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Summary and Purpose of Document

The purpose of this manual is to establish the operational philosophy under which GRUAN will op-
erate and to inform current and future GRUAN sites of the expected modus operandi for GRUAN. 
It defines the requirements for GRUAN site operations, including requirements on expected accur-
acy, longterm stability, and uncertainty measures. The description of this document as a ‘manual’ is 
consistent with the WMO nomenclature i.e. it is a document that provides higher level directives 
and where underlying ‘guides’ provide more detailed and specific information. Therefore, rather 
than prescribing the methods, techniques and processes that should be employed in GRUAN, it 
provides higher level principles that are intended to direct the development of the methods, tech-
niques and processes needed to achieve the stated goals of GRUAN. Where possible, the document 
does provide more in-depth detail on specific methodologies appropriate for incorporation into ex-
isting WMO literature.
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PREFACE 5 

The purpose of this manual is to establish the operational philosophy under which GRUAN will 6 
operate and to inform current and future GRUAN sites of the expected modus operandi for 7 
GRUAN. It defines the requirements for GRUAN site operations, including requirements on ex-8 
pected accuracy, long-term stability, and uncertainty measures. The description of this document 9 
as a ‘manual’ is consistent with the WMO nomenclature i.e. it is a document that provides higher 10 
level directives and where underlying ‘guides’ provide more detailed and specific information. 11 
Therefore, rather than prescribing the methods, techniques and processes that should be employed 12 
in GRUAN, it provides higher level principles that are intended to direct the development of the 13 
methods, techniques and processes needed to achieve the stated goals of GRUAN. Where possi-14 
ble, the document does provide more in-depth detail on specific methodologies appropriate for 15 
incorporation into existing WMO literature. 16 
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 66 

Executive Summary 67 

The development and current operation of the GRUAN network is managed through a number of 68 
distinct but often overlapping documents, including GCOS-112, GCOS-121, GCOS-134, web-69 
based material, reports from GRUAN Task Teams and papers published in the international peer 70 
reviewed literature. The purpose of this manual is not to supersede that documentation, but rather 71 
to provide a vehicle for communicating and documenting messages important to the operation of 72 
GRUAN but which may not find a natural home elsewhere in the GRUAN body of documenta-73 
tion. As such, this document is neither complete nor comprehensive in its coverage of GRUAN. 74 
The high level messages emerging from this GRUAN manual are summarized in this executive 75 
summary. 76 

Goals: The primary goals of GRUAN are to: 77 
• Provide vertical profiles of reference measurements suitable for reliably detecting changes in 78 

global and regional climate on decadal time scales. 79 
• Provide a calibrated reference standard for global satellite-based measurements of atmos-80 

pheric essential climate variables. 81 
• Fully characterize the properties of the atmospheric column. 82 
• Ensure that potential gaps in satellite programmes do not invalidate the long-term climate 83 

record. 84 

Partner networks: GRUAN will not operate in isolation but will connect with a number of exist-85 
ing networks, some of which are already making measurements pertinent to GRUAN. Duplication 86 
with these networks should be avoided. Wherever possible, QA/QC techniques developed within 87 
those networks should be adopted within GRUAN. 88 

Managing change: GRUAN will not be a static network. Change, resulting from the availability 89 
of new, improved instruments, the generation of new knowledge about calibration procedures, and 90 
the adoption of more exact standards, will be inevitable. Such changes need to be managed care-91 
fully to avoid introducing discontinuities in long-term measurement time series. 92 

Measurement uncertainty: A focal point for GRUAN, and one which differentiates it from many 93 
other networks, is the emphasis on deriving robust values for the uncertainty on each measure-94 
ment. This involves a process of describing and analyzing all sources of uncertainty in any meas-95 
urement, quantifying and synthesizing the contribution of each source of uncertainty to the total 96 
measurement uncertainty, and verifying that the derived net uncertainty is a faithful representation 97 
of the true uncertainty. 98 

Key requirements for GRUAN sites: Three essential climate variables have been identified as 99 
priority 1 measurements for GRUAN, viz.: temperature, water vapour, and pressure. The goal is 100 
to measure these through: 101 

• 1 weekly production radiosonde flight using the best technology currently available at the 102 
site. 103 

• 1 monthly radiosonde capable of measuring water vapour in the upper troposphere and 104 
lower stratosphere and all other priority 1 variables to the best level possible with current 105 
technology, launched together with the weekly radiosonde. 106 

• Regular 00 and 12 LST (as a preference over UTC) launches of a production radiosonde 107 
with best technology currently available. 108 

• Dual launches of sondes with highest quality humidity sensing capability in the upper tro-109 
posphere and lower stratosphere. 110 

• Periodic intercomparisons of a large range of sonde types. 111 
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Only the first two criteria are deemed an initial requirement. Equally important as implementing 112 
this measurement schedule is establishing and documenting the methods used to quantify the un-113 
certainty on each measurement. No measurement programme from any site should be adopted into 114 
GRUAN until a detailed, traceable account of the measurement uncertainty has been established. 115 
Therefore, in additional to implementing the required measurement programmes, sites should also 116 
be encouraged to develop detailed documentation around these measurement programmes which 117 
can then also be used to trace ongoing improvements in measurement precision and accuracy, and 118 
in the derivation of measurement uncertainties. 119 
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 120 

1. INTRODUCTION 121 

1.1. A brief summary of GRUAN 122 

The reliable detection of the vertical structure of changes in climate variables in the atmosphere 123 
requires very high quality atmospheric observations with well characterised measurement uncer-124 
tainties. While the GCOS Upper Air Network (GUAN) provides upper air measurements over 125 
large regions of the globe, these are primarily for operational weather forecasting and as a result 126 
seldom include systems to guarantee data quality such that the data are suitable for long-term 127 
trend detection. For example GUAN does not include, as part of its design, regular intercompari-128 
sons between measurements at different sites to ensure homogeneity in data quality and traceabil-129 
ity. In addition GUAN does not provide global coverage; in particular ocean regions are poorly 130 
sampled. 131 

The need for a reference upper-air network to better meet the needs of the international climate 132 
research community has long been recognized. This was formalized between 2005 and 2007 when 133 
a reference upper-air network consisting of eventually 30-40 sites worldwide was planned. This is 134 
the GCOS Reference Upper-Air Network (GRUAN; GCOS-112, GCOS-134). In contrast to 135 
GUAN, which is based on weather observing stations, GRUAN is specifically designed for cli-136 
mate research. GRUAN will provide reference observations of upper-air essential climate vari-137 
ables (ECVs), through a combination of in situ measurements made from balloon-borne instru-138 
ments and from ground-based remote sensing observations. Furthermore, unlike other GOS net-139 
works, management decisions in GRUAN are driven by the requirements of long-term climate 140 
trend detection. Nonetheless, there are aspects of GRUAN operations that clearly link to GUAN. 141 
As such GRUAN has a somewhat split personality with a dual-purpose nature. On one hand the 142 
GRUAN network is a research network constantly striving to improve measurement techniques, 143 
quantify and reduce measurement uncertainties, and improve precision and accuracy. On the other 144 
hand the measurements need to be made in a stable way over decadal time scales to achieve data 145 
homogeneity both in time and between measurement stations. In this sense GRUAN will operate 146 
more like a long-term monitoring network for the detection of climate change. These two aspects 147 
of GRUAN operations are not mutually exclusive, but do need to be carefully balanced. This 148 
dual-purpose nature of GRUAN has been accommodated in this manual. 149 

GRUAN's goals are to: 150 

i) Provide vertical profiles of reference measurements suitable for reliably detecting changes in 151 
global and regional climate on decadal time scales. The uniformity and coherence of standard 152 
operating procedures at GRUAN stations and the resultant homogeneity of GRUAN data 153 
products will provide a global reference standard for GUAN stations. In this way improved 154 
detection of changes in the climate of the troposphere and stratosphere will be achieved. 155 

ii)  Provide a calibrated reference standard for global satellite-based measurements of atmos-156 
pheric ECVs. This facilitates the creation of seamless, stable, and long-term databases of sat-157 
ellite-based measurements suitable for detection of trends in climate in the upper troposphere 158 
and stratosphere. 159 

iii)  Fully characterize the properties of the atmospheric column. This is necessary for process 160 
understanding and for radiative transfer modelling. 161 

iv) Ensure that potential gaps in satellite programmes do not invalidate the long-term climate 162 
record. 163 

In achieving these four goals, GRUAN will address the current deficiencies of the GUAN net-164 
work. In the context of the WMO networks, GRUAN will effectively be the climate reference 165 
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backbone of the existing GUAN. The envisaged capabilities of a fully-implemented GRUAN are 166 
detailed in GCOS-112. The scientific justification and requirements for GRUAN are summarized 167 
in Section 3 of GCOS-112 and are not repeated here. 168 

1.2. GRUAN Governance 169 

A schematic outline of the GRUAN governance structure is given in Figure 1. GRUAN measure-170 
ment sites are guided directly by the GRUAN Lead Centre, currently hosted by the Lindenberg 171 
Meteorological Observatory, Germany. The Lead Centre is responsible for implementation of 172 
GRUAN, for managing various systems that apply to GRUAN as a whole, and for collecting and 173 
integrating best practices across the network. The GRUAN Lead Centre is designated by WMO 174 
who also sponsors the GCOS Steering Committee. The GCOS steering committee in turn guides 175 
the GCOS/WCRP Atmospheric Observation Panel for Climate (AOPC). The AOPC in turn guides 176 
the Working Group for Atmospheric Reference Observations (WG-ARO) which guides the de-177 
velopment of GRUAN, is responsible for GRUAN site selection (see Section 5.2), develops 178 
guidelines for observations and data and ultimately guides the GRUAN Lead Centre. The GCOS 179 
Secretariat provides additional support to the GCOS Steering Committee, the AOPC, the WG-180 
ARO and the GRUAN Lead Centre. The GRUAN Lead Centre acts as the interface between 181 
GRUAN and the community of users of GRUAN products. For example, data transfer to end-182 
users is not made from GRUAN measurement sites but is first shared within the GRUAN com-183 
munity, subjected to the QA/QC procedures developed within GRUAN, and then submitted by the 184 
GRUAN Lead Centre to the GRUAN data repository (NCDC – see Section 8.5).  185 

GRUAN aims to me more than the sum of its Lead Centre and measurement sites. To achieve this 186 
GRUAN might benefit from having access to resources that can be used to address issues that are 187 
relevant across the network as a whole. An example would be the development of a system for 188 

 
Figure 1: Schematic outline of the structure of GRUAN. GRUAN elements are shown in 
red while external support structures are shown in black. GATNDOR=GRUAN Analysis 
Team for Network Design and Operations Research. 
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reporting bugs in data by the GRUAN data user community. To this end a trust fund, established 189 
in a similar manner to the GCOS Cooperation Mechanism, might provide the necessary facility to 190 
receive voluntary contributions for implementing activities across the GRUAN network for the 191 
communal benefit of the network. 192 

1.2.1. Internal GRUAN structure 193 

Internally, GRUAN comprises the Lead Centre, GRUAN measurement sites, GRUAN task teams, 194 
and an ad hoc GRUAN Analysis Team for Network Design and Operations Research 195 
(GATNDOR). The Lead Centre is responsible for implementing GRUAN, system management 196 
and for collecting and integrating best practices. GRUAN measurements are made at the Lead 197 
Centre and at GRUAN measurement sites which should replicate the measurement practices rec-198 
ommended by the Lead Centre. The GRUAN Lead Centre may also conduct targeting training 199 
programmes for instrument operators at various GRUAN sites to encourage uniformity of instru-200 
ment operation between sites. 201 

GRUAN task teams support the WG-ARO and the Lead Centre in implementing GRUAN by con-202 
sidering specific issues in support of network design and decision making, and entraining opera-203 
tional and other relevant expertise. The task teams evaluate the appropriateness of uncertainty 204 
estimates, the usefulness of particular measurements and operational procedures, synthesize the 205 
available knowledge and develop recommendations to improve GRUAN measurements and op-206 
erations. These task teams should confer regularly to evaluate the current status of GRUAN ob-207 
servations, to identify weaknesses, and to incorporate new scientific understanding into GRUAN. 208 
The expertise of these teams should also be used to support the Lead Centre in guiding individual 209 
stations through instrumental and operational changes without impacting long-term measurement 210 
time series. Possible avenues for expansion of task teams are discussed in Section 1.3.1. Follow-211 
ing ICM-1, the GATNDOR team was established to undertake scientific investigations (in addi-212 
tional to the more operational investigations undertaken by the task teams) in support of GRUAN 213 
decision making and to report at subsequent ICM meetings. The team undertakes focused, short-214 
term research to address specific topics identified by the GRUAN science and management com-215 
munity. GATNDOR activities are coordinated with the GRUAN task teams and with national 216 
GCOS programmes when appropriate. To best serve the needs of climate monitoring and re-217 
search, it is essential that GRUAN be informed by a good understanding of the evolving science 218 
issues that drive the measurements and accuracy of the GRUAN data. Therefore, the establish-219 
ment of an internal or external science advisory panel is being considered. 220 

1.3. Links to partner networks 221 

GRUAN will not operate in isolation of existing networks and GRUAN is not intended to replace 222 
in any way any existing networks. In fact many GRUAN initial and candidate sites already belong 223 
to existing networks such as GUAN, GAW, NDACC, BSRN and SHADOZ. One of the essential 224 
characteristics of a successful GRUAN is close coordination with the user community and many 225 
of these networks are also likely to be users of GRUAN data. Similarly, complementary meas-226 
urements from these other networks should be collated in a collocation database to enable cross-227 
calibration and to quantitatively link GRUAN measurements to similar measurements made 228 
within other networks. As a result, close coordination between the governing bodies of these net-229 
works and with GRUAN is required on a continuous basis. 230 

There are a wide range of tools and methodologies that have been developed in existing networks 231 
that GRUAN can adopt, extend if necessary, and learn from. Similarly, existing networks will 232 
have skills and expertise likely to be useful to GRUAN and its operations. As a result, expert 233 
teams from existing networks should be approached to support GRUAN operations and to avoid 234 
duplication of effort by utilizing existing scientific knowledge. It is especially important to note 235 
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that establishing GRUAN is not just an exercise in adding another acronym label to existing 236 
measurement sites. While in the charter for GRUAN (GCOS-92) it is stated that ‘where feasible, 237 
these reference sites should be co-located and consolidated with other climate monitoring instru-238 
mentation’, GRUAN will require a mode of operation, and the establishment of measurement 239 
programmes, currently not available anywhere. The purpose of this section is to provide, as early 240 
as possible in this document, a context for GRUAN in the broader community of climate monitor-241 
ing networks. 242 

A number of networks currently in operation make measurements which fall within the scope of 243 
GRUAN. Of particular interest are those stations that make upper air measurements that are not 244 
part of the typical meteorological measurements of temperature, pressure and humidity. Many of 245 
these networks have developed systems for assuring the quality of their measurements. Where the 246 
systems currently in place are sufficient to meet the operational requirements of GRUAN they 247 
should be used by GRUAN. Where networks are working towards QA/QC procedures, GRUAN 248 
should partner with these networks to develop systems that meet the operational requirements of 249 
both parties. In some cases sites within these partner networks may also become GRUAN sites. 250 
This is encouraged since it facilitates a traceable link between GRUAN measurements and meas-251 
urements made at all other sites within the partner network (assuming that the measurements 252 
within the partner network are cross-calibrated and can be quantitatively linked). 253 

Existing networks and potential resources from within those networks likely to be of value to 254 
GRUAN are discussed below. 255 

