For ice 
velocity, wide-spread 30-day temporal resolution is not currently feasible. However Sentinel-1 is now 
acquiring data every 12-days in the most rapidly changing key areas of the ice sheet margins, and in 
the future it may be possible to increase the geographical area over which the high temporal 

                                                           

10 www.esa-da.org/news/report-microsnow-workshop 

http://www.esa-da.org/news/report-microsnow-workshop
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frequency datasets are acquired. There are currently no plans for future SAR or altimetry satellite 
missions that provide appropriate data north or south of eighty one degrees latitude in the northern 
and southern hemispheres respectively. For direct measurements of ice sheet mass change, the 
spatial resolution requirement is beyond the current instrument resolution capability (~100 km), but 
the temporal resolution of 30-days can be satisfied.  

Another source of user requirements is provided by ESA CCI Antarctic and Greenland ice sheet11 
projects. In 2014 extensive user requirements surveys were conducted which consulted over 160 
members of the Cryosphere community about their ice sheet observational requirements, including 
observation and modelling experts, and policy makers. This demonstrated that the scientific 
community is keen to provide feedback on what observational requirements are needed, and what 
additional information such as product type requirements, and key geographical areas of interest, can 
be obtained. 

4.6 Glaciers & Ice Caps 

Meeting GCOS climate monitoring principles 

A continuous data record comprised of optical missions, e.g., Landsat with sufficient overlap exists for 
2D vector outlines of glaciers and ice caps (delineating glacier area), supplemented by DEMs for 
drainage divides and topographic parameters. 

For elevation change from geodetic methods in regions where outlines are available, there is a 
continuous record but there is also a need for SAR in-mode over the ice sheet margins, and this will 
not be available in future as there are no planned missions thus a data gap is to be expected. 

Meeting GCOS requirements and their adequacy 

For 2D vector outlines it is possible to largely meet the requirements but only through very time-
consuming manual delineation of data. For surface elevation changes, high spatial resolution products 
can be generated from DEM differencing, but this technique is often limited in spatial and temporal 
coverage. Global, long term (~25 year) surface elevation change can be measured from altimetry data, 
although the spatial resolution is coarser, and historical altimetry missions often struggle to achieve 
dense spatial sampling in extremely mountainous terrain. 

Additional user requirements have been collected by the ESA CCI Glaciers and Ice Caps project12 but 
this was not explicitly considered during the workshop. 

 

5. RECOMMENDATIONS RELATED TO GCOS REQUIREMENTS AND MONITORING 
PRINCIPLES 

During the land session a number of points regarding the GCOS ECVs and the requirements for them 
were raised and discussed both within the session itself and during the plenary session. 

During the first day of the workshop it was mentioned that some ECVs in the current GCOS Satellite 
Supplement (GCOS, 2011) may need enhancements to clarify what measurements are required and 
what parameters are derived. For example: 

 The definition of soil moisture should be revisited and other soil properties such as freeze 
thaw status could be included. 

                                                           

11 www.esa-icesheets-cci.org/ 
12 www.esa-glaciers-cci.org/ 

http://www.esa-icesheets-cci.org/
http://www.esa-glaciers-cci.org/
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 Water content in vegetation should also be considered as a supplementary variable to 
improve the description of processes (closely linked to the vegetation related ECVs). 

 Definitions used for Land surface temperature, LAI, fAPAR need to be reviewed and 
tightened to avoid differences in interpretations, particularly when trying to harmonise for 
long term CDRs.  

 The surface albedo ECV could be enhanced by including bidirectional reflectance 
distribution function (BRDF) and bidirectional reflectance function (BRF) as supplementary 
ECVs. 

The adequacy of the requirements given in the GCOS Satellite Supplement (GCOS, 2011) were 
discussed and concern raised over the suitability of use of a standard set of metrics for all ECVs. 
Tailored metrics per ECV could be developed in collaboration with metrology institutions together 
with clarifications on the definition of uncertainty terms and measures. In particular, the 
requirements need to be reviewed for consistency and appropriateness among spatial resolution 
and uncertainty measures.  

In addition the update of GCOS requirements should take benefit from dedicated requirement 
collection efforts such as those performed in the European Space Agency Climate Change Initiative 
(ESA CCI)13 and various ongoing European Union's Seventh Framework Programme for Research 
(FP7)14 and Horizon 2020 projects. 

It is recommended that such potential additions to the ECV inventory and other findings are 
communicated to GCOS through the CEOS-CGMS Working Group Climate to integrate them into the 
discussion on the update of the GCOS Implementation Plan.  

 

6. PRIORITIES FOR METROLOGY 

Within the context of the key objectives of the workshop, the land session identified a number of 
potential priority areas for metrology, some of which are generic with examples in terrestrial ECVs and 
others more specific, and are summarised in the sections below. 

6.1 Definitions of ECVs and Uncertainty Measures 

Major points in this area are: 

• Definitions of GCOS ECV variables need to be revisited for: 

- fAPAR, Land Surface Temperature and soil moisture; 
- The meaning of area measures also need to be better defined for flat/non flat areas, 

e.g. what does deforestation or burnt area mean in real terrain. 

• Definitions for uncertainty measures exist in the Guide to Uncertainty in Measurement (GUM) 
and International Vocabulary of Metrology (VIM) but might not be easily interpreted or 
utilised in some EO/climate contexts, e.g., climate data and modelling. It was proposed that a 
climate-specific GUM (C-GUM) should be constructed. This ‘GUM for Earth Observation’ 
would provide definitions of terminology, physical significance (meaning and process) of those 
terms and general guidance on uncertainty terminology in the context of earth observation. 
Such a C-GUM should contain a number of practical examples that enhance the likelihood of 
it being accepted and used by a broader community. It would be further enhanced by the 
development of a training course to EO data and parameters to aid in the practical 
implementation for EO and climate applications. This was an activity that would fit well as an 
extension to the Uncertainty analysis for Earth Observation training course already developed 

                                                           

13 http://cci.esa.int/ 
14 EU’s Research and Innovation funding programme for 2007-2013 

http://cci.esa.int/
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by NPL (see www.emceoc.org/training.html), and would be an excellent vehicle to stimulate 
interaction with the EO and climate community. 

• A reference publication that puts uncertainty definitions into the context of earth observation 
was also identified as a document that would be useful to develop (i.e. VIM for EO). Such a 
publication could explain all details such as traceability, uncertainty (type A/B), bias, random 
error, signal-to-noise, accuracy, and precision. The document could be modelled on the 
Shaepman-Strub (2006) definitions of reflectance quantities. 

• A need to consider establishing uncertainty measures such as confidence for discrete 
variables, e.g., land cover classification or cloud cover was also identified. 