1.3.1. NDACC (Network for the Detection of Atmospheric Composition Change) 256 

The NDACC comprises more than 70 high-quality, remote-sensing research stations for observing 257 
and understanding the physical and chemical state of the stratosphere and upper troposphere and 258 
for assessing the impact of stratospheric changes on the underlying troposphere and on global 259 
climate. Because GRUAN and NDACC share a number of common science goals, it has been 260 
debated whether GRUAN is necessary and whether NDACC could achieve the goals of GRUAN. 261 
There are a number of key differences between NDACC and GRUAN that require GRUAN to 262 
operate as a new and independent network, including: 263 

• The primary focus of NDACC is on ozone and the chemicals responsible for ozone depletion. 264 
The primary focus of GRUAN is on climate and the factors driving changes in climate. This 265 
is evidenced by the fact that NDACC does not include measurements of incoming and outgo-266 
ing longwave and shortwave radiation, nor measurements of various cloud parameters such as 267 
cloud amount/frequency, base height, layer heights and thicknesses, cloud top height, cloud 268 
top pressure, cloud top temperature, and cloud particle size. While GRUAN does include 269 
measurements of a few trace gases (ozone, methane, and carbon dioxide) it excludes the wide 270 
range of trace gases measured within NDACC. 271 

• NDACC aims to observe and understand the chemical composition of the stratosphere and 272 
upper troposphere. For GRUAN the highest priority observations are the atmospheric state 273 
variables of temperature, pressure and humidity. 274 

• NDACC operates as a federation of independent measurement sites. While NDACC does 275 
have in place stringent standards which must be met for measurement programmes to become 276 
part of the network, unlike GRUAN, the NDACC network is not controlled by a Lead Centre 277 
that aims to implement standard operating procedures across the network as a whole. 278 

• One of the primary goals of GRUAN is to detect long-term climate trends above the Earth's 279 
surface. NDACC does aim to make long-term measurements of changes in chemical compo-280 
sition in the upper troposphere and stratosphere but this is not the primary focus of the net-281 
work. 282 
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• Because NDACC does not operate under the control of GCOS, it does not have the institu-283 
tional mandate to act as the reference standard for the GUAN which is a key purpose of 284 
GRUAN.   285 

There are, however, a number of measurements and operational procedures common to both net-286 
works and every effort should be made to avoid duplication of effort and to ensure that the lessons 287 
learned within NDACC are assimilated into GRUAN. For example: 288 

• The NDACC has established 'working groups' that are primarily centred on specific instru-289 
ments used within the NDACC. GRUAN task teams currently include a mix of teams focus-290 
sing on specific measurements systems (radiosondes and precipitable water) and on network 291 
wide operational issues. Some consideration should be given to later expanding the ‘Ancillary 292 
Measurements’ Task Team to include specific measurement systems, and then to have 'cross-293 
cutting' teams that focus on issues common to the network as a whole. This could be achieved 294 
through assigning ‘instrument mentors’ as recommended in GCOS-112. Task teams focus-295 
sing on specific measurement systems or on specific ECVs would better link to advisory 296 
groups within partner networks e.g. the Scientific Advisory Groups within GAW (see Section 297 
1.3.4). SCOPE-CM (see Section 1.4) intends to establish one or two centres to lead the gen-298 
eration and provision of fundamental climate data records for each ECV and so establishing 299 
task teams within GRUAN focussed on specific ECVs or groups of ECVs would mirror the 300 
structure within SCOPE-CM and thereby facilitate interactions with the satellite-based meas-301 
urement community (one of the key clients of GRUAN). 302 

• Measurements of vertical ozone and water vapour profiles made within the NDACC will be 303 
common to measurements made within GRUAN. This includes both balloon-sonde and lidar 304 
measurements. 305 

• Techniques have been developed within NDACC to manage changes in instrumentation. 306 
GRUAN should build off the expertise developed in this community over the past two dec-307 
ades e.g. 308 

i) The JOSIE ozonesonde intercomparisons (Smit et al., 2007). 309 
ii)  Regional ozone profile intercomparisons from multiple instruments (McDermid et al., 310 

1998a; McDermid et al., 1998b). 311 
iii)  Intercomparisons of vertical water vapour profile measurements. 312 

• Measurement redundancy in the NDACC network sites has been a strength of the network 313 
since it allows intercomparisons of supposedly identical measurements by different instru-314 
ments which often highlight previously unknown deficiencies in the measurements (Brinksma 315 
et al., 2000). GRUAN will include similar measurement redundancy (see Section 6.2). 316 

In light of the commonalities between the GRUAN and NDACC networks, consideration should 317 
be given to including an NDACC representative on the GRUAN steering committee to ensure 318 
close cooperation and coordination between these two networks. 319 

1.3.2. BSRN (Baseline Station Radiation Network) 320 

The BSRN provides a worldwide network to continuously measure radiative fluxes at the Earth's 321 
surface. The network comprises about 40 stations between 80°N and 90°S many of which began 322 
operation in 1992 and each year more stations are added to the network. These stations provide 323 
data for the calibration of the GEWEX Surface Radiation Budget (SRB) Project and other satel-324 
lite-based measurements of radiative fluxes. BSRN data are also used to validate radiative flux 325 
models. BSRN data are archived at the Alfred Wegener Institute (AWI) in Bremerhaven, Ger-326 
many. In 2004, BSRN was designated as the global surface radiation network for the GCOS. The 327 
BSRN stations also contribute to GAW (see Section 1.3.4). 328 
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The primary goal of BSRN is to monitor the background shortwave and longwave radiative com-329 
ponents and their changes with the best methods currently available. Therefore the measurements 330 
of longwave and shortwave incoming and outgoing radiation within GRUAN will overlap with 331 
the measurements made within BSRN. Access to the BSRN calibration facilities at the Physi-332 
kalisch-Meteorologisches Observatorium Davos (PMOD)/World Radiation Centre (WRC) would 333 
be highly advantageous to GRUAN. The BSRN includes a working group on measurement uncer-334 
tainties (currently led by Bruce Forgan of the Australian Bureau of Meteorology) that should pro-335 
vide guidance for establishing the radiation measurement uncertainties within GRUAN. 336 

1.3.3. WOUDC (World Ozone and UV Data Centre) 337 

The WOUDC is one of the World Data Centres which are part of the GAW (see Section 1.3.4) 338 
programme of WMO. The WOUDC, operated by the Experimental Studies Section of Environ-339 
ment Canada in Toronto, is not so much a network as an international repository for ozone and 340 
UV data. There are many practices employed within the ozone measurement community that are 341 
likely to be useful to GRUAN. For example, the management of the Dobson Spectrophotometer 342 
and Brewer Spectroradiometer networks, both of which provide data to the WOUDC, demonstrate 343 
many of the principles that form the foundation for GRUAN. These include: 344 

• Undertaking regular regional intercomparisons of instruments which always include a travel-345 
ling standard which facilitates standardization of instrument performance between regions. 346 

• Archiving of raw data to permit later reprocessing should new improved ancillary data be-347 
come available e.g. the shift to the Bass and Paur ozone absorption cross-sections in the late 348 
1980s. A similar process is now underway to evaluate a possible change from the Bass and 349 
Paur cross-sections. 350 

• Careful QA/QC of data before archiving and strict version control of data submitted to inter-351 
national archives. 352 

These principles have resulted in ground-based total column ozone time series of sufficient qual-353 
ity to allow multi-decadal trend detection. 354 

1.3.4. GAW (Global Atmospheric Watch) 355 

The GAW programme of WMO is a partnership involving 80 countries, providing reliable scien-356 
tific data and information on the chemical composition of the atmosphere, and the natural and 357 
anthropogenic drivers of changes in chemical composition. As such, GAW improves understand-358 
ing of the interactions between the atmosphere, the oceans and the biosphere. As with the 359 
NDACC, the primary focus of GAW is on changes in atmospheric composition. GAW has strong 360 
linkages to GCOS and as such is likely to have skills and resources that could be used to support 361 
GRUAN. 362 

1.3.5. SHADOZ (Southern Hemisphere Additional Ozonesondes) 363 

The SHADOZ project was initiated to remedy the lack of consistent tropical ozonesonde observa-364 
tions by augmenting ozonesonde launches at operational ozone observing stations (Thompson et 365 
al., 2003). Rather than establishing an entirely new network, SHADOZ aims to enhance ozone-366 
sonde launches at existing facilities on a cost-share basis with international partners. The geo-367 
graphical coverage of the network was specifically designed to address target research questions 368 
such as quantifying the wave-one pattern in equatorial vertically resolved ozone. 369 

1.3.6. AERONET 370 

AERONET (AErosol RObotic NETwork) is a federation of ground-based remote sensing aerosol 371 
networks with contributions from national agencies, institutes, universities, individual scientists, 372 
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and partners. The programme provides a long-term, continuous and publically accessible database 373 
of aerosol optical, microphysical and radiative properties. The standardization of instruments, 374 
calibration procedures, and data processing and distribution is well aligned with the needs of 375 
GRUAN.  376 

The AERONET programme provides globally distributed observations of spectral aerosol optical 377 
depth (AOD), inversion products, and precipitable water in diverse aerosol regimes. Aerosol opti-378 
cal depth data are computed for three data quality levels: Level 1.0 (unscreened), Level 1.5 379 
(cloud-screened), and Level 2.0 (cloud-screened and quality-assured). It is the level 2.0 data that 380 
are primarily likely to be of interest to GRUAN since these data are quality-assured. Inversions, 381 
precipitable water, and other AOD-dependent products are derived from these levels and may 382 
implement additional quality checks.  383 

1.3.7. Atmospheric Radiation Measurement (ARM) Programme 384 

The goal of the Department of Energy ARM programme is to study alterations in climate, land 385 
productivity, oceans or other water resources, atmospheric chemistry, and ecological systems that 386 
may alter the capacity of the Earth to sustain life. This includes improving the atmospheric data 387 
sets used in regional and global climate models. A primary objective of the ARM user facility is 388 
improved scientific understanding of the fundamental physics related to interactions between 389 
clouds and radiative feedback processes in the atmosphere.  390 

Of particular interest to GRUAN, ARM has a dedicated Data Quality (DQ) Office which was es-391 
tablished in July 2000 to coordinate and implement efforts to ensure the quality of the data col-392 
lected by ARM field instrumentation. The DQ Office has the responsibility for ensuring that qual-393 
ity assurance results are communicated to data users so that they may make informed decisions 394 
when using the data, and to ARM's Site Operations and Engineers to facilitate improved instru-395 
ment performance and thereby minimize the amount of unacceptable data collected. The ARM 396 
DQ Office has developed a suite of sophisticated data quality visualisation tools that are likely to 397 
be of interest to GRUAN. 398 

Another ARM organizational structure that is likely to be relevant for GRUAN is the assignment 399 
of instrument mentors. Because GRUAN task teams are not structured by instrument (as is the 400 
case for NDACC where each working group focuses on one instrument), having ARM-type in-401 
strument mentors that advise on instrument operation, maintenance and calibration across the 402 
network as a whole may be beneficial. Instrument mentors have an excellent understanding of in 403 
situ and remote-sensing instrumentation theory and operation and have comprehensive knowledge 404 
of the scientific questions being addressed with the measurements made. They also possess the 405 
technical and analytical skills to develop new data retrievals that provide innovative approaches 406 
for creating research-quality data sets. 407 

1.3.8. Meteorological agencies 408 

Meteorological agencies producing global reanalyses (e.g. NCEP/NCAR, ECMWF, JMA and 409 
NASA) are likely to be users of the high quality data produced by GRUAN. Reference sites will 410 
prove essential for helping to characterize observational biases and the impact of observing sys-411 
tem changes, as well as to understand model errors, all of which are important aspects in creating 412 
high-quality reanalyses (Schubert et al., 2006). The additional value provided by the GRUAN 413 
measurements in such data assimilations should be quantified since this would provide additional 414 
scientific justification for GRUAN operations. Once a sufficiently large database of GRUAN 415 
measurements has been accumulated, such a study could be undertaken through collaboration 416 
between the GATNDOR group within GRUAN and perhaps the SPARC data assimilation activ-417 
ity. Because GRUAN will make profile measurements at vertical resolutions much higher than 418 
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can be retrieved from satellites, it will provide valuable insights into the potential limitations of 419 
satellite-based measurements for the analyses of specific atmospheric phenomena. Care will need 420 
to be taken when comparing satellite-based measurements against the GRUAN reference e.g. by 421 
smoothing the GRUAN vertical profile measurements to match the intrinsic resolution of the sat-422 
ellite-based measurements (Rodgers and Connor, 2003). 423 

1.4. Link to satellite-based measurement programmes 424 

GRUAN will provide data sets, not currently available, that will be useful to the satellite meas-425 
urement community for calibrating and validating satellite-based sensors, and for removing off-426 
sets and drifts between satellite-based data sets when creating merged data products. Because the 427 
GRUAN measurements are likely to serve a wide range of end-users within the satellite measure-428 
ment community, this manual recommends that a task team/working group be established within 429 
GRUAN to liaise with key clients within the satellite community, and with other data providers, 430 
to ensure that GRUAN data products are tailored, where possible, to best meet the needs of this 431 
community. Once GRUAN datasets are available, pilot studies on enhanced datasets using these 432 
reference measurements need to be undertaken. 433 

1.4.1. Calibration and validation of satellite-based sensors 434 

To be useful for climate monitoring, satellite radiances require calibration against a ground truth 435 
to unambiguously remove non-climatic influences (Ohring et al., 2005). GRUAN and the GSICS 436 
(Global Space-Based Intercalibration System) are complementary in meeting this need. The data 437 
products derived from the satellite-based radiance measurements also require validation and this is 438 
usually achieved through comparison of the derived data products with independent ground-based 439 
measurements. Vömel et al. (2007a) demonstrate how reference-quality in situ water vapour 440 
measurements can be used to validate current satellite-based observations. 441 

New satellite missions have higher resolution and better station-keeping, resulting in better con-442 
trol of diurnal sampling. Global Positioning System Radio Occultation (GPS RO) measurements 443 
are also highly promising, at least for upper-tropospheric and lower-stratospheric temperature. 444 
Even though they represent a significant step forwards, these more recent satellite observing sys-445 
tems will not be adequate for climate purposes unless they can be suitably validated. To this end 446 
GRUAN will also provide shorter-term quality assured measurements for the validation of satel-447 
lite-based retrievals. 448 

The need for inter-station homogeneity within GRUAN has special significance for validation of 449 
satellite-based measurements. If satellite-based measurements agree well with ground-based 450 
measurements made at one GRUAN station but disagree with measurements made at another, this 451 
will significantly weaken the utility of GRUAN measurements for satellite instrument validation. 452 

The issue of measurement scheduling within GRUAN to accommodate satellite validation activi-453 
ties is discussed further in Section 7.1. 454 

1.4.2. Creating global homogeneous trace gas data bases 455 

While satellite-based measurements have the advantage of providing global or near-global geo-456 
graphical coverage, the quality and usefulness of the measurements is compromised by an inabil-457 
ity to conduct regular calibrations, limited vertical resolution, difficulties in continuity due to 458 
drifting orbits (which, for species showing strong diurnal variation can alias into apparent trends), 459 
and limited instrument lifetimes which require data series from multiple instruments to be spliced 460 
together to form long-term data records. Discontinuities between satellite-based measurements of 461 
climate variables, while not important for weather forecasting purposes, can be ruinous for detect-462 
ing long-term changes in climate. The reference measurements that GRUAN will produce can be 463 



14 
 

used to remove offsets and drifts between these separate satellite-based measurement series i.e. 464 
GRUAN will provide a 'gold-standard' that will serve as a common baseline when splicing satel-465 
lite-based measurement time series. Specifically, differences between a given satellite-based data 466 
set and the GRUAN gold standard can be analyzed using the algorithms detailed in Alexandersson 467 
et al. (1997) and Khaliq et al. (2007) to automatically detect steps and drifts in the differences. 468 
The underlying systematic structure in such differences can then be used to homogenize the satel-469 
lite-based measurements with the GRUAN gold standard. Similar approaches using the global 470 
ground-based Dosbon and Brewer spectrophotometer networks to create long-term global total 471 
column ozone records from multiple satellite-based measurements have been developed (Bodeker 472 
et al., 2001).   473 

By contributing to the creation of global homogeneous trace gas data bases, GRUAN will connect 474 
to the WMO SCOPE-CM (Sustained, Co-Ordinated Processing of Environmental Satellite Data 475 
for Climate Monitoring) programme. The aim of SCOPE-CM is to establish a network of facilities 476 
ensuring continuous and sustained provision of high-quality satellite products related to ECVs, on 477 
a global scale, responding to the requirements of GCOS. GRUAN and SCOPE-CM can collabora-478 
tively contribute to Action C10 defined in the GCOS implementation plan (GCOS-92) viz. 'En-479 
sure continuity and over-lap of key satellite sensors ...undertaking reprocessing of all data relevant 480 
to climate for inclusion in integrated climate analyses and reanalyses'. 481 
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 482 

2. REFERENCE MEASUREMENTS 483 

2.1. The concept of a reference measurement 484 

As denoted by its title, GRUAN will provide reference quality measurements for a range of upper-485 
air climate variables. Reference quality atmospheric observations are based on key concepts in 486 
metrology, in particular traceability. Metrological traceability is the process whereby a measure-487 
ment result, i.e. a measurement and its uncertainty, can be related to a reference through a docu-488 
mented, unbroken chain of calibrations, each of which contributes to the measurement uncer-489 
tainty.  490 

A reference measurement does not refer to a measurement that is perfect, nor to a measurement 491 
that will never change. Rather it refers to our current best estimate of the value for some atmos-492 
pheric parameter, as well as a best estimate for the level of confidence that is associated with this 493 
value, recognising that future improvements in measurement techniques and/or reprocessing fol-494 
lowing new knowledge may lead to refinements in that reference value. Reference measurement 495 
accommodate the unavoidable sources of uncertainty in the compilation of the net measurement 496 
error while excluding those source of uncertainty that can be avoided. For example, in the pre-497 
deployment calibration of a sensor, there will be some unavoidable uncertainty in the accepted 498 
measurement standard and hence some unavoidable uncertainty in the calibration which must then 499 
be included in the net measurement uncertainty. However, contributions to measurement uncer-500 
tainty from e.g. an improperly documented traceability chain, proprietary methods, appeal to 501 
physical principles without experimental verification, or the use of an improper calibration stan-502 
dard must be avoided. Similarly, when the instrument is later deployed, there will be numerous, 503 
unavoidable, contributions to the total measurement uncertainty from e.g. uncertainty in the input 504 
data, data processing constants, the data retrieval algorithm, and in the physical/chemical model of 505 
the measurement system used to convert raw measurements into data. However, contributions to 506 
measurement uncertainty from the use of ‘black box’ software, undocumented or unvalidated 507 
measurement adjustments, or the disregard of systematic sources of uncertainty must be avoided. 508 

A reference measurement may not necessarily be the outcome of a measurement by a single in-509 
strument but may be an average of measurements from one instrument or an average of results 510 
from multiple instruments. This highlights the importance of measurement redundancy (see Sec-511 
tion 6.2) in that access to coincident multiple measurements of the same quantity often leads to a 512 
more robust estimate of the true value and a better estimate of the uncertainty on that value. 513 

The estimate for the level of confidence is expressed as measurement uncertainty and is a property 514 
of the measurement that combines instrumental as well as operational uncertainties. The meas-515 
urement uncertainty describes the current best knowledge of instrument performance under the 516 
conditions encountered during an observation, it describes the factors impacting a measurement as 517 
a result of operational procedures, and it makes all factors that contribute to a measurement trace-518 
able. An important point is that within GRUAN this uncertainty will be vertically resolved and 519 
each measurement in a profile will be treated as a single measurement result requiring both the 520 
measurement and its uncertainty. To provide the best estimate for the instrumental uncertainty, a 521 
detailed understanding of the instrumentation is required for the conditions under which it is 522 
used. Specific requirements that an observation must fulfil to serve as a reference for calibrat-523 
ing or validating other systems, have been defined in Immler et al. (2010). 524 

A reference measurement typically results from a measurement procedure that provides sufficient 525 
confidence in its results by relating to well-founded physical or chemical principles, or a meas-526 
urement standard that is calibrated to a recognized standard, in general a standard provided by a 527 
National Metrological Institute (NMI). For GRUAN, a reference measurement is one where the 528 
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uncertainty of the calibration and the measurement itself is carefully assessed. This includes 529 
the requirement that all known systematic errors have been identified and corrected, and that the 530 
uncertainty of these corrections has also been determined and reported. An addi-531 
tional requirement for a reference measurement is that the measurement method and associated 532 
uncertainties should be accepted by the user community as being appropriate for the application. 533 

Another important requirement is that the methods by which the measurements are obtained and 534 
the data products derived must be reproducible by any end-user at any time in the future. It 535 
should be kept in mind that these end-users are likely to use GRAUN data for decades to 536 
come. They should be able to reproduce how measurements were made, which corrections were 537 
applied, and be informed as to what changes occurred during the observation and post-538 
observation periods to the instruments and the algorithms. 539 

In brief, reference within GRUAN means that, at a minimum, the observations are tied to a trace-540 
able standard, that the uncertainty of the measurement (including corrections) has 541 
been determined, and that the entire measurement procedure and set of processing algorithms are 542 
properly documented and accessible. 543 

2.2. Managing Change 544 

GRUAN recognizes that change is inevitable – changes in instrumentation, changes in operating 545 
procedures, changes in data processing algorithms and changes in operators. Such changes intro-546 
duce sources of operational uncertainty into GRUAN data products. Rather than designing a sys-547 
tem that is resistant to change, GRUAN appreciates that without change, improvement is impossi-548 
ble. Therefore, the goal is to manage change in a way that does not compromise the integrity of 549 
the long-term climate records being measured. To this end the GRUAN network must develop 550 
detailed guidelines for managing change. One of the core tasks for GATNDOR is to develop that 551 
guidance. 552 

The first focus in managing change is to ensure that when transitioning from older to newer in-553 
strumentation, that a sample of coincident measurements, sufficient to quantify any biases be-554 
tween the two systems, is obtained before the older system is retired. For example flying dual 555 
ozonesondes has proven to be useful when shifting from one ozonesonde system to another or 556 
from one standard operating procedure to another (Boyd et al., 1998). The length of time for 557 
which the older and newer systems should be run in parallel, and the frequency with which coin-558 
cident measurements should be made, will depend on the instruments used and on an in-depth 559 
understanding of the measurement technique. Such decisions should be informed by robust scien-560 
tific investigations (e.g. by GATNDOR). Until the results of such research are available, sites 561 
should err on the side of caution and undertake a super-saturation approach to overlap so that sub-562 
sampling can be undertaken later to determine a minimum safe level of overlap required to pre-563 
serve the record. Where it may not always be feasible to operate older and newer instruments 564 
side-by-side for extended periods of time e.g. with balloon-borne instruments, alternating between 565 
the newer and older instruments is particularly useful in diagnosing and correcting systematic 566 
inter-instrument differences; regression analysis techniques including a basis function that is set to 567 
1 for one measurement system and to 0 for another can be used to extract biases between the two 568 
systems. These biases can be derived as functions of other state variables such as air pressure, 569 
temperature, time of day, solar zenith angle etc. 570 

As new and more in-depth knowledge of various measurement systems is gained, reprocessing of 571 
historical data will be necessary. Data reduction processes and data archiving within GRUAN 572 
need to be designed with this in mind i.e. that the original raw data (which must always be ar-573 
chived) can be easily and regularly reprocessed, as required, to form a single homogeneous time 574 
series that is then provided to end-users. Each change in instrumentation, operating procedure or 575 
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data processing algorithm is likely to require reprocessing of historical raw data. Protocols need to 576 
be established to indicate when reprocessing of the full measurement record is justified. Every 577 
reprocessing generating a new homogeneous time series over the complete measurement period 578 
should be reflected in a change in the data version and such updates need to be communicated to 579 
users who have accessed earlier versions of the data (see Section 8.5). For this reason it is also 580 
important that all older versions of any data set are always made available through the GRUAN 581 
archives.  582 

A discussion of specific sources of changes is presented below but in general this requires dealing 583 
with breakpoints in the measurement time series. It is far more preferable that these changes are 584 
identified a priori through the available meta-data that identifies such changes. However, it is also 585 
possible to identify breakpoints in measurement time series based on the statistical behaviour of 586 
the data themselves. Significant resources and techniques have already been developed within the 587 
surface climate community around this issue (see e.g. http://www.homogenization.org). 588 

These techniques must be grounded in quantitative understanding of the causes of offsets and 589 
drifts between two different measurement systems i.e. the reliance should not be on the implemen-590 
tation of signal processing techniques that identify and correct for offsets and drifts in time series. 591 
This quantitative understanding in turn should emerge from the meta-data associated with each 592 
measurement and from in-depth knowledge of each measurement system. 593 

2.2.1. Changes in instrumentation 594 

Changes in instrumentation are both inevitable and desirable if they lead to more precise meas-595 
urements of the true atmospheric state. Instrument changes will also often be driven by the neces-596 
sities of production engineering (when instrument components become unavailable or too expen-597 
sive) and decisions will have to be made as to what level of component change requires additional 598 
change testing. Formal instrument intercomparisons will be essential for developing the in-depth 599 
understanding required to manage changes from one instrument to another and for informing de-600 
cisions on the relative advantages and disadvantages of changing instrumentation. For this reason, 601 
participation in formal intercomparisons should be a pre-requisite for the adoption of any instru-602 
ment within the GRUAN network. Outcomes from such intercomparisons would form an impor-603 
tant component of the meta-data archived at GRUAN. GRUAN need not necessarily organise 604 
these intercomparisons themselves. WMO and partner networks (e.g. NDACC) often run instru-605 
ment intercomparison campaigns and GRUAN should participate in these where possible. Such 606 
participation would be mutually beneficial to both communities. GRUAN needs to work closely 607 
with CBS and CIMO to gain maximum benefit for all parties from these intercomparisons. In ad-608 
dition to intercomparisons of similar instruments (e.g. radiosondes), intercomparisons between 609 
different instruments measuring the same ECV will also be highly informative (e.g. comparisons 610 
of ozonesondes, ozone lidars and ozone microwave radiometers at a single site). A number of case 611 
studies exist which can be used as examples of how to manage changes in instrumentation. For 612 
example the impacts of changes from the Meisei RS2-91 type radiosonde to the Vaisala RS92-613 
SGPJ type GPS sonde at Tateno were quantified by conducting dual sonde flights during four 614 
intensive observation periods in December 2009, and in March, June and September/October 615 
2010. 616 

Following a scientifically robust replacement strategy that maximises the maintenance of long-617 
term climate records will be important for ensuring the integrity of the GRUAN data products in 618 
the face of change. GATNDOR has been tasked with developing such scientifically robust strate-619 
gies. Specifically a goal within the 'Management of Change' research topic of the GATNDOR 620 
team is to provide scientific bases to develop operational practices to better manage instrument 621 
changes at GRUAN sites and to accurately merge disparate data segments to create a homogene-622 
ous time series (led by June Wang). Consideration will need to be given to the desired strategy 623 
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when more than one station in the network is making an identical (or very similar) change with 624 
respect to timing, sharing of data, and whether certain sites will act as pioneers. This will be espe-625 
cially important where the change is forced by a supply issue. 626 

Measurement redundancy (see Section 6.2) has significant benefits for managing instrument 627 
change as a second instrument measuring the same ECV can be used as a common reference 628 
against which both old and new instruments can be compared. The same advantages could be 629 
achieved through the use of a travelling standard instrument. For in situ balloon-borne instruments 630 
consistent ground-check routines between new and old instruments will minimize changes in pro-631 
cedural uncertainty contributions.  632 

Dealing with changes in instrumentation will require GRUAN to establish close two-way links to 633 
instrument manufacturers. Inclusion of the Association of Hydro-Meteorological Equipment In-634 
dustry (HMEI) in discussions of instrument change within GRUAN would be advantageous. A 635 
productive point of interaction with the different vendors and manufacturers will be the periodic 636 
GRUAN participation in the CIMO multi-sensor field campaigns. Engaging the manufacturers in 637 
these field campaigns will assist GRUAN not only in evaluating the different sensors but also as a 638 
point of interaction with the vendors apart from the limited HMEI attendance at GRUAN meet-639 
ings. A close cooperation between GRUAN and instrument suppliers will also help GRUAN to 640 
better understand industry capabilities and to better quantify instrumental uncertainties. This co-641 
operation will also help suppliers to better understand GRUAN requirements, and the industry 642 
would be able to advise GRUAN of its current and prospective abilities to meet these require-643 
ments. For many of the parameters of interest (as instruments of required accuracy do not yet ex-644 
ist), GRUAN aims to further their development in cooperation with instrument manufacturers. 645 
HMEI has suggested that a workshop specifically for manufacturers and open to all HMEI mem-646 
bers would be helpful. 647 

Detailed archiving of instrument meta-data will be vital to managing changes in instrumentation. 648 
This will allow later reprocessing of the raw data as 'deep' as possible. Since it is not always 649 
known in advance which meta-data are likely to be required for reprocessing at a later date, 650 
GRUAN operators should err on the side of collating as much meta-data as possible about meas-651 
urement systems even if no immediate use for those data can be envisaged. In all cases sufficient 652 
meta-data must be available to tie the new instrument via a comparable traceability chain back to 653 
the same recognized standard as the old instrument. 654 

2.2.2. Changes in operating procedures 655 

Even if instruments themselves do not change, changes in the operating procedures for an instru-656 
ment may also introduce breakpoints in a measurement time series. For the most part, changes in 657 
operating procedures should be dealt with in a fashion similar to changes in instrumentation e.g. 658 
reprocessing of historical data to homogenize the time series and redistribution of the data with an 659 
updated version number will almost certainly be required. The expectation is that standard operat-660 
ing procedures for all instrument types within GRUAN will be archived at the Lead Centre and 661 
changes in standard operating procedures at individual stations will be managed through the Lead 662 
Centre. 663 

2.2.3. Changes in data processing algorithms 664 

New knowledge and resultant improvements in reduction of raw data to useful measurements are 665 
likely to lead to changes in data processing algorithms. As for changes in operating procedures, 666 
such changes in data processing algorithms should be dealt with in a fashion similar to changes in 667 
instrumentation. At the very least every change in data processing algorithm must be reflected in a 668 
change in version number of the final data product. Because raw data from various GRUAN sites 669 
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will be processed at one location and one location only (either the Lead Centre or some other 670 
GRUAN site with particular expertise in that measurement), changes in data processing algo-671 
rithms should be implemented uniformly across the network. To achieve homogeneity across the 672 
network it is important that individual sites do not independently implement changes in data proc-673 
essing algorithms even if those changes are well document and follow the prescriptions listed 674 
above. This more central, 'top-down' approach to data processing is different to the more decen-675 
tralized approach employed in other networks. While such enforced conformity incurs an opera-676 
tional cost, the advantage is that end-users of the GRUAN data products will see data homogene-677 
ity not only in time for single stations, but also between stations. In support of maintaining consis-678 
tency in the use of data processing algorithms within GRUAN, the Lead Centre should be tasked 679 
with maintaining an archive of data processing algorithms which then also comprise an important 680 
part of the meta-data archive for GRUAN. 681 