6.2 Processing Traceability Chains 

The terrestrial session participants also briefly considered the usefulness of the traceability chains 
produced in the EU Quality Assurance for Essential Climate Variables project (QA4ECV) for retrieval 
algorithms which seek to identify and make visible (from a metrological traceability perspective) every 
step of a retrieval including the propagation of uncertainty from the raw measurement into a mapped 
product. The conclusions from this discussion are as follows: 

• Traceability chains are a useful approach for ECVs in general; 

• There is a potential challenge on how to maintain and encourage the uptake of the approach 
for multiple ECVs and future updates; 

• The integration of uncertainty propagation is complex due to its non-linear nature; 

• It was proposed to explore tools such as doxygen15 that directly support extraction of visible 
representation of algorithms from the software. 

6.3 Ground-based Validation Measurements 

The complexity of ground-based validation sites and the measurements required was discussed in 
depth. Major results are: 

• Requirements for ground-based instrumentation and/or suitable methods of use on reference 
sites that fully address the validation problem e.g., site characterisation and suitability for 
application need to be developed. For example quantities such as surface albedo use highly 
localised measurements at the surface or on towers and do not match the satellite 
measurement scale; 

• Reference sites should ideally be multi-parameter sites to maximise synergy, costs and data 
processing issues. For example, it was recognised that land surface temperature is important 
but complete energy/water budget closure sites are preferable. Such sites could provide 
measurements for land surface temperature, albedo, fAPAR, soil parameters, etc.; 

• Characterisation (e.g. spectral band shape) as well as calibration of instruments on reference 
sites and continuous quality monitoring is needed and should involve metrology institutes; 

• There are ongoing issues with the scientific data stewardship for ground-based reference 
networks. There is a need to maintain, provide access and to document archived data which 
requires sustainable funding, not easily secured. In addition, some ground-based network 
data policies do not match WMO or EU regulations, i.e., there are significant constraints on 
usage. For instance some networks require individual agreements with persons responsible 
for an individual site, for publications using the data. A standardised approach championed by 
major funding bodies towards automatic and consistent acknowledgement of data providers 

                                                           

15 See www.stack.nl/~dimitri/doxygen/ 

http://www.emceoc.org/training.html
http://www.stack.nl/~dimitri/doxygen/
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in publications coupled with a reciprocal requirement for data to be made open access could 
help significantly; 

• The Radiometric Calibration Network (RadCalNet) initiative is currently being developed 
through the Committee on Earth Observations (CEOS) Working Group on Calibration and 
Validation (WGCV) RadCalNet task-group. The initiative aims to provide well characterised, 
permanently instrumented, ground based radiometric calibration sites, primarily for the 
radiance/reflectance calibration of optical domain satellite-borne sensors. Whilst not directly 
intended for the validation of ECV products, this initiative will help to ensure the data upon 
which these products are based have traceable uncertainties. This initiative should be seen as 
an exemplar to be followed by others for example land product validation test sites; 

• A big question that arose was how to achieve sustainable funding. It was suggested that the 
funding question could be addressed in the context of services such as the Copernicus Climate 
Change Service, as evidence exists that such a service may not have robust products without 
reference information. Alternatively, it was said that the European Environmental Agency 
(EEA) could coordinate and fund the reference networks in Europe. 

6.4 Suitability of Instrumentation 

A brief discussion of suitable instrumentation for reference sites provided the following conclusions:  

• In situ radiometers are needed for land surface temperature (LST) to ensure traceability in 
measurement and accuracy; 

• Narrow-band radiometers are required to reduce the need to correct for emissivity. 
In addition, radiation measurement from surface and sky are required to correct for 
reflected light; 

• In general ground-based measurements often do not match space-based measurements but 
comparability to satellite data needs to be ensured: 

– Modelling approaches to match satellite measurements should include suitability for 
up-scaling; 

– Airborne measurements via Unmanned Airborne Vehicles (UAV) and drones would be 
extremely useful but costly for up-scaling measurements of surface albedo; 

• A real gap was identified for the ice ECV where quality monitoring of products would require 
increased temporal sampling via aircraft to determine the onset of changes; 

• Use of high resolution sensors (particularly satellites) was considered to be highly valuable 
and to be encouraged to aid validation and upscaling but noting that: there are some issues: 

– access to these datasets and costs associated; 

– Tier 3 Statistical approach is required: (1) Qualitative comparisons; (2) spatial 
statistical analysis; and (3) spatial and temporal statistical analysis required.  
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TECHNICAL SESSION 3: ATMOSPHERE DOMAIN  

7. GCOS REQUIREMENTS FOR ATMOSPHERE ECV MEASUREMENTS 

7.1 Surface / Near Surface Measurements 

Meeting GCOS climate monitoring principles 

Surface networks, near surface measurements and equivalent satellite sensors have all largely evolved 
for the purpose of Numerical Weather Prediction (NWP), and the first two can be summarized as 
generally ‘low tech’ and vulnerable to changes in measurement, affecting the quality and reliability of 
any long term record (principle 6) derived from them. The latter is similarly true for satellites 
observations which have not been designed for long term climate.  

Access to data (particularly meta-data) has not always been provided in the past, thus principle 10 has 
historically not always been met, but is likely to be less of an issue in the future. For example work has 
started on the Vaisala Radiosonde RS92 to understand the process steps from raw data to geophysical 
product at the GRUAN sites to provide the FCDR. Manufacturers were initially reluctant to share the 
raw data, but are engaging with the process having seen the improvements such work enables. As the 
process is open access, it can be revisited in the future and re-processed with all available data. 

The near surface network over the ocean was briefly discussed. Only the MyOcean16, fixed platform 
initiative was identified as equivalent to the land surface networks although smaller in scale. 

Global precipitation products are a classic mix of in situ measurements over land (approximately 
75000 stations interpolate over land) and then satellite measurements over ocean, combined 
heterogeneously, thus homogeneity of data as stated in principle 4 is not met (Schneider et al, 2015). 
The product needs ground-truthing, however this is hard to achieve over the ocean.  

Buoy networks such as the Global Tropical Moored Buoy Array (McPhadden, 2009) or the drifting 
buoys were deemed not to currently achieve reference quality for atmospheric measurements, as was 
the case for SST in the Oceans Session, mainly because of these networks not fully adhering to GCOS 
monitoring principle 3 (and to some extent principle 6 where there have been interruptions in 
operation). It was also noted that ideally a near-surface reference site should cover the 10 m above 
and below the ocean surface. 

Meeting GCOS requirements and their adequacy 

The monitoring requirements specified by GCOS were considered to be adequate for the majority of 
atmosphere-related ECVs but with some modifications felt necessary. For example surface 
precipitation requires clarification in order to discriminate between solid and liquid precipitation. It 
was also identified that whilst upper-air wind speed and direction, and surface wind speed are well-
defined, surface wind direction is not.  