Tension may arise where a site may wish to implement a non-standard (at least non-standard for 682 
GRUAN) data processing algorithms for some purpose e.g. to create a data product that is tailored 683 
for a specific need. Such eventualities can be accommodated by having a central processing facil-684 
ity for each GRUAN product (see above) where a common data processing procedure is applied 685 
to the ‘rawest’ form of data collected. This would not preclude a site from implementing non-686 
standard processing of the raw data.  687 

2.2.4. Change in operators 688 

Ideally the quality of the measurements should be immune from changes in operators. This is 689 
more likely achievable if standard operating procedures are developed where there is reduced op-690 
portunity for idiosyncrasies of operators to affect the measurements. Meta-data should include 691 
codes (not names to protect the privacy of operators) to denote where different operators have 692 
been responsible for measurements. 693 
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 694 

3 MEASUREMENT UNCERTAINTY 695 

3.1 Estimating measurement uncertainty 696 

No measurement can be made perfectly and estimating measurement uncertainty is a central tenet 697 
in GRUAN’s operations. A common GRUAN definition of measurement uncertainty and a com-698 
mon procedure to establish measurement uncertainties is required to homogenize uncertainty es-699 
timates across the network. It is also needed to make the steps leading to the determination of 700 
measurement uncertainty traceable. This common definition should, ideally, be adopted by in-701 
strument providers as well. 702 

Achieving a useful estimate of measurement uncertainty may require as much, if not more, effort 703 
than making the measurement itself. However, such effort is necessary to achieve the goal of 704 
GRUAN to provide reference quality measurements from the surface to the upper stratosphere. 705 
The availability of an estimate of the measurement uncertainty for every measurement made 706 
within GRUAN will significantly improve the utility of the measurements and will elevate the 707 
GRUAN measurements above what is currently available. 708 

The availability of sufficiently detailed meta-data is vital to quantifying random and systematic 709 
errors in measurements. The more detailed the meta-data, the 'deeper' the measurement uncer-710 
tainty can be traced. The approach that should be followed is that where some calibration, refer-711 
ence standard, application of an operating procedure, or use of a data processing algorithm intro-712 
duces a source of uncertainty into a measurement, complete details about that uncertainty source 713 
must be available through the meta-data tagged to that measurement. Such sources of meta-data 714 
may include (Immler et al., 2010) previous measurement data, experience with or general knowl-715 
edge of the behaviour and properties of relevant materials and instruments, manufacturer’s speci-716 
fications, data provided in calibration and other certificates, and uncertainties assigned to refer-717 
ence data taken from handbooks. It is vital that all sources of measurement uncertainty are made 718 
transparently available to end-users of GRUAN measurements. 719 

A particular challenge for GRUAN in estimating measurement uncertainty is that for in 720 
situ measurements of upper-air ECVs, the instrumentation operates in conditions that are difficult 721 
to replicate in a controlled environment (e.g., a test chamber). Calibration of the instrument in its 722 
operating environment where e.g. transient influences of changes in solar radiation and/or clouds 723 
are likely to affect sensor characteristics is generally not possible. Furthermore, the staple instru-724 
ments for much of GRUAN, viz. balloon-borne sondes, are used for measurements of single pro-725 
files. The well calibrated instruments with quantified measurement errors are discarded after each 726 
profile measurement and re-calibration or re-characterization after a measurement is often not 727 
possible even if the instrument is recovered. The emphasis is then on employing standards that 728 
ensure stability, traceability, and uniformity between instruments and across the GRUAN network 729 
as a whole. 730 

Because one of GRUAN’s primary goals is to detect long-term climate trends in the upper atmos-731 
phere, the primary consideration might be to work towards reducing the random error in meas-732 
urements i.e. to emphasize reproducibility. However, because GRUAN data are likely to be used 733 
for other purposes such as satellite validation, acting as a reference for GUAN, or as input to 734 
global meteorological reanalyses, reducing systematic errors to achieve the best possible accuracy 735 
also needs to be a priority. Therefore the aim should be to identify and minimize both random and 736 
systematic errors, and to include the effects of both when calculating measurement uncertainties.  737 

The GRUAN mantra for dealing with measurement uncertainty should be: 738 
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i) Describe/Analyze all sources of measurement uncertainty. 739 
ii)  Quantify/Synthesize the contribution of each source of uncertainty to the total measurement 740 

uncertainty. 741 
iii)  Verify that the derived net uncertainty is a faithful representation of the true uncertainty. 742 

3.1.1. Describe/Analyze sources of measurement uncertainty 743 

The first step in the process of deriving an uncertainty associated with any measurement is to first 744 
fully explore and describe each source of uncertainty in the form of systematic and random errors. 745 
Contributions to the net measurement uncertainty are likely to include sensor calibration, sensor 746 
integration, sensor performance and external influences to operational routines such as sensor 747 
preparation and sensor ground-checks. While a specific sensor might perform well, if its value 748 
depends in some way on another sensor that performs less well, this source of uncertainty needs to 749 
be accounted for. For example, if a very precise and accurate temperature measurement is made 750 
but the vertical coordinate for that measurement is a less precise pressure measurement, in the 751 
presence of large ∂T/∂p, the uncertainty in pressure can introduce significant uncertainty in the 752 
temperature measurement. Therefore uncertainty in the geo-location and time coordinates associ-753 
ated with each measurement should also be considered when identifying and describing sources of 754 
measurement uncertainty. A full list of sources of measurement uncertainty will be defined in the 755 
GRUAN common definition of measurement uncertainty terms. Every GRUAN station should 756 
measure, collect, and provide all information necessary to establish an uncertainty budget for 757 
every measurement. 758 

3.1.2. Quantify/Synthesize sources of uncertainty 759 

The second step is, where possible, to quantify and correct for any systematic biases. Uncertainty 760 
in such bias corrections, which must also be diagnosed, documented and quantified, then contrib-761 
utes to the random error on the measurement. Once all systematic biases have been corrected for, 762 
and assuming all remaining random errors are normally distributed about the mean, the resultant 763 
net error on the measurement can be reported as a single value i.e. the first standard deviation of 764 
the distribution (1σ errors). Where systematic biases cannot be determined, or perhaps can be de-765 
termined but cannot be corrected for, or when remaining random errors are not normally distrib-766 
uted about the mean, a different approach will be required for quantifying the net uncertainty on 767 
the measurement. In such cases because the net error is no longer represented by a Gaussian dis-768 
tribution, it cannot be reported as a single value. Techniques to fully describe the shape of the 769 
error distribution must then be developed and higher order moments of the distribution (e.g. the 770 
skewness or kurtosis) would need to be reported as part of the measurement uncertainty descrip-771 
tion. If a measurement process can be simulated, and if the probability distribution functions 772 
(PDFs) of the various sources of uncertainty are well known, a Monte Carlo approach can be used 773 
to generate a large ensemble of ‘virtual’ measurements from which measurement uncertainty sta-774 
tistics can be calculated. This approach can be used no matter how structured or asymmetrical the 775 
individual PDFs might be. This approach has been used to estimate asymmetric errors in ozone-776 
sonde measurements (Bodeker et al., 1998). 777 

3.1.3. Verify measurement uncertainties 778 

The uncertainty budget for every GRUAN measurement should be verified at regular intervals 779 
using redundant observations from complementary instruments (see Section 6.2). If coincident 780 
observations of the same ECV are available and are subjected to the same uncertainty analysis, the 781 
degree to which the measurements agree within their stated uncertainties is indicative of the valid-782 
ity of the measurement uncertainties. If measurements agree within their uncertainties, the error 783 
estimates on the measurements are more likely to be correct. Formal methods have been devel-784 
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oped to achieve this (Immler et al., 2010). For example, if two large sets of data are compared and 785 
more than 4.5% of the data are statistically significantly different within their error bars, then ei-786 
ther a systematic effect in either or both measurement sets has been overlooked, or the uncertain-787 
ties have been under-estimated. On the other hand, if much less that 32% of measurement differ-788 
ences are smaller than the RMS of the uncertainties, then the measurement uncertainties have 789 
probably been over-estimated. This verification by itself does not provide a statement about the 790 
usefulness of a measurement; it only provides information about the completeness of an uncer-791 
tainty analysis. Including such comparisons in operational data processing can act as a flag for 792 
where error analysis within the processing may not be complete. 793 
 794 
GRUAN includes both in situ and remote sensing methods. In the case of in situ methods, the 795 
instrument is generally calibrated directly to the geophysical quantity of interest. In the case of 796 
remote sensing methods, the calibrated data are in physical units of radiance and/or frequency, 797 
which are then analyzed to provide estimates of the underlying climate variable of interest. Vali-798 
dation of data products, which is equivalent to verifying measurement uncertainties, is therefore a 799 
two-step process whereby the accuracy of both the instrument calibration and the analysis algo-800 
rithm, are validated. 801 

3.2 Reporting measurement uncertainty 802 

An overarching principle for the operation of GRUAN is that no measurement should be provided 803 
without also providing an estimate of the measurement uncertainty. Where all sources of system-804 
atic error in the measurement have been identified and corrected for, the measurement uncertainty 805 
can be quoted as the standard deviation of the random error. As discussed above, where system-806 
atic biases remain in the measurement, or where the net random error in the measurement does not 807 
follow a Gaussian distribution, alternative methods for reporting the measurement uncertainty 808 
should be considered. This may be in the form of establishing 1σ upper and lower bounds on the 809 
measurement uncertainty to denote that the uncertainty is asymmetric – generally reported as ulX +

−  810 

where X is the measurement, u is the 1σ uncertainty in the positive direction and l is the 1σ uncer-811 
tainty in the negative direction. For more complex distributions of measurement uncertainty it 812 
may be necessary to quote the most likely value i.e. the peak in the PDF for the measurement and 813 
parameters that detail the shape of the PDF (or a pointer to the PDF itself). 814 

3.3 Reducing measurement uncertainty 815 

Changes in instrumentation or standard operating procedures may lead to reductions in measure-816 
ment uncertainty. In such circumstances it is important that the same detail of uncertainty analysis 817 
is conducted for the new instrument/operating procedure as has been done for the instru-818 
ment/operating procedure to be replaced.  819 

In some circumstances, e.g. in the presences of high natural variability, reducing measurement 820 
uncertainty has little impact on derived trends since the primary source of the variability in the 821 
trend estimate might be the noise on the signal being analyzed. It is therefore important that scien-822 
tific analyses guide where reducing measurement uncertainties is most likely to lead to reductions 823 
in uncertainties in trend estimates. 824 

3.4 Reducing operational uncertainty 825 

Operational uncertainty includes uncertainties related to instrument set-up, sampling rates and the 826 
application of algorithms for data analysis. The contribution of operational uncertainty to the total 827 
measurement uncertainty in GRUAN is likely to be significantly reduced if the ‘rawest’ form of 828 
measurement data is submitted to a central GRUAN data processing facility (see Section 8.1) 829 
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where a single verified, validated and well described data processing algorithm is applied to the 830 
raw data. Similarly, the adoption of an identical standard operating procedure for each instrument 831 
type across the network, would reduce the operational uncertainties related to instrument set-up. 832 
To this end, optimal standard operating procedures should be developed at the GRUAN Lead 833 
Centre and then disseminated to all sites making that particular measurement.  834 

3.5 Validating measurement uncertainty 835 

Once the uncertainty on a measurement has been calculated, the question then becomes: how well 836 
does this measure of uncertainty represent the degree of confidence we should have in this meas-837 
urement? Two approaches are available for validating the derived uncertainty on any measure-838 
ment, viz.: 839 

3.5.1. Comparison of redundant measurements 840 

A traditional way of validating measurement uncertainty is to measure the quantity of interest 841 
through two (or more) techniques, based on physically different measurement principles. Because 842 
the different techniques are subject to unique measurement uncertainties, comparisons yield a 843 
robust and continuous demonstration of measurement accuracy. Where simultaneous measure-844 
ments of the same quantity are made using two different techniques, and disagree within their 845 
stated measurement uncertainties it suggests that either one or both of the measurements are erro-846 
neous, or that the measurement uncertainties are under-estimated. In this way, complementary 847 
measurement techniques with different susceptibilities to local conditions can be chosen to maxi-848 
mize the accuracy of the data record. Additionally, uncertainty budgets validated in this way may 849 
help identify other error sources that cannot be compensated for by complementary sensors, but 850 
may be monitored in situ. 851 

3.5.2. Laboratory analysis of the measurement system 852 

The ability to simulate a specific measurement in the laboratory can permit an in-depth investiga-853 
tion of the various sources of uncertainty in the measurement. For example, the environmental 854 
simulation facility at the Research Centre Juelich (Smit et al., 2007) has provided information to 855 
validate measurement uncertainty in ozonesondes. 856 
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 857 

4 ESSENTIAL CLIMATE VARIABLES MEASURED IN GRUAN 858 

Since GRUAN’s goal is not only to provide long-term high quality climate records, but also the 859 
ancillary data required to interpret those records, a number of parameters in addition to the fun-860 
damental atmospheric state variables of temperature, pressure, humidity and wind will need to be 861 
measured. High quality measurements of atmospheric state variables, trace gas concentrations, the 862 
atmospheric radiation environment, and cloud and aerosol properties will be required. Many of 863 
these parameters have been identified by GCOS as Essential Climate Variables (ECVs; GCOS-864 
92). A subset of ECVs has been selected as the most scientifically important and most tractable 865 
for GRUAN (see Appendix 1 of GCOS-112). As scientific research into the underlying causes of 866 
observed changes in upper-air climate advances, and as the capabilities of GRUAN sites expand, 867 
this list is likely to grow.  868 

4.1 Justification and context for Essential Climate Variables 869 

The complete list of ECVs targeted by GRUAN is listed in Appendix 1 of GCOS-112. The pur-870 
pose of this section is to provide additional scientific justification and context, and more general 871 
guidelines for the measurement requirements for those ECVs listed as priority 1 for GRUAN, viz. 872 
temperature, pressure, and water vapour. Similar material for the priority 2, 3 and 4 variables is 873 
provided in Appendix B. As such this section provides clear expectations for the measurement of 874 
priority 1 ECVs for GRUAN sites. However, this manual recognizes the heterogeneity of the net-875 
work and its state of development. Therefore, the requirements imposed on current and putative 876 
GRUAN sites, as detailed in GCOS-112, may not be immediately achievable. In such cases the 877 
‘Site assessment, certification and expansion’ Task Team (see Appendix A) will provide possi-878 
ble incremental approaches to achieving the target attributes for each measurement. Because the 879 
desired operations parameters for each of the ECVs are based on the scientific requirements of the 880 
data and not on current instrument performance, they may not be currently achievable. Therefore, 881 
as stated in GCOS-112, these GRUAN requirements should be interpreted as eventual measure-882 
ment goals of any given network site. Setting these parameters ambitiously high may discourage 883 
potential sites from joining GRUAN since they may not be able to immediately achieve these 884 
standards. On the other hand setting the parameters low is likely to result in stagnation since once 885 
achieved there will be little incentive to advance. For this reason the tables below are different to 886 
classical WMO/CBS requirement tables and should be interpreted in a different manner to 887 
WMO/CBS requirement tables. The values in Appendix 1 of GCOS-112 describe what is required 888 
of the measurements to meet specific research goals and a distinction needs to be made between 889 
what is desirable and what is feasible. While they may not be currently achievable, as measure-890 
ment technology advances, attaining such targets should become more likely. In no case should an 891 
inability to achieve these targets result in the exclusion of a site or a measurement programme 892 
from the GRUAN network. This manual recognizes that GRUAN is less about meeting prescribed 893 
measurement standards and more about establishing an approach that continually strives to im-894 
prove measurement precision and accuracy, extend the range of coverage, and achieve higher 895 
sampling. 896 

The measurement ranges prescribed in Appendix 1 of GCOS-112 should cover the range of values 897 
likely to be encountered over the vertical range of interest so that any proposed instrument, or set 898 
of instruments, would need to be able to operate throughout that range. Measurement precision 899 
refers to the repeatability of the measurement as measured by the standard deviation of random 900 
errors. However, measurement precision is closely tied to the frequency of observations since 901 
observations are often averaged and the greater the sample size, the less stringent the required 902 
precision. Measurement frequencies are not specified because they may vary over 903 
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time. Measurement accuracy refers to the systematic error of a measurement (the difference be-904 
tween the measured or derived value, and the true value). It is not directly specified for many 905 
variables for which variations, and not absolute values, are needed to understand proc-906 
esses. Measurement accuracy is directly related to long-term stability, the maximum tolerable 907 
change in systematic error over time, which is a critical aspect of the reference network. To ensure 908 
that realistic climate trends can be derived from the dataset, the effect of any intervention to the 909 
measurement system on measurement error, such as a change in instrument, should be smaller or 910 
quantified to a much greater degree than the value given for long-term stability. Long-term stabil-911 
ity is a measure of the acceptable systematic changes to the measurements on multi-decadal time-912 
scales. The requirements stated in Appendix 1 of GCOS-112 are largely consistent with the 913 
GCOS ECV observation requirements, as detailed in the WMO/CEOS database. 914 

4.2 Priority 1 ECVs 915 

4.2.1. Temperature  916 

Scientific justification: Upper-air temperatures are a key dataset for the detection and attribution 917 
of tropospheric and stratospheric climate change since they represent the first order connection 918 
between natural and anthropogenically driven changes in radiative forcing and changes in other 919 
climate variables at the surface. Furthermore, the vertical structure of temperature trends is impor-920 
tant information for climate change attribution since increases in atmospheric long-lived green-921 
house gas (GHG) concentrations warm the troposphere but cool the stratosphere steepening verti-922 
cal temperature gradients. Other drivers of atmospheric temperature changes, e.g. changes in solar 923 
output, would not have the same vertical profile fingerprint. Remaining discrepancies between 924 
temperature trends derived from satellite-based measurements and from radiosondes weaken the 925 
attribution of changes in temperatures to changes in GHGs. High quality temperature measure-926 
ments within GRUAN will contribute to the resolution of these discrepancies. 927 

Because radiosondes will remain the primary workhorse within GUAN for the measurement of 928 
temperature, pressure and humidity, it is imperative that GRUAN sites establish state-of-the-art 929 
radiosonde measurement programmes that continually strive to improve the quality of radiosonde 930 
measurements. Other measurement techniques can and should be developed to extend the height 931 
range of the temperature profile measurements and to improve the precision and accuracy of the 932 
measurements. However, these should always be quantitatively inter-compared with collocated 933 
radiosonde measurements to provide a traceable link to the radiosonde measurements made within 934 
GUAN. Temperatures measured by high-quality radiosondes are needed to: 935 

• Monitor the vertical structure of local temperature trends. 936 

• Correlate changes in other parameters, especially water vapour (see below), with changes in 937 
temperature. 938 

• Provide a reference against which satellite-based temperature measurements can be calibrated 939 
and adjusted to that long-term changes can be estimated globally with greater confidence. 940 

• Validate temperature trends simulated by climate models. 941 

• Provide input to global meteorological reanalyses such as NCEP/NCAR and ECMWF. 942 

• Provide input to numerical weather prediction models if and when submitted shortly after the 943 
measurement. Upper-air measurements of temperature and relative humidity are two of the 944 
basic measurements used in the initialization of numerical weather prediction models for op-945 
erational weather forecasting. 946 

Satellite-based measurements of this ECV will be provided by MSU (Microwave Sounding Unit) 947 
instruments and by GPS radio occultation (RO) measurements. However, these measurements are 948 
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unlikely to extend deep into the troposphere and so GUAN radiosonde measurements are likely to 949 
remain the primary data set for trend detection in this region. Recent research has shown that the 950 
RO technique has the potential to provide high resolution profiles of atmospheric refractive index 951 
in the middle to lower troposphere, which combine the effects of temperature and water vapour in 952 
this region. Requirements for precision, accuracy and long-term stability need to be guided by the 953 
requirements of end-users and in particular the requirements for detecting trends in temperature 954 
time series which include natural, unforced climate variability. This becomes a signal-to-noise 955 
ratio problem and climate models should be used to guide the measurement requirements given 956 
expectations of future trends in temperature and natural variability (see e.g. Figure 10.7 of IPCC 957 
4th assessment report). 958 

It is particularly important that trends in the tropical cold point tropopause temperatures are accu-959 
rately detected since this controls the flux of water vapour into the stratosphere (Gettelman et al., 960 
2002) and changes in stratospheric water vapour influence radiative forcing and temperatures both 961 
in the lower stratosphere but also in the upper troposphere (Forster et al., 2007). At present tem-962 
perature trend uncertainties in the lower stratosphere and upper troposphere remain large, particu-963 
larly in the tropics. For this ECV, addressing trends in tropical cold point temperatures should be a 964 
focus for GRUAN. To this end establishing close working ties between the tropical GRUAN sites 965 
at Manus and Nauru with the sites within the SHADOZ network (Thompson et al., 2007) would 966 
be particularly advantageous. 967 

Measurement range: Ideally temperature measurements should cover the range 170 – 350 K to 968 
span the range of measurements encountered between the Earth’s surface and the upper strato-969 
sphere. Currently available technology can meet this requirement.        970 

Vertical range: The effects of elevated concentrations of greenhouse gases on atmospheric tem-971 
peratures are seen most clearly in the upper stratosphere (Shine et al., 2003). Ideally GRUAN 972 
measurements of the vertical temperature profile should extend from the surface to ~50 km. Verti-973 
cal temperature profiles are most routinely measured using radiosondes which seldom reach above 974 
~35 km altitude (noting that radiosondes flown to provide input to NWP models aim only to 975 
reach ~25 km). However, if used to provide a reference standard for temperature over the lower 976 
portion of satellite-based measurements of the vertical temperature profile, and then if combined 977 
seamlessly with those satellite-based measurements, the goal of achieving coverage from the sur-978 
face to the stratopause (and even higher) would be achieved. Ideally temperature profiles from the 979 
surface to the upper stratosphere/lower mesosphere, measured by a single instrument, should be 980 
the GRUAN goal since these would provide the most robust signal of climate change. Use of 981 
GRUAN radiosonde temperature profiles as a standard for other GUAN stations would increase 982 
the geographical coverage in the troposphere. 983 

Vertical resolution:  Given that it is primarily balloon-borne instruments that provide high resolu-984 
tion profiles of the vertical temperature profile in the atmosphere, a resolution of 100 m or better 985 
below 30 km altitude and a resolution of ~500 m above 30 km altitude is appropriate. 986 

Precision: ≤0.2 K in measurement repeatability.  987 

Accuracy: Uncertainties of ≤0.1 K in the troposphere and ≤0.2 K in the stratosphere. This is sig-988 
nificantly more stringent than the 0.5 K in the troposphere and 1 K in the stratosphere prescribed 989 
in WMO-No. 8 and is currently unrealistic since the perhaps most accurate temperature sonde, the 990 
‘Accurate Temperature Measuring Radiosonde’ (Schmidlin, 1991), claims an uncertainty of 0.3 K 991 
throughout most of the upper troposphere and the stratosphere. This suggests that while GRUAN 992 
should proceed with the best technology available, emphasis also needs to placed on the develop-993 
ment of new technology to achieve higher accuracy. It might be that higher accuracy is achievable 994 
from nighttime soundings where the radiation correction, the dominant source of uncertainty in 995 
the stratosphere (Immler et al., 2010), is significantly reduced. Accuracy can also be improved by 996 
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reducing systematic biases in the measurements. For temperature this may be partially accom-997 
plished by using a three-thermistor set with different radiative properties (e.g. white, black and 998 
silver) to quantify the uncertainty in the radiation correction which is the largest source of meas-999 
urement bias towards the top of the flight. 1000 

Long-term stability:  0.05 K. The signal of change over the satellite era is in the order of 0.1–1001 
0.2K/ decade requiring long-term stability to be an order of magnitude smaller to avoid ambiguity. 1002 

4.2.2. Water vapour 1003 

Scientific justification: Water vapour is the primary natural GHG and is central to global water 1004 
and energy cycles. It acts primarily as a feedback, amplifying the effects of increases in other 1005 
GHGs. Water vapour is the raw material for clouds and precipitation, and limited knowledge has 1006 
compromised our ability to understand and predict the hydrological cycle, and understand its ef-1007 
fect on radiative transfer (Peter et al., 2006).  Water vapour is also a source of OH in the upper 1008 
troposphere and stratosphere, influencing methane, ozone and halogenated GHGs. High clouds 1009 
due to water vapour in the UT/LS affect both the planet's shortwave albedo and its longwave 1010 
greenhouse effect, and both cloud particles and water molecules are involved in chemical reac-1011 
tions that govern stratospheric ozone concentrations. Fully quantifying the Earth’s radiation 1012 
budget depends on an accurate assessment of the radiative properties of clouds and the water va-1013 
pour continuum.  1014 

For weather forecasting, boundary layer and lower tropospheric humidity measurements (or total 1015 
column water vapour, which is dominated by the lower troposphere) are of primary interest. How-1016 
ever, changes in water vapour in the UT/LS exert a greater radiative forcing than changes else-1017 
where (Solomon et al., 2010). Unfortunately standard radiosonde humidity sensors have very poor 1018 
response at the low temperatures, pressures, and water vapour concentrations of the UT/LS (Wang 1019 
et al., 2003). A number of factors, many linked to changes in climate, are likely to affect the flux 1020 
of water vapour into this climatically important region of the atmosphere, viz.: 1021 

i) Changes in the cold-point tropopause temperature (Zhou et al., 2001). 1022 
ii)  Changes in convection. Convective transport of ice particles into the UT/LS can provide a 1023 

path with bypasses the limitation imposed by the cold-point tropopause temperature. 1024 
iii)  Changes in the Brewer-Dobson circulation (Austin et al., 2006). 1025 

While most of the Earth’s water vapour is contained in the lower atmosphere where it is relatively 1026 
easy to measure, the water vapour content of the upper atmosphere is difficult to measure accu-1027 
rately; the current generation of operationally-deployed balloon-borne instruments, and the satel-1028 
lite data record to date do not allow the measurement of water vapour in the upper troposphere 1029 
and lower stratosphere to the required accuracy to be useful for climate applications (Soden et al., 1030 
2004). However, accurate water vapour measurements in the upper atmosphere are critical, espe-1031 
cially for radiative transfer modelling. Understanding the water vapour budget throughout the 1032 
atmosphere is also necessary for interpreting measurements of outgoing longwave radiation (see 1033 
section B9).  1034 

Satellite-based solar occultation and limb-sounding instruments can measure water vapour in the 1035 
upper troposphere and stratosphere but inter-satellite differences preclude the use of these data in 1036 
long-term trend analyses (Rosenlof et al., 2001). High precision measurements of water vapour 1037 
profiles will provide valuable input data to global meteorological reanalyses and data for validat-1038 
ing global climate models. 1039 

Instruments such as the Cryogenic Frostpoint Hygrometer (CFH; Vömel et al. 2007b), the Fluo-1040 
rescent Advanced Stratospheric Hygrometer for Balloon (FLASH-B) Lyman-alpha instrument, 1041 
the Snow White chilled mirror hygrometer, or the Vaisala RS92 (Suortti et al., 2008) or RS-90 FN 1042 
(Leiterer et al. 1997), may be used for reference measurements in their respective, valid altitude 1043 
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range. Other proven reference instruments may be introduced, with careful attention to data conti-1044 
nuity concerns. 1045 

Many sites are currently developing the capability to observe and analyze data from ground-based 1046 
GPS receivers. These data provide continuous high-quality estimates of column water vapour 1047 
which can be used to partially validate the vertical humidity profile measurements; total precipi-1048 
table water calculated from the radiosonde measured temperature and humidity profiles should 1049 
compare well with that measurement by the GPS receiver. 1050 

Measurement range: 0.1 – 90000 ppm. The large range in values that needs to be covered by 1051 
these measurements presents a challenge for instrument development and operation since no sin-1052 
gle commercially available instrument is responsive over this range. Instrument packages may 1053 
therefore need to include more than one instrument, each of which covers a particular region of 1054 
the atmosphere. 1055 

Vertical range: 0 to ~40 km. 1056 

Vertical resolution: 50 m below 5 km and 100 m above 5 km altitude. 1057 

Precision: 2% in mixing ratio in the troposphere and 5% in mixing ratio in the stratosphere.  1058 

Accuracy: 2% in mixing ratio throughout the profile. 1% for total column. This is more stringent 1059 
than the 5% standard prescribed in WMO-No. 8.  1060 

Long-term stability:  1% (0.3%/decade) in mixing ratio and for the total column. 1061 

4.2.3. Pressure 1062 

Scientific justification: Accurate measurements of pressure from the surface to the upper strato-1063 
sphere are necessary for relating measurements made in different vertical coordinates e.g. ra-1064 
diosonde (pressure) and lidar (geometric height) measurements, or model output which is often 1065 
provided with geopotential height as the vertical coordinate. Uncertainty in calculated geopoten-1066 
tial heights will result from uncertainties in temperature, pressure and water vapour measure-1067 
ments. The extent to which calculated geopotential heights/geometric heights agree with GPS 1068 
derived altitudes can provide an indirect validation of the accuracy of the temperature, pressure 1069 
and water vapour measurements. If pressure measurements drift in the presence of a steep vertical 1070 
gradient in some target trace gas, this will alias into an apparent trend in that trace gas. It is there-1071 
fore essential that pressure profile measurements maintain long-term stability. 1072 

Measurement range: 1 – 1100 hPa 1073 

Vertical range: 0 – 50 km 1074 

Vertical resolution: 0.1 hPa 1075 

Precision: 0.01 hPa 1076 

Accuracy: 0.1 hPa. This is more stringent than the 1 hPa to 2 hPa in the troposphere and 2% in 1077 
the stratosphere requirements listed in WMO-No. 8. 1078 

Long-term stability:  0.1 hPa 1079 

4.3 Moving beyond priority 1 variables 1080 

The emphasis to date within GRUAN has been on observations of priority 1 variables. This allows 1081 
testing of the guiding principles for all reference observations before expanding the measurements 1082 
at GRUAN sites to lower priority variables. A fully functioning GRUAN that serves all envisaged 1083 
purposes will require measurements of all ECVs listed in Appendix 1 of GCOS-112. An approach 1084 
to expanding site measurement capabilities to eventually cover as many of the specified variables 1085 
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as possible, whilst recognising that not all variables may be observed at all stations, is required.  1086 
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 1087 

5 GRUAN SITES 1088 

5.1 Site certification and assessment 1089 

GRUAN site selection is likely to happen through two possible routes, viz.: 1090 
1) Sites being approached by GRUAN and invited to become GRUAN stations. This would be 1091 

true for most of the candidate sites listed in GCOS-121. 1092 
2) Sites being proposed externally e.g. through the National Weather Service of the host coun-1093 

try. 1094 

In either case clear protocols for achieving site certification, and ongoing site assessment, need to 1095 
be developed so that there is no ambiguity around site selection. The process must be transparent 1096 
and applied equally to all candidate sites. This is especially important for sites proposed exter-1097 
nally, or for sites seeking to have the GRUAN label, and where those sites may not be prepared to 1098 
work towards achieving the standards set by GRUAN. 1099 