Surface networks for atmospheric measurements on the whole lack traceability. To provide a robust, 
accurate 50 year dataset necessary to see (climate) change (Diamond et al, 2012), a reference network 
with improved quality and traceability of measurements is needed (to meet principle 4 and 19). From 
a metrological perspective and with limited resources a practical solution would be to have a tiered 
network of networks. At the top of the chain a smaller number of; well-characterised and high 
accuracy reference test sites as a primary network. This can then be linked by comparison and 
travelling standards to a more widespread observation network in a system of systems approach. 
Rigorous metrology can be incorporated to the system via highly instrumented, uniform sites together 
with methods to allow upscaling of local point measurements to be representative at satellite scale. 

                                                           

16 http://marine.copernicus.eu/ 

http://marine.copernicus.eu/
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In such a system for the primary reference network, the UK should have 2 or 3 reference sites; 
currently none exist in the UK that would meet the traceability requirement, though such sites could 
be developed around existing Met Office sites such as those at Camborne and Aberporth. Site-
selection should potentially look for government-owned sites with some guarantee that they will 
remain unchanged over 50 years, creating an unbroken chain referenced back to the International 
System of Units (SI). 

For the envisioned reference network, it is paramount to look at the full traceability; from the initial 
measurand, to the geophysical parameter. For example, start with column height of mercury working 
through all the steps to the final SI traceable temperature, incorporating the expanded uncertainties; 
quantified and understood for the entire chain. Some example of common problems were given, 
including the change of Stevenson screens from wooden designs, to plastic ones, changes in greying 
of plastic with UV exposure, etc. These changes can be acceptably quantified at a reference site, as 
they can be fully analysed and understood. However, this is not practical for the entire surface 
network.  

7.2 Radiation Budget 

Meeting GCOS climate monitoring principles 

The experience from the Geostationary Earth Radiation Budget (GERB)17 instrument flown on 
METEOSAT Second Generation (MSG) satellite is that robust, visible calibration that extended into the 
blue/UV is a problem. On-board calibration (principle 15) is limited in the deep blue, thus radiometric 
calibration is reliant on less accurate vicarious options. Clouds and the Earth's Radiant Energy System 
(CERES) and GERB work on total flux and solar flux, deriving TIR from the difference, thus errors in the 
solar calibration impact the TIR calibration as well. Instrument spectral response needs monitoring, 
however nothing on-orbit is provided to monitor this. Operationally, the community have used the 
experience with the CERES instrument to apply/correct the GERB instrument, but this is not ideal, and 
direct evidence would be preferred and would follow principle 15.  

The Joint Polar Satellite System-2 Radiation Budget Instrument (JPSS-2 RBI) (i.e. the next CERES 
instrument) is the only planned mission known to continue ERB measurements. CLARREO/TRUTHS do 
not undertake the same type of ERB measurements (although potentially they can be correlated), 
neither does the ESA satellite mission, EarthCARE18. ERB measurements from space need better 
mission continuity to fulfil principles 12 and 13. They also need better spatial and temporal coverage 
in order to operate according to principles 10 and 11. 

Meeting GCOS requirements and their adequacy 

It was noted that the spectral solar irradiance and Total Solar Irradiance (TSI) are on the GCOS list, but 
the spectral outgoing spectral flux (top-of-atmosphere (TOA) reflected solar) is not implicitly 
mentioned in the GCOS inventory and perhaps should be. 

The GCOS requirement for ERB should be revised. GCOS requirements ask for a 1 W/m2 accuracy 
but it is known that the imbalance is closer to 0.5 W/m2, thus the accuracy required is clearly less 
than the current imbalance and closer to 0.2W/m2.would be a more appropriate accuracy target. 
The 2013 CORDEX document from the International Conference on Regional Climate, identifies what 
is needed in the future, GEO imaged with one polar orbiter and relative need for calibration. Which 
spectral regions are measured is important, so it needs to be clear what is needed in terms of the 
Earth Radiation Budget (ERB). Wielicki et al (2013) discusses the Climate Absolute Radiance and 

                                                           

17 https://gerb.oma.be/doku.php 
18 
www.esa.int/Our_Activities/Observing_the_Earth/The_Living_Planet_Programme/Earth_Explorers/EarthCARE
/ESA_s_cloud_aerosol_and_radiation_mission 

https://gerb.oma.be/doku.php
http://www.esa.int/Our_Activities/Observing_the_Earth/The_Living_Planet_Programme/Earth_Explorers/EarthCARE/ESA_s_cloud_aerosol_and_radiation_mission
http://www.esa.int/Our_Activities/Observing_the_Earth/The_Living_Planet_Programme/Earth_Explorers/EarthCARE/ESA_s_cloud_aerosol_and_radiation_mission
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Refractivity Observatory (CLARREO)19 and includes ERB numbers which should be used in the 
requirements. The regional uncertainty (note that in GCOS accuracy is referred to but should as is used 
here be better described as uncertainty) requirement can be lower, approximately 1 W/m2 on a 100 
km scale.  

GERB/CERES-type instruments have better precision than accuracy. 1% accuracy does map changes 
better than this, using the ocean heat content to restrain the product. The limiting factor on ERB is 
the conversion from radiance to flux, and uncertainty in the Angular Distribution Models (ADM) from 
the assumption of the scene. CERES previously built up ADMs from conical scenes, but no longer does 
this.  

7.3 Total Solar Irradiance 

Meeting GCOS climate monitoring principles 

Total Solar Irradiance (TSI) measurements need continuity (principle 13) but also bias correction 
(principle 20). There has been recent convergence within the community, following inter-comparison 
in the laboratory. Problems identified with stray light have brought the various estimates into good 
agreement, TIMS is considered by many to now be the de-facto reference. The solar-cycle UV signal 
featured in the journal Nature has been updated in terms of magnitude and sign following some 
calibration corrections. The only on-going full UV- NIR spectral solar measurement is from the Total 
and Spectral Solar Irradiance Sensor (TSIS). No alternative exists at an appropriate uncertainty to 
compare it against and thus spectral solar measurements require further work to meet the monitoring 
principles. 

Meeting GCOS requirements and their adequacy 

Spectral earth-reflected solar is useful for a number of applications, and is directly correlated to the 
underpinning FCDR for many ECVs e.g. ocean colour, land products, albedo, cloud radiation forcing 
but to its detriment, there is no clear science application identified to drive it specifically. One example 
however is the use of NIR water vapour channels over land for NWP assimilation of total column water 
vapour which MW cannot do. 

7.4 Pressure, Temperature and Humidity 

Meeting GCOS requirements and their adequacy 

Microwave Radiometric Calibration 

Primary radiometric standards for MW were discussed. There is some experience in the US but the EU 
does not yet have consolidated expertise for MW radiometry traceability. The Rutherford Appleton 
Laboratory (RAL) lead, supported by NPL, for pre-launch measurement, but further development work 
is needed to meet the 0.2 K requirement levels. Primary standard target and sub-system capability 
need to be developed, with 19-32 GHz and 50-60 GHz being frequencies where infrastructure is 
currently lacking. The climate signals that need to be measured are of the order of 0.1 K/decade, thus 
an accuracy of 0.2-0.5 K is required.  

Radio Occultation 

For Radio Occultation (RO) the large uncertainty is from the refractivity measurements – i.e. 
polarizability of air. Literature presents different numbers for laboratory measurements (Smith and 
Weintraub, 1953); refractivity measurements at 1.2 GHz are needed. NMIs such as NPL could help 

                                                           

19 http://clarreo.larc.nasa.gov 
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achieve this, or help identify people better placed to do so. Michael de Podesta (NPL) explained that 
currently refractivity measurements of gases are compared to Helium, as this can be calculated from 
quantum mechanics. The current operational RO product is reliant on a few 1950s data sets, nothing 
newer or consistent. SI traceable RO would start from time delay then work through the entire process 
chain to geophysical parameter to allow SI traceability. This is a relatively simple way to improve RO 
as new observations are not needed. The base measurement is time, and hence traceable, so the rest 
of the chain is soluble now. GPS Radio Occultation (GPSRO) has been in operation for 15 years and 
thus nearing climate record length. In the near future it is expected that it is likely to start seeing a 
climate signal. Sean Healy (ECMWF) was keen for the NMI community input for this. Some process 
steps are hard to quantify the uncertainty, ionosphere correction being a good example of this, though 
refractivity can be measured.  

Upper Air Humidity 

Upper air humidity measurement is not good enough (particularly <500 hPa altitude). The high quality 
instruments that exist are too expensive to provide the necessary daily observation network coverage 
in the troposphere. When operated by an untrained person it can produce measurements with up to 
a 5% uncertainty at a cost of up to US$ 300. Since bias from Radiosondes dominates the uncertainty 
there is a need for improved local delivered traceability at reference sites and investigation of 
alternative technologies for deployment on radiosondes.  

7.5 Greenhouse Gases 

Meeting GCOS requirements and their adequacy 

The Orbiting Carbon Observatory-2 (OCO-2) uses near infrared radiances to infer CO2, methane is 
measured in thermal infrared (TIR) channels. Spectrometers such as AIRS, IASI and GOSAT at 0.25-
1cm-1 resolution are now being used to infer greenhouse gas concentrations to 1ppm for CO2. A CO2 
LiDAR is still un-flown. There are uncertainties in spectral line-database, and undetected cirrus and 
dust interfere in the retrieval. One can use the O2 band to detect cirrus, but dust near the surface is 
difficult to detect. In situ flask measurements are made – traceable to mass – but this is not practical 
on a global level. EMRP EUMetrospec is looking at methane spectroscopy traceability, assessing 
uncertainties in HITRAN.  

Spectroscopy uncertainties prevent GCOS requirements being met. The NIR water vapour continuum 
remains unknown – Professor Keith Shine at the University of Reading is currently working on this. 
Also the isotopologues line strengths are not well known. Atmospheric transmission measurements 
have been taken i.e. CAVIAR Camborne and Jungfraujoch campaigns. NMI efforts in spectroscopy 
include O3, CFC new HCFCs. Need to understand detail of the spectroscopy especially where mixed 
contributions need disentangling.  

7.6 Clouds 

Meeting GCOS climate monitoring principles 

Radiosonde response rate, and temperature and humidity sensors are not practical at the 
temperature and specific humidity levels typical of cirrus clouds. Cloud clearing of low-visible/sub-
visible cirrus is difficult. Ground-based LiDAR can be used for a reference network, but does not 
provide global coverage as an active across track scanning satellite system would. NPL are looking to 
prototype an LED/diode optical system for reference sites, and then expand this to a regular network.  

Meeting GCOS requirements and their adequacy 

Cloud parameters are derived from a broad range of measurements from the infrared, near infrared, 
some visible and microwave.  
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Wetting of radiosonde sensors at the top of the cloud is a major problem that limits cloud top 
knowledge. A slow response time blurs the cloud top location. Work is currently taking place at NPL 
using acoustic thermometers and at the University of Reading using extra radiosonde instrument, to 
work on these issues. Fundamentally humidity measured by instruments that stop working when they 
get wet is unacceptable.  

7.7 Aerosol 

Meeting GCOS requirements and their adequacy 

Participants of the atmosphere session concluded that wavelength dependent requirements should 
be introduced for the three parameters within the aerosol properties ECV: aerosol optical depth, 
single-scattering albedo, and the aerosol extinction coefficient profile.  

Although there are a number of techniques and instruments for aerosol measurements, including 
satellite and ground-based, there is still significant uncertainty and challenges in obtaining consistency 
and sufficient detail in terms of aerosol height, type etc. CCI Aerosol report20 highlights some of the 
debate and is reinforced by the IPCC Chapter 2 (Hartmann et al, 2013) which shows medium 
confidence over few areas of world. More measurements in a greater range of wavelengths including 
IR and multi-angle measurements would add significant value. Since the retrieval algorithms are very 
specific to methods, a detailed review of uncertainties and traceability would be highly beneficial. 

7.8 Ozone 

The UV-VIS calibration for the field spectrometers used for ozone measurements also need a review 
of their traceability and uncertainty and whilst some reference instruments exist these need to expand 
in number and have rigorous uncertainty assessments performed.  

Ozonesondes are included in the GRUAN network and would benefit from a more rigorous 
metrological assessment of their current and historic performance. For example, the fundamental 
measurement techniques employed have changed 4-5 times over time, so it is highly likely that there 
will be unexpected biases between them. An assessment of these differing method (where possible) 
would be highly valuable to extend the backwards the climate data record.  

7.9 Precipitation 

Precipitation products are derived from passive and active MW radiances. RADAR systems are also 
important and dual band cloud/rain RADAR at the U.S. Department of Energy's Atmospheric Radiation 
Measurement (ARM) Program21 sites should be exploited. The Southern Great Plains (SGP) site was 
the first field measurement site established by the ARM Program and has lots of data.  

In the absence of any formal ‘planned ‘reference instrument, a system of quasi-reference standards 
are often constructed. For example, Tropical Rainfall Measuring Mission (TRMM), was the first RAdio 
Detection And Ranging (RADAR) satellite used to inter-compare surface RADAR, and provide a 
vicarious standard for previously un-calibrated systems, as the satellite was the first platform that 
allowed inter-comparison. Offsets of the order of 5dB where immediately corrected. TRMM was not 
designed as the reference standard, but adopted this mantle as it was found to be useful and a good 
example of how this type of approach can be made to work in the future for all sensor types.  

 

                                                           

20 www.esa-aerosol-cci.org/ 
21 www.arm.gov/ 

http://www.esa-aerosol-cci.org/
http://www.arm.gov/
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8. RECOMMENDATIONS RELATED TO GCOS REQUIREMENTS AND MONITORING 
PRINCIPLES 

 Surface precipitation requires clarification in order to discriminate between solid and liquid 
precipitation. 