Once a site has been identified for possible inclusion in GRUAN, through either of the routes 1100 
listed above, the following sequence of events is proposed as the protocol for achieving site certi-1101 
fication: 1102 

1) Communication of GRUAN requirements to the candidate site by the Lead Centre. The Lead 1103 
Centre will provide documentation outlining in detail the standards required for the operation 1104 
of a GRUAN site. This should include the GCOS documents relevant to GRUAN, this man-1105 
ual, and a number of guides providing more detail around required standard operating proce-1106 
dures. In particular the minimum measurement requirements detailed in Section 5.2 and, 1107 
equally importantly, the manner in which those measurements must be made will be the focus 1108 
for the requirements of a candidate site. The GRUAN Lead Centre will also provide docu-1109 
mentation around data submission protocols and the procedures that must be followed when 1110 
data are submitted to the internal GRUAN archives (see Section 8.1). 1111 

2) Communication of the current status from the candidate site to the GRUAN Lead Centre. The 1112 
candidate site should respond by providing the Lead Centre with documentation detailing: 1113 

i) The management structure of the site and a general description of the manner in which the 1114 
site is operated. This would include a description of current and expected future fund-1115 
ing levels for ongoing operation of the site. 1116 

ii)  A description of the current measurement programmes at the site that will provide 1117 
data to GRUAN and of the technical expertise available at the site to maintain these 1118 
measurement programmes at the required standard. 1119 

iii)  A description of which databases these measurements have previously been submitted 1120 
to and are currently being submitted to. 1121 

iv) Detailed standard operating procedures for each of the measurement programmes that 1122 
will be providing data to GRUAN, including a description of data storage policies. 1123 

v) A description of how measurements to date at the site have been processed to come as 1124 
close as possible to achieving GRUAN standards. Particularly important in this regard 1125 
will be detailed documentation around how changes in standard operating procedures 1126 
over the history of the measurement programmes have been managed to derive a ho-1127 
mogeneous time series of measurements suitable for long-term trend detection. Since 1128 
the historical database of measurements will be taken up into GRUAN, it is particu-1129 
larly important that the historical data can meet the stated GRUAN requirements for 1130 
long-term homogeneity. 1131 
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vi) A description of how systematic and random uncertainties in the measurements are 1132 
currently being derived and how these measurement uncertainties are being reported. 1133 

vii)  Any other meta-data describing key aspects of the measurement programmes to date. 1134 
viii)  A list of the scientific experts employed at the site who would likely participate in the 1135 

analyses of the data collected within GRUAN. 1136 

3) There is likely to be some iteration between the Lead Centre and the candidate site to confirm 1137 
specific details, fill in information gaps, and finalize the documentation from the candidate 1138 
site. 1139 

4) Based on the documentation received from the candidate site, the GRUAN Lead Centre will 1140 
then write a short recommendation. This, together with the documentation from the candidate 1141 
site, will then be submitted to the 'Site assessment, expansion and certification' Task Team 1142 
(see Appendix A). This Task Team will make the final decision as to whether the candidate 1143 
site will be certified as a GRUAN site. Important aspects on which this decision should be 1144 
based would include: 1145 

i) Adherence to GRUAN protocols and requirements: More generally sites must have an op-1146 
erational philosophy of continually striving to improve measurement accuracy. 1147 

ii)  Data quality (complete uncertainty analysis): Sites must be accountable for every 1148 
measurement made. Specifically the calibration methods applied to each measure-1149 
ment, what sources of measurement uncertainty were accounted for, and what sources 1150 
of measurement uncertainty were not accounted for. 1151 

iii)  Operational standards: If necessary, sites must be prepared to forgo locally established 1152 
operating procedures and adhere to the standard operating procedures imposed by the 1153 
Lead Centre. 1154 

iv) Meta-data completeness: Sites must have procedures in place to ensure that detailed 1155 
meta-data for all measurement systems are regularly submitted to the Lead Centre for 1156 
inclusion in GRUAN data archives. 1157 

v) Traceability: Every measurement must be traceable to fundamental standards and 1158 
calibrations through well documented routes. 1159 

vi) Management of change: Sites must be prepared to work under the guidelines outlined 1160 
in Section 2.2. 1161 

vii)  Commitment to long-term measurements: Since GRUAN is a climate monitoring net-1162 
work, sites must be prepared to commit to multi-decade measurement programmes of 1163 
the essential climate variables. It is also essential that there be full host institution 1164 
commitment to GRUAN-related activities at any particular site and that this commit-1165 
ment is not dependent on a single Principal Investigator. 1166 

viii)  While a demonstrated track record in long-term monitoring would be advantageous, 1167 
this is not essential. If a site with the instrumentation required to meet the GRUAN 1168 
monitoring requirements exists, then it should not be overlooked simply because it has 1169 
not been observing for decades. 1170 

Since few, if any, planned GRUAN sites are likely to be immediately able to measure all re-1171 
quired ECVs to the required levels of precision, accuracy and stability, achieving GRUAN 1172 
status is likely to be an incremental process. Therefore, in developing the network and associ-1173 
ated protocols, some degree of leeway in this regard is needed.  1174 

5) If the site is selected as a GRUAN site, a formal Memorandum of Understanding (MoU) be-1175 
tween the GRUAN Lead Centre and the GRUAN site will be signed. This MoU would in-1176 
clude a statement from the GRUAN site that the site agrees to operate under the protocols es-1177 
tablished within GRUAN, agrees to implement the standard operating procedures prescribed 1178 
by GRUAN through a series of guides, and agrees to submit data to the GRUAN archives as 1179 
detailed in the data submission protocols. In return the Lead Centre would agree to assist the 1180 
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site with all operations related to GRUAN and to act as the liaison between the site and the 1181 
international community of GRUAN data users. 1182 

In addition to the initial process of site certification, GRUAN sites should also undergo periodic 1183 
assessments as being part of the network. This should include periodic site visits by members of 1184 
the 'Site assessment, expansion and certification' Task Team and should include formal reports 1185 
submitted to and archived by the GRUAN Lead Centre. It is important for external perceptions of 1186 
GRUAN integrity that these audits are conducted by a GRUAN task team and not based on e.g. 1187 
annual station reports. If conducted regularly, a series of such site assessment reports would 1188 
clearly document the progress being made by sites towards achieving GRUAN standards. Should 1189 
an existing GRUAN site show significantly reduced observational capability over more than a 1190 
year, as evaluated by the criteria listed above, the task team should investigate the circumstances 1191 
at that site, and, if needed, suspend its membership in the network. 1192 

5.2 Site selection 1193 

The process by which new sites will be selected/accepted into GRUAN is currently being ad-1194 
dressed by the 'Site assessment, expansion and certification' Task Team and has not yet been fi-1195 
nalized. This section defines the more general principles under which GRUAN site selection 1196 
should be considered. Foremost is the measurement and operational capabilities of any putative 1197 
GRUAN site i.e. the availability of necessary instruments, infrastructural support, and ability to 1198 
adhere to the site requirements listed in Section 5.1. This may depend in part on the membership 1199 
of that site in other measurement networks (e.g. NDACC, GAW, BSRN). In such cases, this 1200 
should be seen as an advantage since it reduces the start up costs for establishing the GRUAN site 1201 
and it quantitatively links the GRUAN measurements to the measurements being made in those 1202 
other networks. 1203 

GCOS-121 suggested that an interim starting point for radiosonde observations at GRUAN sites 1204 
should be made at tiered levels, ideally consisting of: 1205 

• 1 weekly production radiosonde measurement of temperature, pressure and humidity with the 1206 
best technology currently available. High quality surface measurements of these same vari-1207 
ables are also required to provide pre-launch calibration of the instruments onboard the sonde. 1208 
While weekly sampling under-estimates monthly standard deviations in temperature by up to 1209 
90% smaller and 100% larger than true values, differences between detectable trends for 1210 
weekly sampling compared to 12 hourly sampling are smaller (Seidel and Free, 2006). 1211 

• 1 monthly radiosonde capable of measuring water vapour in the UT/LS and all other priority 1212 
1 variables (see Section 4.1) to the best level possible with current technology, launched to-1213 
gether with the weekly radiosonde. Given that high frequency natural variability in the lower 1214 
stratosphere is small, sites should launch these radiosondes in those conditions most likely to 1215 
lead to a successful launch and measurement throughout the column, but particularly in the 1216 
upper reaches of the ascent. Typically this may be under cloud free conditions at night but 1217 
site staff will be best placed to make this call. 1218 

• Regular 00 and 12 LST (as a preference over UTC) launches of a production radiosonde with 1219 
the best technology currently available. Local operational constraints may lead to other 1220 
launch schedules at some stations, which should not preclude these stations from being desig-1221 
nated as GRUAN stations. Where feasible, occasional soundings at both 00/12 LST and UTC 1222 
could be used to establish a temperature difference climatology, including uncertainties, 1223 
which could thereafter be used to relate measurements made at one standard time to meas-1224 
urements made at another. It should be noted that 00/12 UTC observations are no longer as 1225 
important for NWP since 4D data assimilation is now more common. 1226 
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• Dual launches of sondes with highest quality humidity sensing capability in the UT/LS (fly-1227 
ing the monthly radiosonde together with a second sonde also capable of measuring water va-1228 
pour in the UT/LS). 1229 

• Periodic intercomparisons of a large range of sonde types. 1230 

This interim starting point for required GRUAN site capabilities will be expanded as more quanti-1231 
tatively defensible assessments (e.g. following research by GATNDOR) become available. Only 1232 
the first two criteria were considered in GCOS-121 to be absolute requirements. However, it 1233 
should be noted that weekly measurements made using the best radiosonde technology currently 1234 
available may be prohibitively expensive. Since the focus is not only on making very precise and 1235 
accurate measurements, a compromise would be to make 1 weekly radiosonde measurement of 1236 
temperature, pressure and humidity using the usual radiosonde used at the station but to fly this 1237 
together with a second sonde, either from another manufacturer (to test network homogeneity) or 1238 
from the same manufacturer (to test repeatability). Both approaches would assist in validating 1239 
measurement uncertainty which is equally important for these measurements (see Section 6.2).. 1240 

Geographical coverage of GRUAN sites is also an important consideration. GATNDOR have 1241 
been tasked to assess the scientific desirability of station locations from a variety of perspectives. 1242 
Because GRUAN will act as the reference standard for the current 167 GUAN sites located 1243 
world-wide performing primarily radiosonde observations, it is important that each GUAN site is, 1244 
eventually, located sufficiently close to a GRUAN site to allow meaningful intercomparisons. As 1245 
noted in GCOS-112, GRUAN sites need not necessarily be current GUAN sites. Because GUAN 1246 
sites often operate with different equipment, sensors, and operating protocols, the different re-1247 
quirements of GRUAN and GUAN operations may require careful management.. 1248 

It is not necessary that GRUAN provides globally complete and spatially homogeneous coverage 1249 
- rather GRUAN should provide a reference anchor for other ground- and satellite-based networks 1250 
which would then provide the required global coverage. However, it would be advantageous if 1251 
GRUAN could sample all major climatic regimes and environment types to ensure that different 1252 
temperature and radiation environments are reliably calibrated. Expansion of the network should 1253 
concentrate on climatic zones and regions that are under-sampled in the initial network configura-1254 
tion. Geographical coverage of GRUAN sites should also be tailored to meet the specific needs of 1255 
end-users e.g. the satellite-based measurement community is likely to want validation data in key 1256 
regions of the atmosphere. 1257 

Candidate GRUAN sites will have to be able to demonstrate reasonable expectations of funding to 1258 
maintain operations over many decades. The GRUAN executive should have in place procedures 1259 
for supporting long-term funding applications to local funding agencies for sites seeking to join 1260 
GRUAN. At present most national funding agencies are challenged by requirements for funding 1261 
over multi-decade timescales. This may therefore requite higher level (GCOS) education of na-1262 
tional funding agencies for maintenance of the global climate observing system. Having sites tran-1263 
siently joining and then leaving the GRUAN network could compromise the goal of ensuring data 1264 
homogeneity across the network e.g. if trends in ECVs differ at two different stations which 1265 
measured the ECV over different time periods it is not clear whether the differences arise from the 1266 
geographical separation or from different time periods being sampled. 1267 

It may be the case that while a single station might not be able to provide the full range of ECV 1268 
measurements required by GRUAN, a group of two or more stations, located sufficiently close 1269 
together might have the combined capability of providing the full range of measurements. Such a 1270 
collection of stations may then act as a single GRUAN site. A key question here is what is meant 1271 
by 'sufficiently close'? This is a research question currently being addressed by the GATNDOR 1272 
team. 1273 
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Sites may be selected and invited to join GRUAN, subject to the requirements listed above. How-1274 
ever, it is also possible that some countries may propose the inclusion of specific sites in GRUAN 1275 
such as during the 15th session of AOPC, when Japan Meteorological Agency (JMA) offered to 1276 
contribute the Tateno site. A formal mechanism therefore needs to be established to deal with 1277 
such offers should they arise. This needs to balance the needs of all stakeholders but recognise 1278 
that at this stage a willingness to participate is highly desirable. 1279 
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 1280 

6 INSTRUMENTATION 1281 

6.1 Instrument selection 1282 

The choice of what instruments should be deployed within GRUAN will not be a one-off deci-1283 
sion. Periodic review of instrumentation likely to be of use within GRUAN needs to be under-1284 
taken since instrument technology is constantly evolving. It also needs to be recognized that not 1285 
all sites within GRUAN will operate the same instrumentation, e.g. a new site may decide to 1286 
adopt the most recent technology while a site that has a multi-decade record using an older in-1287 
strument may decide to continue to use that instrument to avoid introducing a discontinuity in the 1288 
measurement time series. The emphasis is therefore not on prescribing an instrument, but rather 1289 
on prescribing the capabilities of an instrument and allowing individual sites to select an instru-1290 
ment that achieve those capabilities. That said, the fewer the number of instrument types deployed 1291 
within GRUAN, the more likely network homogeneity will be achieved.  1292 

A number of factors should be considered when selecting instruments for use in the GRUAN net-1293 
work including (Immler et al., 2010): 1294 

• Instrument heritage: How long has an instrument been in use by the community and for what 1295 
purpose? In what other networks is the instrument deployed? How substantial is the body of 1296 
literature documenting its performance and measurement uncertainty? How widely distrib-1297 
uted is the knowledge base that facilitates the instrument’s successful operation? 1298 

• Sustainability: Are the costs for operating the instrument and the demands on personnel for 1299 
operating the instrument consistent with the resources available at GRUAN sites? Is the 1300 
commercial demand sufficient, and the technology available, to support the production and 1301 
use of the instrument for sufficiently long for the expected multi-decade deployment within 1302 
GRUAN?  1303 

• Robustness of uncertainty: Is the underlying accuracy claim for the instrument and its resul-1304 
tant data sufficiently robust i.e. is it likely to be able to meet the accuracy, precision and sta-1305 
bility standards (see Section 4.1) required by GRUAN? 1306 

• Information content: Are the temporal and spatial resolution, dynamic range, and other char-1307 
acteristics of the measurements made by the instrument consistent with GRUAN require-1308 
ments? 1309 