 Whilst upper-air wind speed and direction, and surface wind speed are well-defined, surface 
wind direction is not.  

 Outgoing spectral flux (top-of-atmosphere (TOA) reflected solar) is not implicitly mentioned 

in the GCOS inventory – albeit indirectly for total column water vapour over land. However is 

key to Earth Radiation Budget (ERB) measurements and climate model validation. 

 The GCOS accuracy requirement for the ERB (1 W/m2) needs revising as it is clearly less than 

the current imbalance (of approximately 0.5 W/m2) and closer to 0.2 W/m2 

 Wavelength dependent requirements should be introduced for the three parameters within 

the aerosol properties ECV: aerosol optical depth, single-scattering albedo, and the aerosol 

extinction coefficient profile. 

 

9. PRIORITIES FOR METROLOGY 

The atmosphere workshop session identified areas to prioritise in order for the NMI community to 
best help within the resource budget.  

9.1 Surface Reference Network 

Mega-Sites 

Surface and near surface networks for atmospheric measurements on the whole lack traceability. 
Reference ‘mega-sites’ should contain all the instrumentation necessary to validate ECVs 

There is a need for a surface reference network to anchor measurements (including air temperature, 
pressure, rainfall, wind speed and direction, humidity, cloud height and visibility), over climate change 
timescales to attain a robust, reliable measure of change. The metrology community should be raising 
awareness within the community of the need for a unified reference network that would be more 
defensible against sustaining funding cuts than the current disparate scheme. Ideally, a surface 
network of 50 reference ‘mega-sites’ measuring all ECVs with redundancy and traceability, 
supplemented by 250 wider reference sites globally should be suffice to anchor worldwide 
measurements, and support the development of FCDRs. The reference ‘mega-sites’ will bring together 
the instrumentation from all isolated networks, that should contain all the instrumentation necessary 
to validate the ECVs, from near infrared (NIR), microwave (MW), Baseline Surface Radiation Network 
(BSRN). The initial step is a gap analysis to see where the NMI community can provide input.  

The metrology impact would be with a few highly accurate instrumented sites, as opposed to the 
wider NWP-driven network. The networks will not be run by NMIs, but rather NMIs would provide 
input to the design to ensure the accuracy and traceability requirements are met. 

 NMIs should help formulate the specifications for surface reference network mega-sites. 

 The UK, U.S. and Germany all use different schemes to calibrate field temperature sensors. 
Meteorological organisations should unify the process to allow rigorous comparison. 

 The NMI community should be involved in the design, operation and data product validation 
from the global reference network. 
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Temperature and Humidity 

Well-established quantities such as temperature, humidity and wind still lack a traceable reference 
network. Current humidity measurements are poor quality as cheap, operational sensors show 
significant drift and hysteresis effects. This is currently addressed through periodic re-calibration and 
the assumption of a modelled drift curve between calibrations. A potential ‘grand challenge’ to the 
community is the establishment of reference sites with a 50 year surface humidity record with fully 
understood uncertainties, traceable to a recognised standard. 

Ocean Networks 

An equivalent reference network for measurements over the ocean is more difficult (MyOcean 
network given as an example of best so far). Ideally a near-surface reference site should cover the 
10 m above and below the ocean surface. 

Aerosol Networks 

The metrology community could also provide a traceable reference to the Aerosol Robotic Network 
(AERONET). The individual AERONET networks are separate and work independently, due to disparate 
funding mechanisms and their history. These should be combined to create mega-sites where GCOS 
Reference Upper Air Network (GRUAN), together with Sondes, Light Detection And Ranging (LiDAR), 
AERONET are co-located. In practice this requires one network to create sufficient critical mass to 
attract others. However separate networks have political history, which would need to be overcome.  

BSRN Networks 

A traceable reference to the BSRN surface radiation network is also needed. BSRN has 30 stations 
around the world with International inter-comparisons at Davos, Switzerland. However a move to a 
more tiered system is needed, with one central reference (e.g. Cryogenic Solar Absolute Radiometer, 
CSAR), and approximately fifty more robust instruments calibrated against the standard to be 
distributed world-wide. This network should be recalibrated periodically against the reference 
standard – the strategy for this should be articulated by NMIs. The metrology community should 
define the reference and baseline measurements. 

9.2 Microwave Radiometric Calibration 

In the EU further developmental work needed on primary radiometric standards for MW to meet the 
0.2 K requirement levels (climate signals that need to be measured are of the order of 0.1 K/decade). 

Instrument characterisation expertise is needed. The infrastructure is more than the provision of 
suitable blackbodies or known temperatures. Two aspects should be covered; sub-system 
characterisation and end-to-end calibration. Sub-system includes antenna performance and detector 
linearity, whereas an extended source (~50 cm diameter) is needed for end-to-end calibration 
together with a ~1.5 m target. To date there has been a distributed effort across Europe; ESA are 
currently looking to develop a 1 m target, and some developments are taking place at RAL and NPL 
amongst others.  

The current effort in MW community is focused on quality assuring (QA) current datasets, but future 
missions need the metrology audited prior to launch. NWP does not require this level of accurate 
calibration, but this data is being used in climate applications. Ideally, the community needs a well-
calibrated MW sensor in precessing orbit to allow diurnal cycle studies and cross paths with NWP 
instruments, in order to carry out cross-calibration. NWP model analysis could detect biases at the 
20 mK level, which are not observed.  

9.3 NIR Radiometric Calibration 
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It is interesting to see how the atmospheric ECVs divide up by measurements technique/spectral 
region. 

Spectral region used # of ECVs 

Total IR 10 

NIR 5 

MV 6 

 

It is evident that improvements in IR radiance calibration have global cross-cutting applications. NIR 
may have the best opportunity to add immediate value, with more effort to date in thermal infrared 
(TIR) and MW. Therefore the future should look towards missions similar to that of TRUTHS22, which 
are capable in the NIR for surface studies, but do not have the spectral resolution for atmospheric 
composition studies (typically 1 cm-1 spectral resolution needed for CO2 and CH4). 

If the algorithm contains all the uncertainty, what is the benefit to improvement in radiance 
metrology? The models and algorithms may change in the future, but the legacy for the future is the 
measurements. These measurements can be reprocessed with improved algorithm knowledge, but if 
radiances are missing, their future is limited.  

ECVs could obtain traceability from two routes, the chain of the direct measurement, or through 
validation with directly traceable instruments – e.g. airborne acoustic thermometer. Representation 
error needs to be estimated to close the budget together with the instrument and geophysical 
parameter uncertainties.  

 NMI’s should have input to auditing the processing chain to provide a robust uncertainty 
budget for the retrieved geophysical parameter, including the expanded uncertainties 
associated with the assumptions and literature parameters used.  

 New refractivity of air measurements, providing a formula to calculate refractivity co-efficient 
in the 1.2-1.4 GHz spectral range, applicable from the surface to 80 km altitude, to an accuracy 
of 0.01 %. The dielectric/polarizability coefficient is a key parameter. The International RO 
working group has endorsed this as a key metrology requirement for the RO community as an 
outcome of a recent meeting.  

 Extending the formula to include variability in atmospheric composition sensitivity would be 
useful, but secondary. 

 Ionospheric correction is another key error where a lack of information restricts the product 
quality. A good ionospheric model is needed to translate the variability in ionospheric state 
from a contribution to the residual, to a separate term in the retrieval calculations. Whilst this 
is unlikely to be an NMI role, it is worth investigating the possible metrology input needed to 
the solution. 

9.4 Satellite Radiance Measurement through MW, IR & UV-VIS 

 Metrology community is involved in all aspects of sub-system characterisation and end-to-end 
calibration of satellite sensors in the microwave, IR and UV-VIS. Primarily other entities will do 
the calibration activity, but the metrology community, should be, and generally are, involved 
at all stages.  

 In the microwave channel there are significant pre-flight calibration improvement needs, 
including spectral response function and local oscillation drift characterisation. NMI’s work 
could concentrate on sub-system characterisation, for instance, antenna performance, black 
body source characterisation.  

                                                           

22 www.npl.co.uk/truths 
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 The culture should change, such that calibration should routinely be monitored and ‘audited’ 
by independent assessors, other than the instrument manufacturer.  

 Traceability in blackbody sources radiance (radiometric) calibration should be related directly 
to radiance standards, and not limited simply to temperature traceability with reliance of 
effective emissivity modelling.  

 For the MWS instrument (new AMSU-A built in Europe and RAL) there is a need for NMI 
involvement throughout the project, from the design and specification writing stage through 
to the final testing, to ensure definable performance is specified and met.  

 IR and microwave share many pre-flight calibration issues – many black body sources related. 

 For climate uncertainties in-flight reference sensors should provide a means to establish in-
orbit traceability for all sensors across all domains and facilitate interoperability and long term 
data records. 

 The MW–derived humidity product does not have a reference instrument. A key missing 
aspect of cross-calibration that would usefully anchor the product globally. 

Operational datasets in the MW and IR date from the 1970s, which are routinely used in reanalysis 
and NWP. Lower stratospheric and tropospheric channels are both reliant on ad-hoc stitching, so 
reduce the uncertainty from ~1 K to more like the 0.2 K needed by the science. Three new MW 
instruments are about to be launched, and there is a need to understand the full end-to-end pre-flight 
calibration and sub-system characterisation. Whilst the opportunity to input into the EU hardware has 
passed, there is still time to engage in calibration. 

How do we ensure the metrology community engages in key EU climate missions? Metrology input is 
through the performance of pre-flight calibration, and follow through to good in-flight monitoring 
throughout the mission. Many in-flight issues are traced back to deficiencies in the pre-flight activities, 
so need to engage from the start of the process. Traditionally, the metrology community waits to be 
approached for input, it is hard to ‘tell’ the meteorology community that they need the metrology 
community – need some case studies to show value. The metrology community should provide 
guidance on what is needed to optimise benefit of measurements over the lifetime of the mission. For 
example, MSU and AMSU instruments have 3 (radiometric) calibration points, and assume linearity – 
any non-linearity is not captured in the 3-point calibration scheme. The meteorology community need 
the NMIs to stipulate the need for a ~20 points scheme to cover linearity and vicarious calibration 
covers the dynamic range etc. The specification advice needs to come from the metrology community. 

9.5 ECV-related Priorities 

Radiation budget 

 Robust, visible calibration that extended into the blue/UV is a problem and a reliable on-board 

monitoring source would markedly improve the calibration since existing sources are often 

prone to degradation from contamination and atomic oxygen. 

 Multiple low cost instruments tied together with a single on-orbit reference calibrator such as 

TRUTHS/CLARREO; operated together with a ground-based reference system. 

Total Solar Irradiance 

 Total Solar Irradiance (TSI) needs continuity but also bias correction. 

 Spectral solar measurements require further work. Spectral earth-reflected solar is useful for 

a number of applications but needs a hyperspectral solar mission to be funded and flown. 

Radio Occultation 

 Atmospheric refractivity measurements at 1.2 GHz are needed. 
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 Work on SI traceable RO is needed using existing GPSRO measurements. 

Upper Air Humidity 

 There is a need for a low cost sonde-launchable instrument to cover the 5 order of magnitude 
change in the measurand over full profile, with rigorous quantifiable (if not traceable) 
uncertainty. The sensor needs to be better at distinguishing the step changes in humidity that 
occur at cloud boundaries, and avoid the sensor saturation issues currently seen in polymer 
sensor technology. 

 Development of an optical sensor for radiosonde for reliable UT humidity. 

 Improvement in the measurement accuracy of the upper air temperature through use of the 
NPL acoustic thermometer at GRUAN sites (radiosonde bias is dominating uncertainty). 

Greenhouse Gases 

 Need to understand detail of spectroscopy especially where mixed contributions need 

disentangling. 

Clouds 

 Further work on acoustic thermometers to be placed on radiosondes is needed to make sure 

the wetting out problem in clouds is dealt with. 

 The development of an optical sensor that can work on a Sonde23 in terms of mass and cost 

would revolutionise the atmospheric record. 

 An active across track scanning system such as the Cloud‐Aerosol Lidar and Infrared Pathfinder 

Satellite Observations (CALIPSO) is required to identify cirrus clouds globally. 

Aerosol 

 CCI Aerosol report highlights confusion. The IPCC Chapter 2 (Hartmann et al, 2013) shows 

medium confidence over few areas of world. Multi-angle measurements would add value and 

a rigorous assessment of traceability and uncertainty of differing methods and retrieval 

algorithms. 

Ozone 

 Work on the fundamental measurement techniques is required to fully understand the 

different techniques used and their potential biases. 

Precipitation 

 Further exploitation of dual band cloud/rain radars at the ARM sites. 

 

9.6 Cross-cutting Priorities 

 Cross-calibration of operational TIR sensors through the development of a CLARREO-like TIR 
reference instrument. Also there is a need for a GRUAN-like ground network for in situ 

                                                           

23 Flash B Sondes cost approximately US$ 5000 each. FPH costs are around US$ 2000/sonde, whereas usual 
sonde costs are nearer to US$ 200/sonde.  
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measurement (Department of Energy’s Atmospheric Radiation Measurement (ARM) 
program); radiative transfer (forward) models are sufficiently well understood to convert in 
situ parameters retrieved into TOA radiances in the TIR. 

 Improve UV-VIS-NIR on-board radiometric calibration needed for climate level data (improve 
the ERB). On-board calibration is limited by its simplicity, thus improved calibration requires 
greater complexity in on-board calibration systems.  