• Manufacturer support: Is the manufacturer committed to a process of improving the perform-1310 
ance of the instrument based on findings made by the GRUAN user community? Is the manu-1311 
facturer prepared to actively participate in instrument intercomparisons? Is the manufacturer 1312 
willing to disclose the necessary information required to form a fully traceable chain of 1313 
sources of measurement uncertainty? A case in point regarding this last question – Immler et 1314 
al. (2010) were unable to adequately assess the radiation correction made in three different 1315 
radiosondes because the correction algorithm applied by the radiosonde software would not 1316 
be disclosed by the manufacturer. For a consistent uncertainty analysis it is imperative that 1317 
the algorithms used for corrections within the data processing software are made publicly 1318 
available by the instrument manufacturers. Unwillingness for the manufacturer to do so, 1319 
should count against the selection of that instrument for use within GRUAN. 1320 

• Site location: Instrumentation may have to differ by climate region. For example, high-1321 
latitude sites exhibit extremely low water vapour contents in winter compared to equatorial 1322 
sites. Therefore, instruments such as water vapour radiometers operating at 23.8 and 31.4 1323 
GHz, which have limited sensitivity for integrated water vapour amounts below 5 mm, would 1324 
need to be augmented with more sensitive microwave radiometers operating near 183 GHz. 1325 
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6.2 Measurement redundancy 1326 

Having different instruments at GRUAN sites measuring the same atmospheric parameters will be 1327 
invaluable for identifying, understanding and reducing systematic errors in measurements. A pro-1328 
ject within GATNDOR has been tasked with quantifying the value of redundant measurements 1329 
and assessing optimal combinations of measurements. If successive reductions in measurement 1330 
uncertainty with the addition of each coincident measurement from a different instrument can be 1331 
quantified in a scientifically robust way, this provides a powerful justification for measurement 1332 
redundancy at GRUAN sites. A case study underway within GATNDOR is using vertical profile 1333 
measurements of temperature and water vapour at the GRUAN sites at Beltsville, Cabauw, Lin-1334 
denberg, Potenza (all ARM sites) to quantify the error reduction resulting from increasing redun-1335 
dancy of measurements. This requires an assessment of the uncertainty of the temperature and 1336 
water vapour vertical profiles retrieved using each of the considered techniques and then the in-1337 
vestigation of possible sensors’ synergies to reduce the uncertainty. The investigation will be car-1338 
ried out focusing on the most common instruments at the considered GRUAN sites: for tempera-1339 
ture, radiosonde soundings and microwave profilers; for moisture, radiosonde soundings, Raman 1340 
lidars, microwave profilers, and GPS receivers. The quantification of the value added by comple-1341 
mentary observations should be assessed with respect to: 1342 

• Sensor calibration/inter-calibration (here the ARM Value Added Products could be consid-1343 
ered as a model) 1344 

• Identification of possible biases 1345 

• Representativeness of measurements 1346 

• Quality control/assurance with a focus on instrument performance in different meteorological 1347 
conditions. 1348 

As for much of the other research underway to support the operational framework for GRUAN, 1349 
this is work in progress and the true value of having multiple measurements of the same climate 1350 
variables at GRUAN stations will become clear in time. 1351 

One important factor for GRUAN is that independent measurements of the same (or related) vari-1352 
ables should be reported in a consistent way. The cross-checking of redundant measurements for 1353 
consistency should be an essential part of the GRUAN quality assurance procedures. Since all 1354 
data are to be reported with uncertainties, a consistency check is, in principle, a straight for-1355 
ward task (see Section 3.1.3).  1356 

6.3 Surface measurements 1357 

While GRUAN is, by definition, an upper-air network, the availability of coincident surface 1358 
measurements is likely to be advantageous to GRUAN for a number of purposes, including: 1359 

• Providing ground-truthing for vertical profile measurements. For example, comparisons be-1360 
tween ozonesonde measurements of ozone at the surface against a high precision standard can 1361 
be used to identify uncertainties in the ozonesonde measurement. 1362 

• Some remote sensing instruments that derive vertical profile data from e.g. optimal estimation 1363 
techniques can benefit from having a surface measurement to constrain the retrieval. In some 1364 
cases remote sensing of column amounts of a trace gas can benefit from having collocated 1365 
surface measurements of that trace gas e.g. as is done in the Total Carbon Column Observing 1366 
Network (TCCON). 1367 

While there are no formal requirements for GRUAN stations to include surface measurements, 1368 
the guideline is that where such measurements would significantly add to the quality or utility of 1369 
the GRUAN measurements, these surface measurements should be made. 1370 
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6.4 Upper-air measurements 1371 

6.4.1. In-situ instruments 1372 

A discussed in Section 4.2.1, radiosondes will remain the primary workhorse within GUAN for 1373 
the measurement of vertical profiles of temperature, pressure and humidity. The fact that these 1374 
instruments are not recovered has important implications for GRUAN operations, viz.: 1375 

• The instruments must be low cost, and because they are low cost, the sensors on sondes are 1376 
unlikely to be the best commercially available. Therefore, certain compromises in system 1377 
measurement accuracy have to be accepted by users, taking into account that radiosonde 1378 
manufacturers are producing systems that need to operate over an extremely wide range of 1379 
meteorological conditions. 1380 

• Maintaining long-term stability in a radiosonde measurement time series is challenging when 1381 
the instrument being used to make the measurement is discarded after each measurement. 1382 
Each instrument must be individually calibrated and tied to common calibration standards to 1383 
ensure long-term stability. 1384 

Because GRUAN will make only weekly high quality measurements of temperature, pressure and 1385 
humidity (see Section 5.2) rather than the 12 hourly profile measurements required at GUAN sta-1386 
tions, more expensive (and hopefully more accurate) sensors can be used.  1387 

6.4.2. Remote sensing instruments 1388 

Material to come in here from Task Teams 2 and 5 1389 

6.5 Instrument co-location 1390 

As discussed in Section 5.2, some of the current GRUAN sites, and many potential sites, consist 1391 
of instrument clusters spread over some region rather than single compact sites. Some of them are 1392 
in geographical locations that have complex orography and/or heterogeneous surface characteris-1393 
tics. There remain open questions about how physically far apart measurements can be made and 1394 
still represent a GRUAN site measurement. Therefore, appropriate collocation requirements for 1395 
variables and instrumentation should be established to ensure the representativeness of measure-1396 
ments. These considerations should be site and parameter-specific. 1397 

6.6 Calibration, validation and maintenance 1398 

6.6.1. Instrument calibration 1399 

Establishing reliable calibration procedures for the instruments being used within GRUAN, and 1400 
applying these uniformly across the network, will be an absolute prerequisite for achieving the 1401 
GRUAN goals. In addition to establishing calibration procedures at individual sites that minimize 1402 
the uncertainty introduced into the measurement chain (see Section 2.2) and avoid introducing 1403 
discontinuities into the time series, it is equally important that calibration procedures do not com-1404 
promise the goal of achieving homogeneity across the GRUAN network as a whole so that a 1405 
measurement of some parameter at one site is directly comparable to a measurement of the same 1406 
parameter at a different site. A guiding principal that will achieve this goal is that the same when 1407 
two identical instruments are deployed at two different sites, they should also use the same cali-1408 
bration procedures, preferably tied to the same absolute standards, and should also employ identi-1409 
cal data processing algorithms. While achieving a common data processing for each instrument 1410 
will be facilitated through processing the raw data at a single central data processing facility (see 1411 
Sections 2.2.3 and 8.1), the same approach cannot be used for calibration procedures. To this end 1412 
achieving inter-site homogeneity will be improved by developing travelling calibration standards 1413 
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which can be taken to different GRUAN stations to be used in on-site calibration or inter-1414 
comparisons. A current example of this would be Dobson Spectrophotometer #83 which is used in 1415 
the NDACC and WOUDC networks to achieve homogeneity across the global Dobson network 1416 
(see Sections 1.3.1 and 1.3.3). Such travelling standards for ground-checks for radiosondes (tem-1417 
perature and humidity sensor checks) would be particularly valuable. 1418 

Traceability to recognized measurement standards (e.g. SI standards) that can be reproduced glob-1419 
ally and over long periods of time will be the key component enabling GRUAN to provide refer-1420 
ence measurements useful for long-term climate observations. Traceability is a property of a 1421 
measurement that is manifest by an unbroken chain of measurements back to a recognized stan-1422 
dard, with fully documented uncertainty at each step. This then allows a robust calculation of the 1423 
propagation of uncertainties from the fundamental standard to the final measurement. If common 1424 
fundamental standards are available across the GRUAN network this will support the goal of 1425 
achieving coherence across the network.  1426 

GRUAN stations should maintain a “GRUAN site working standard” for each basis unit, e.g. a 1427 
thermometer periodically calibrated to a National Metrology Institute or other accredited agency 1428 
standard since this ensures traceability to an SI standard. A mechanism needs to be put in place to 1429 
address the compatibility of those systems that may not be traceable to SI standards with the rest 1430 
of the network.  1431 

Use of traceable calibration standards will also aid operators to detect and quantify systematic 1432 
errors in GRUAN measurements (see Section 3.2). Where the final data product of a reference 1433 
observation depends on ancillary measurements, these measurements must again be traceable to 1434 
standards. Traceability will also facilitate the network to incorporating new scientific insights and 1435 
new technological developments, while maintaining the integrity of the long-term climate record. 1436 
To achieve traceability, meta-data on all aspects relating to a measurement and its associated un-1437 
certainty will need to be collected. Each station will need to maintain accurate meta-data records 1438 
and provide these to the GRUAN archives. Copies of calibration certificates should be submitted 1439 
to the GRUAN meta-database. 1440 

The schedule of field recalibration and validation procedures should be drawn initially from ex-1441 
perience with a given sensor type, then refined according to the results of laboratory tests and in-1442 
tercomparisons. The date and nature of field recalibrations should be included in meta-data, so 1443 
that if future experiments reveal shortcomings in schedules or methods that were in use, uncer-1444 
tainty estimates can be adjusted after the fact to reflect those newly-discovered issues. 1445 

6.6.2. Instrument validation 1446 

Validation of the instruments used within GRUAN should include well documented and traceable 1447 
calibration procedures, participation in regular intercomparisons with similar instruments used at 1448 
other sites and/or intercomparisons with a travelling standard, and operational comparison of un-1449 
certainty estimates on the resultant measurements with those from other instruments (see Section 1450 
3.1.3). Most sites will likely not have identical instrumentation, with the result that instrument 1451 
validation will likely be site specific. A standard recommendation for the use of redundant in-1452 
strumentation and remote sensing instrumentation should be developed to aid site specific, regu-1453 
larly scheduled, instrument validation. The purpose is to make sharing and communication of best 1454 
practices across sites seamless and continuous. 1455 

6.6.3. Instrument maintenance 1456 

GRUAN sites are equipped with sophisticated, state-of-the-art instrumentation and should comply 1457 
with strict requirements of station maintenance, exposure of instruments and calibration perform-1458 
ance to avoid degradation of the quality of the measurements. To ensure that the goal of long-term 1459 
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high quality climate records is reached, site scientists who are leading experts for the instruments 1460 
used at the respective GRUAN sites should take responsibility for individual instruments operated 1461 
at the GRUAN site. However, because all maintenance of an instrument can also introduce dis-1462 
continuities in measurement series, maintenance should not be conducted more frequently than is 1463 
necessary. Maintenance schedules should be developed for all instruments. All maintenance ac-1464 
tions on instruments need to be documented as part of the meta-data associated with the meas-1465 
urements made by that instrument. 1466 
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 1467 

7 METHODS OF OBSERVATION 1468 

7.1 Measurement scheduling 1469 

The development of measurement scheduling protocols is undertaken by the 'Measurement sched-1470 
ules and instrument-type requirements' Task Team (see Appendix A). The highest priority is that 1471 
measurement schedules are established to achieve the four primary goals of GRUAN (see Section 1472 
1.1). Specifically it should be noted that measurement scheduling should be designed not only for 1473 
the purposes of long-term trend detection but to fulfil all goals of GRUAN. The required meas-1474 
urement frequency will differ depending on the parameter being measured. Measurements need to 1475 
be sufficiently frequent to capture important scales of temporal variability, both for trend analysis 1476 
and for process understanding. In cases where oversampling would allow averaging of measure-1477 
ments to reduce the net random error, and where this is technically feasible, measurement sched-1478 
ules should be set so as to achieve this. Where measurement redundancy (see Section 6.1) allows 1479 
measurements of the same variable to be made with more than one instrument, sampling intervals 1480 
and data averaging schemes need to be applied similarly to both instruments to allow the resultant 1481 
values to be comparable.’ 1482 

Measurement frequency may also vary regionally and seasonally. In places and seasons where the 1483 
parameter is being measured is more variable, measurements should be made more frequently so 1484 
that the effects of that variability can be accounted for in trend analyses. The degree of autocorre-1485 
lation in the measured time series is also likely to affect measurement frequency requirements. 1486 
Measurement scheduling requirements should be informed by quantitative studies that are region-1487 
ally and seasonally specific and that perhaps sample model output to understand how measure-1488 
ment scheduling may affect the ability to detect long-term trends. It may be that trend detection is 1489 
limited by natural variability rather than by the precision of the measurement, in which case more 1490 
resources should be invested in increasing measurement frequency rather than increasing meas-1491 
urement precision. In some cases this may reduce to a cost-benefit analysis where the cost to de-1492 
tect a putative trend of X%/decade (perhaps based on projections from climate models or chemis-1493 
try-climate models) over N years is minimized. A cheaper instrument making a less precise but 1494 
more frequent measurement might be selected over a more expensive instrument making a more 1495 
precise less frequent measurement, since the greater frequency leads to detection of the expected 1496 
trend either in fewer years or at a lower cost.  1497 

Measurement frequency should also be set to permit a statistical separation of the different drivers 1498 
of changes in the observed variable. Statistical studies should inform the process of establishing 1499 
measurement schedules. Where possible, and where is does not compromise achieving the highest 1500 
priority, measurement schedules should be adapted to meet the needs of other end-users e.g. the 1501 
timing of a daily measurement may be shifted to coincide with a satellite overpass and in this way 1502 
provide valuable high quality data for satellite validation. If, however, the variable being meas-1503 
ured showed a strong diurnal cycle, shifting the measurement time away from the norm would 1504 
introduce an anomaly which might then later compromise the interpretation of those measure-1505 
ments. Clear protocols therefore need to be established to ensure that meeting the needs of secon-1506 
dary users of GRUAN products does not compromise the quality of the data provided to the pri-1507 
mary users. 1508 

For some measurements, scheduling with respect to UTC or Local Solar Time (LST) may be im-1509 
portant and may result in conflicting requirements regarding different intended uses of the meas-1510 
urements. For example, scientifically it may be advantageous to have all GRUAN sites making 1511 
measurements at the same LST (especially for variables that show strong diurnal variations), 1512 
while for ensuring coincidence with GUAN stations, or to be used as input to initializing NWP 1513 
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models, having all measurements made at the same UTC might be more appropriate. As detailed 1514 
in Section 5.2), the current intention is that radiosonde flights will be made at the same LST 1515 
within GRUAN, however, this decision has not been finalized.  1516 

7.2 Operation and maintenance, quality standards 1517 

The more traditional approach of setting a quality standard and then assessing whether each 1518 
measurement meets that standard is less applicable in GRUAN where the emphasis is more on 1519 
describing, quantifying and verifying measurement uncertainty estimates and then communicating 1520 
the quality of the measurement through that uncertainty estimate. That said, standards of operation 1521 
and maintenance for each instrument used in GRUAN should be developed to ensure that mini-1522 
mum quality standards are achieved. This will be necessary to minimize sources of error when 1523 
measurements are being made using sophisticated instruments that may not always be completely 1524 
familiar to the operator. This will be more likely the case when measurements are being made 1525 
under operational conditions. Operation and maintenance protocols should be such that collection 1526 
of detailed meta-data is mandatory as these meta-data will be vital to establishing measurement 1527 
uncertainties. 1528 