 Improve pre-flight and in-flight NIR radiometric calibration needed for climate level data. At 
higher spectral resolution who could be applied to atmospheric composition ECVs. 

 Separate the FCDR and algorithm related uncertainties. If the algorithm is the current 
dominant uncertainty, this should not limit improvements in the FCDR, as the community can 
reprocess the FCDR later and thus the FCDR accuracy should be maximised.
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SUMMARY OF RECOMMENDATIONS 

Many of the topics identified in the three thematic sessions (ocean, terrestrial and atmosphere) were 
also further discussed during the plenary session. Generic Cross-cutting recommendations which 
resulted from the combined discussions of the workshop as a whole were: 

 

    Recommendations to GCOS24  

 The GCOS monitoring principles are necessary but may not always be sufficient to ensure that 
GCOS requirements are met. GCOS requirements can be overly optimistic. For example, 
stability targets rarely seem feasible given the accuracy targets. This may be a result of 
inconsistent definitions which should be addressed (see later). 

 In the GCOS implementation plan, individual targets may be justifiable for particular 
applications. However, the combination of all targets simultaneously is sometimes overly 
ambitious, and perhaps not required for any single application. Consideration should be given 
towards presenting multiple targets tailored to specific applications in the GCOS 2016 
revision.  

 Establishing rigorous end-to-end traceability diagrams to identify gaps/weaknesses in ECV and 
CDRs production process is recommended. This process should also more easily allow reverse 
engineering from detection of the expected climate trend of individual ECVs back to 
requirements on underpinning FCDRs and sensors.  

 Some ECVs in each of the domains require clarification to identify what measurements are 
required and what parameters are derived from those measurements, especially as 
technology advances and our knowledge of the global climate system improves and additional 
or supplementary properties of ECVs should be included. 

 A standard minimum record length should be identified for all ECVs of GCOS. 

 The standard metric applied for all ECVs was not considered suitable. There was a general 
consensus that a metric should be developed per ECV in collaboration with metrology 
institutions.  

 Uncertainty vocabulary is often incorrectly used and does not follow the ‘Guide to the 
expression of uncertainty in measurement’ (GUM – BIPM et al., 1995). GUM2 is currently 
being prepared. To help GCOS and the climate community it was recommended that a 
separate GUM for EO and a GUM for modelling be developed and this could address more EO 
specific problems such as that of inversion. As part of this process a dedicated training 
course(s) should be established to aid the uptake of this process and form part of the guidance 
offered by GCOS. 

 The workshop participants represent a number of different scientific areas, and thus have 
knowledge of different dedicated requirement collection efforts. Future updates to GCOS 
requirements should take advantage of these sources of data. Additions to the ECV inventory 
and other findings should be communicated to GCOS through the CEOS-CGMS Working Group 
Climate.  

 

Metrology Recommendations for Climate/EO and NMI community 

 A more general conclusion was regarding the greater involvement of National Metrology 
Institutes (NMIs) in earth observation projects, satellite mission planning and mission 
implementation. Three possible ways to achieve this were identified: top down (this has 
previously had limited success); requirement of NMI involvement from mission advisory 
groups; bottom up, i.e. from the customer and pro-active involvement of NMIs. A focused 

                                                           

24 NB. for specific examples see thematic summaries. 
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dialogue should continue between metrological, earth observation and CDR communities. 
This could be through any or all of a number of suggested vehicles: 

I. At a working level as partners in projects and for missions 
II. Using the ISSI meeting mechanism 

III. More regular workshops similar to this one 
IV. Newsletter and website 
V. Harmonisation between existing project vehicles (e.g. FIDUCEO, GAIACLIM, QA4ECV, 

METEOC-II, METEOMET) and coordination within European NMIs. 

 Validation networks are critical component of any climate observing system. These should 
ideally be established to have as many key parameters measured on the same site as possible, 
have a system to ensure rigorous SI traceability of the necessary accuracy is achieved and 
maintained at the sites, with the methods needed to upscale to satellite footprints. 
Globalisation of such measurements should be encouraged through ensuring secondary 
networks are widely established with subsets of instrumentation but still tied to reference 
networks. 

 Affordable travelling standards needed, to provide traceability at the point of use, should be 
developed by the metrology community, and where possible the means to monitor drift 
embedded into measurement instruments, particularly those that need to be autonomous.  

 Robust methods (including mathematics following metrological principles) should be devised 
to facilitate consistent interoperability between measurement systems in the short and long 
term to allow FCDRs and CDR to be achieved and uncertainties assigned.  

 Independent audit of sensor (pre-flight) calibrations and validation networks should be carried 
out by metrology community. 

 Methods to improve in-flight, SI traceable, on-board calibration of satellite sensors for all 
domains should be developed with the aim to establish a set of primary reference satellites 
to establish FCDRs of the necessary accuracy and facilitate interoperability and harmonisation.  
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APPENDIX 

10. GCOS LIST OF ESSENTIAL CLIMATE VARIABLES 

Table 2 Essential Climate Variables according to GCOS (2010a) 

Domain Essential Climate Variables 

Ocean 

Surface: Sea-surface temperature, Sea-surface salinity, Sea 
level, Sea state, Sea ice, Surface current, Ocean colour (for 
biological activity), Carbon dioxide partial pressure, Ocean 
acidity. 

Sub-surface: Temperature, Salinity, Current, Nutrients, Carbon 
dioxide partial pressure, Ocean acidity, Oxygen, Tracers, 
Phytoplankton; Marine biodiversity and habitat properties. 

Terrestrial 

River discharge, Water use, Ground water, Lakes, Snow cover, 
Glaciers and ice caps, Ice sheets, Permafrost, Albedo, Land 
cover (including vegetation type), Fraction of absorbed 
photosynthetically active radiation (fAPAR), Leaf area index 
(LAI), Aboveground biomass, Soil carbon, Fire disturbance, Soil 
moisture. 

Atmosphere (over land, sea and ice) 

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 (including 
solar irradiance). 

Composition: Carbon dioxide, Methane, and other long-lived 
greenhouse gases; Ozone and Aerosol, supported by their 
precursors. 

 

 

11. GCOS CLIMATE MONITORING PRINCIPLES 

Effective monitoring systems for climate should adhere to the following 20 principles (WMO, 2015): 

1. The impact of new systems or changes to existing systems should be assessed prior 
to implementation. 

2. A suitable period of overlap for new and old observing systems is required. 
3. 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. 

4. The quality and homogeneity of data should be regularly assessed as a part of routine 
operations. 

5. Consideration of the needs for environmental and climate-monitoring products and 
assessments, such as IPCC assessments, should be integrated into national, regional 
and global observing priorities. 

6. Operation of historically-uninterrupted stations and observing systems should be 
maintained. 

7. High priority for additional observations should be focused on data-poor regions, 
poorly observed parameters, regions sensitive to change, and key measurements with 
inadequate temporal resolution. 
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8. Long-term requirements, including appropriate sampling frequencies, should be 
specified to network designers, operators and instrument engineers at the outset of 
system design and implementation. 

9. The conversion of research observing systems to long-term operations in a carefully-
planned manner should be promoted. 

10. Data management systems that facilitate access, use and interpretation of data and 
products should be included as essential elements of climate monitoring systems. 

Furthermore, operators of satellite systems for monitoring climate need to: 

(a) Take steps to make radiance calibration, calibration-monitoring and satellite-to-
satellite cross-calibration of the full operational constellation a part of the operational 
satellite system; and 

(b) Take steps to sample the Earth system in such a way that climate-relevant (diurnal, 
seasonal, and long-term inter-annual) changes can be resolved.  

Thus satellite systems for climate monitoring should adhere to the following specific principles: 

11. Constant sampling within the diurnal cycle (minimizing the effects of orbital decay and 
orbit drift) should be maintained. 

12. A suitable period of overlap for new and old satellite systems should be ensured for a 
period adequate to determine inter-satellite biases and maintain the homogeneity 
and consistency of time-series observations. 

13. Continuity of satellite measurements (i.e. elimination of gaps in the long-term record) 
through appropriate launch and orbital strategies should be ensured. 

14. Rigorous pre-launch instrument characterization and calibration, including radiance 
confirmation against an international radiance scale provided by a national metrology 
institute, should be ensured. 

15. On-board calibration adequate for climate system observations should be ensured 
and associated instrument characteristics monitored. 

16. Operational production of priority climate products should be sustained and peer-
reviewed new products should be introduced as appropriate. 

17. Data systems needed to facilitate user access to climate products, metadata and raw 
data, including key data for delayed-mode analysis, should be established and 
maintained. 

18. Use of functioning baseline instruments that meet the calibration and stability 
requirements stated above should be maintained for as long as possible, even when 
these exist on decommissioned satellites. 

19. Complementary in situ baseline observations for satellite measurements should be 
maintained through appropriate activities and cooperation. 

20. Random errors and time-dependent biases in satellite observations and derived 
products should be identified. 
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12. WORKSHOP TEMPLATES 

The three tables below were considered with regards to each of the ECVs in the Ocean, Terrestrial and Atmosphere domains. The tables provided a framework 
to initiate discussion within the break-out sessions for each domain during the two-day workshop, 21-22nd May.  

  

Table 3 Pre-prepared information regarding existing GCOS requirements and instruments used / planned 

ECV 
Parameters 

(separated by 
products) 

Target Requirements 
Key 

measurands 

Primary 
instruments 

used 

Primary 
instruments 

planned 
Applications 

Horizontal res. Vertical res. Temporal res. Accuracy Stability 

 

 

Table 4 Framework for discussion within the workshop sessions during Day 1  

ECV 
Parameters 

(separated by 
products) 

Is each ECV consistent with GCOS principles? 
(Y/N/Comment) 

Are requirements 
adequate? 

Degree of difficulty in 
meeting requirements 

Other sources of 
requirements (non-

GCOS)? If yes, where? 
Limitations 

In situ and ground 
based remote sensing 

observations 
Satellite Observations 

Y/N Justification 
Score  
(1-5) 

Evidence / 
Doc. 

2 3 4 6 10 11 12 13 14 15 17 
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Table 5 Framework for discussion within the workshop sessions during Day 2 

ECV 

Parameters 
(separated 

by products) 

Degree of challenge / benefit (in the context of metrology) for each aspect per ECV (note rankings are intended to inform 
metrological need and are not a ranking of merit of ECVs)  

C
o

n
se

n
su

s co
n

so
lid

ate
d

 p
rio

rity le
ve
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e
tro

lo
gy co
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O
th

e
r C

o
m

m
e

n
ts 

1. Are there 
difficulties in 
achieving 
adequate 
uncertainty in 
measurement 
(direct 
measurand e.g. 
reflectance, 
radiance) due to 
availability of 
standards? Nb. 
please consider 
for satellites 
and/or in situ 
(including 
validation) 
separately.  
(1 = readily 
achievable 
standards 
tailored to the 
measurand are 
well established 
and accessible, 
5 = No known 
standards 
available) 

2. Are there 
difficulties in 
achieving 
adequate 
uncertainty in 
measurement 
of the 
measurand due 
to 
instrumentation
/ method? 
(Consider both 
satellite and/or 
in situ as 
appropriate) 
(1 = variety of 
calibrated/valid
ated 
instruments 
and/or methods 
available with 
evidence of 
uncertainty, 5 = 
No 
independently 
validated 
method or 
suitable 
instrument 
available)  

3. What is the 
degree of 
difficulty in 
achieving 
required 
uncertainty in 
ECV due to 
algorithm/ 
model? 
(1 = one or more 
community 
consensus 
validated model 
with evidence of 
uncertainty that 
is consistent 
with 
requirements, 
5 = either no 
model, or range 
of models with 
large variances 
and no 
consensus or 
uncertainty 
statement) 

4. What is the 
degree of 
challenge 
(research 
effort/cost) to 
remove 
uncertainty 
limiting factor 
(derived from 
Q1 -3)?  
(1 = no 
significant 
challenge 
method to 
achieve is 
known and 
effort 
estimated to 
be < 0.5 man 
year, 
5 = high 
challenge no 
known route 
to achieve 
necessary 
uncertainty (> 
10 man year 
effort) 

5. What is the 
benefit of 
‘improvement’ 
in uncertainty 
or associated 
techniques/ 
methods for 
application in 
other ECVs or 
EO applications 
(non-climate) in 
general?  
(1 = 
improvements 
limited to the 
specific 
measurand and 
ECV with no 
foreseeable 
benefit to 
another 
application, 5 = 
Wide benefits 
would be 
accrued to at 
least 5 major 
applications/ 
ECVs) 

6. What is the 
relative impact 
of ECV to 
climate 
knowledge if 
uncertainty 
improvement as 
specified from 
Day 1 is 
achieved?  Nb. 
this can be 
assessed as fully 
achieved or 
partly with an 
appropriate 
comment.  
(1 = may give 
some input on 
processes but 
limited impact 
on forecasting 
or climate 
services, 5 = 
high impact 
could drive 
policy for 
mitigation/adap
tation likely to 
be highly citable 
in publication) 

7. What is the 
value to existing 
investments/ 
projects of 
increasing the 
metrology effort 
to improve the 
uncertainty in (1 
-3 above)? Nb. 
these relate 
primarily to 
climate or EO 
science related 
projects. 
(1 = not likely to 
lead to change 
in funding/ or 
speed of 
developments or 
impact existing 
projects/ 
investments, 5 = 
could provide 
breakthrough to 
stimulate urgent 
investment or 
significantly 
enhance outputs 
of projects) 

 Weighting (impact for metrology) (1-5) 
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