Because GRUAN is not being established as a network of completely new stations, and because 1529 
many of the initial stations within GRUAN have been in operation in some cases for decades, 1530 
sites collecting data from different instruments will almost certainly currently use different aver-1531 
aging and data processing algorithms, different instrument pre-checks, different instrument post 1532 
data checks, etc.. GRUAN will not consist of a set of identical sites supported by a single funding 1533 
agency. A process for achieving convergence on agreed on operations and maintenance proce-1534 
dures that will be applied across the network therefore needs to be developed. Furthermore, many 1535 
of the initial sites report to numerous networks and their governance and stated aims differ sub-1536 
stantially. It is therefore essential to have in place protocols and agreements, such as a Manual of 1537 
Operations, including common quality assurance procedures that allow the required flexibility, 1538 
whilst maintaining the fundamental quality of the observations necessary to meet GRUAN aims. 1539 



42 
 

 1540 

8 DATA MANAGEMENT 1541 

8.1 Overview of GRUAN data flow 1542 

A schematic representation of the flow of data within GRUAN and from GRUAN to the user 1543 
community is shown in Figure 2. 1544 

Raw measurement data and meta-data, referred to as Level 1 (L1) data, are ingested from all 1545 
GRUAN sites into the internal GRUAN data archive hosted at the Lead Centre (see Section 8.4). 1546 
L1 data will typically be the ‘rawest’ form of data available e.g. measured voltages before any 1547 
processing has been applied. Direct exchange of L1 data between sites should be discouraged 1548 
since this would circumvent the data versioning protocols, network wide application of calibration 1549 
techniques, and other pre-processing of raw data that would be implemented at the Lead Centre or 1550 
at a centralized GRUAN data processing site (see below). The only likely pre-processing of L1 1551 
data at the measurement site would be the conversion to a common format (e.g. NetCDF). It is 1552 
also expected that L1 data would be archived at the measurement sites. 1553 

 
Figure 2: A schematic representation of the flow of data in GRUAN. Blue arrows show the standard flow of 
data. The red arrows show the flow of near-real time data. Data provided to end-users via red routes are not 
‘GRUAN data’. Different data exchange protocols should operate for exchange of data within GRUAN 
(shaded green region) and from the GRUAN external data archive to end-users. 
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Where GRUAN sites have agreed to the near-real time release of their data, these data will be 1554 
made immediately available via the WIS. This will almost certainly require some local site-based 1555 
processing of the L1 data to create data suitable for submission to the WIS. 1556 

Processing of the L1 data held in the GRUAN internal data archive to produce a GRUAN data 1557 
product, referred to as Level 2 (L2) data, will occur either at the Lead Centre or at a GRUAN sta-1558 
tion that specializes in processing data for a particular instrument. This processing would include 1559 
applying the necessary recalibrations, corrections, and the uncertainty analysis in a consistent and 1560 
traceable manner across identical instruments from different sites. The L2 data, including its 1561 
meta-data and documentation, are provided to the user community through the external GRUAN 1562 
data archive hosted at NCDC. A performance monitoring process (see Section 9), implemented at 1563 
the Lead Centre, will provide feedback on performance to individual sites. 1564 

8.2 GRUAN data policy 1565 

GRUAN data should be made freely and publicly available. Specifically GRUAN data dissemina-1566 
tion and use should comply with WMO Resolution 40 (Cg-XII). However, because some 1567 
GRUAN stations are likely to be providing data to other networks which may have policies in 1568 
place to protect the rights of the data providers to their own data, some flexibility may need to be 1569 
shown regarding timeframes for making the data publicly available. GRUAN meta-data should 1570 
include all information related to acknowledgements and/or co-authorship on publications making 1571 
use of the data. Two different levels of exchange of GRUAN data should be recognised: 1572 

i) Exchange of data within the GRUAN community. This should always occur through the 1573 
GRUAN Lead Centre so that the exchange can be controlled by data policies developed spe-1574 
cifically for internal exchange of GRUAN data. 1575 

ii)  Dissemination of GRUAN products to end-users. This should always occur through the offi-1576 
cial GRUAN data centre (see Section 8.5). A different policy should be implemented to con-1577 
trol the dissemination of GRUAN data at this level. 1578 

A distinction should be made between 'standard data' and 'enhanced or experimental data' ob-1579 
tained at GRUAN sites: 1580 

• Standard data (e.g., near surface synoptic observations, radiosonde observations) have general 1581 
exploitation value, common measurement technology, generally well understood, and few 1582 
problems with data interpretation. 1583 

• Enhanced or experimental data (e.g., Raman LIDAR, microwave radiometer, surface radia-1584 
tion, GPS precipitable water) have high exploitation value, sophisticated measurement tech-1585 
nology and/or of experimental nature, would recommend contact to site scientist for correct 1586 
interpretation of data, and would require considerable efforts to maintain continuous meas-1587 
urements and high quality of data. 1588 

Enhanced or experimental data are more likely to be subject to limitations on dissemination than 1589 
standard data. 1590 

Inclusion of GRUAN scientists as co-authors on papers making extensive use of GRUAN data 1591 
(and in particular enhanced or experimental data) is justifiable and highly recommended, in par-1592 
ticular if a site scientist has responded to questions raised about data quality and/or suitability for 1593 
the specific study in question, or has been directly involved in contributing to the paper in other 1594 
ways. Co-authorship should not be a pre-condition for release of GRUAN data. However, for en-1595 
hanced or experimental data it is highly recommended that data users invite site scientists to be-1596 
come co-authors on resultant publications, or determine whether an acknowledgement would be 1597 
sufficient. Users of enhanced or experimental GRUAN data should be encouraged to establish 1598 
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direct contact with site scientists for the purpose of complete interpretation and analysis of data 1599 
for publication purposes. 1600 

The primary goals of GRUAN (see Section 1.1) are not consistent with near real-time dissemina-1601 
tion of measurements made at GRUAN sites. Generating high precision, high quality measure-1602 
ments with well characterized uncertainties takes a significant investment of time and effort. In 1603 
GRUAN the balance is tipped strongly in favour of the provision of high quality measurements 1604 
rather than the provision of near real-time measurements. However, it is recognized that GRUAN 1605 
measurements are likely to be very useful to a number of users requiring data in near real-time 1606 
e.g. for initializing NWP models. Therefore, where possible, and where it does not detract from 1607 
achieving the primary goals of GRUAN, GRUAN sites should submit real-time data to end-users 1608 
via the WIS. These, however, should not be termed ‘GRUAN’ data since they would not have 1609 
been subjected to the stringent QA/QC procedures that are core to GRUAN’s operation. Rather 1610 
they are what might be termed ‘pre-GRUAN’ data. In this context, greater emphasis should be 1611 
placed on the submission of real-time data required for real-time applications such as NWP model 1612 
initialization e.g. those listed in Annex 1 of Resolution 40 (Cg-XII). These are also more likely to 1613 
be 'standard data' as described above. The WIS requirements, e.g. on meta-data, and the possibil-1614 
ity to transmit near-real time data via the Global Telecommunication System (GTS) should be 1615 
explored. Where sites do not currently have the infrastructure or expertise in making such submis-1616 
sions, WMO should be approached for assistance in the form of hardware and/or training. There 1617 
may be advantages to submitting data in near real-time since data assimilation algorithms are able 1618 
to flag data that appear to be statistically anomalous. If such two way communication can be es-1619 
tablished between GRUAN and the NWP/data assimilation community, such information could 1620 
form an important part of the measurement meta-data. Near real-time release of standard GRUAN 1621 
data will also facilitate the quality control link between GRUAN and GUAN. 1622 

8.3 Data format 1623 

In the same way that a distinction should be made between the distribution of data within the 1624 
GRUAN community and the dissemination of GRUAN data to end-users, a distinction should be 1625 
made with regard to prescribed data formats for these two different aspects of data distribution, 1626 
viz.: 1627 

i) For distribution of data within GRUAN the emphasis should be on expediency. Different data 1628 
formats for different instruments should be permitted and not discouraged. Whatever format 1629 
facilitates quick and automated processing of data and its associated meta-data should be 1630 
used. 1631 

ii)  For dissemination of GRUAN data to clients, a format should be selected that is flexible 1632 
enough to allow a common format across all GRUAN products, should have an existing large 1633 
user-base in the client community, should easily allow the inclusion of meta-data in each data 1634 
file, should be an open format/standard that requires no licensing, and should have a large 1635 
suite of readily available tools for manipulating the data files. Perhaps the most suitable for-1636 
mat would be NetCDF and better still CF (Climate and Forecast) compliant NetCDF. 1637 

8.4 Data submission 1638 

If sites elect to submit near real-time data to end-users, this should be done directly through the 1639 
WIS. Otherwise all data from GRUAN sites should flow through the Lead Centre. The expecta-1640 
tion might be that GRUAN sites submit their raw data to the GRUAN Lead Centre as soon as pos-1641 
sible after the measurement but with the policy in place that these data will not be made available 1642 
outside of the GRUAN community at this time. A facility for imposing time limits on making the 1643 
data available to the end-user community for different stations should be implemented as this does 1644 
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not contravene WMO Resolution 40 (Cg-XII). In this way stations are more likely to be willing to 1645 
make their raw data immediately available within the GRUAN community without compromising 1646 
their rights to first publication of the data (some funding agencies may even insist that such a data 1647 
policy is in place). 1648 

Procedures for submitting data and meta-data from GRUAN sites to the GRUAN archive should 1649 
be developed in such a way as to minimize the effort required at the GRUAN sites and to harmo-1650 
nize the process of data collection and data quality control across the network as a whole. For ex-1651 
ample, submission of data to the GRUAN archives can be easily automated if the mode of sub-1652 
mission is through FTP to a server based at the Lead Centre, whereas if submission must be done 1653 
through a web portal this cannot be easily automated and is likely to be very time consuming for 1654 
individual GRUAN sites. 1655 

Where data submission tools can be developed centrally (e.g. at the Lead Centre) and distributed 1656 
for use to GRUAN sites to facilitate data submission to the GRUAN archives, this is preferable to 1657 
each site independently developing such tools. The ability for sites to jointly contribute to sup-1658 
porting such network wide activities would be desirable (see Section 1.2). 1659 

8.5 Data dissemination 1660 

Dissemination of GRUAN data products to end-users/customers should occur through an official 1661 
GRUAN data Centre hosted at NCDC. Access to GRUAN data through a single source will rein-1662 
force the model that GRUAN data are homogeneous both in time and across GRUAN stations.  1663 

For climate research in particular it is important that users of climate data can, if required, obtain 1664 
complete information on how the data they are using were acquired. Therefore, users of GRAUN 1665 
data should have access not only to the measurements and their uncertainties, but also to the in-1666 
strument, operating procedures, data reduction algorithms used, and to when changes to any of 1667 
these occurred through the complete time period of the data set. 1668 

A facility should be established whereby users of GRUAN data products can voluntarily register 1669 
their use of the data. This would: 1670 

• Allow the Lead Centre to maintain statistics on data usage. This would be useful when apply-1671 
ing for funding to support GRUAN operations. 1672 

• Allow users of data to be informed if and when newer versions of the data become available. 1673 

• Facilitate reporting of potential errors/anomalies in the data by end-users. 1674 

Such a facility might exist independently of the GRUAN NCDC archives. 1675 

As discussed above, GRUAN sites are likely to also be members of other networks and are likely 1676 
to submit data to end-users through other network's archives. The difficulty arises in that data 1677 
submitted through a non-GRUAN network may be subject to different data processing, different 1678 
QA/QC procedures, and different calibrations. This would result in two different versions of os-1679 
tensibly the same data being publicly available. Such a situation should be avoided since it would 1680 
undermine the confidence that users would have in GRUAN data products. 1681 

Users of GRUAN data need to know the version of any dataset they are using and whether newer 1682 
versions might be available. Having the names of data files include the data version number 1683 
would be helpful in this regard. A facility to periodically check for updates of GRUAN data files 1684 
found on a client computer with the database at NCDC would be very advantageous. 1685 



46 
 

8.6 Data archiving 1686 

GRUAN does not necessarily need to build its own data archive and user interface. This is a rather 1687 
costly operation for any large network and partnering with an established data archive such as 1688 
NCDC with a user-friendly interface should be preferred. Because data cannot be quality assured 1689 
or corrected in near real-time, additional processing steps and uncertainty estimate assignment 1690 
will be required. This key processing will be allowed to grow, and thus, data versioning will be 1691 
required. It is important that the GRUAN archive includes all previous versions of any given data 1692 
set so that analyses using previous versions of data can be repeated if required. 1693 

8.7 Quality control at the instrument/site level 1694 

Part of the data management within GRUAN includes feedback to the sites in the form of reports 1695 
on data submission, data quality, and comprehensiveness of meta-data submitted etc.. Existing 1696 
algorithms, potentially supplemented by future algorithms to be developed, will need to be used 1697 
operationally to identify systematic errors, anomalies or instrumental issues. Results of such tests 1698 
should be communicated back to GRUAN sites on short timescales so that remedial action can be 1699 
taken if required. Following the example of the ARM Data Quality Office, communicating quality 1700 
assurance results to GRUAN site operators and engineers will facilitate improved instrument per-1701 
formance and thereby minimize the amount of unacceptable data collected. 1702 
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 1703 

9 POST-PROCESSING ANALYSIS AND FEEDBACK 1704 

Analysis of GRUAN data products by end-users will need to be sensitive to data versioning. As 1705 
new knowledge becomes available and data are reprocessed as a result, newer versions of data 1706 
sets will be provided through the GRUAN archives and end-users need to be aware of such up-1707 
dates and, if necessary, repeat their own analyses. Key to this process will be the ability to make 1708 
users aware of updated versions of data sets that they previously accessed, now becoming avail-1709 
able. The data processing centre, either the Lead Centre or the designated GRUAN site specializ-1710 
ing in processing of that particular data set, should be tasked with data version control and ensur-1711 
ing that the necessary meta-data on data versions are made available to end-users. 1712 

Inevitably, algorithms change and errors in data processing occur that are not necessarily apparent 1713 
until the data are used. Therefore, a facility that allows data users to report potential bugs or 1714 
anomalies found in data during analyses of the data needs to be designed and implemented. This 1715 
might be modelled on the ARM Program Climate Research Facility bug reporting system.  1716 
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 1717 

10 QUALITY ASSURANCE 1718 

Assuring the quality of the GRUAN data begins with a robust process of describing, quantifying 1719 
and validating all sources of uncertainty in all GRUAN measurements. Where total measurement 1720 
uncertainties lie below some prescribed threshold this increases confidence in the quality of the 1721 
GRUAN data. The use of redundant measurements, as described in Section 3.1.3, also serves to 1722 
assure the quality of the GRUAN data products. Agreement of two independent measurements, 1723 
preferably based in different measurement principles, provides a high degree of confidence that no 1724 
significant systematic effect was disregarded and uncertainties were not under-estimated.  1725 

Laboratory tests and intercomparisons are fundamental methods for establishing and confirming 1726 
uncertainty estimates for GRUAN data products. Laboratory tests provide an opportunity to inves-1727 
tigate in detail the performance of instruments under controlled conditions and to measure differ-1728 
ences against certified references or other standards. Data from these experiments can be used to 1729 
detect biases that may be corrected for and to determine calibration uncertainties. Field intercom-1730 
parisons allow multiple in situ sensors and remote sensing data to be directly compared under the 1731 
actual atmospheric conditions of the required measurement, including the complex environmental 1732 
conditions (temperature, humidity, pressure, wind/flow rate, radiation, and chemical composition) 1733 
that cannot be fully reproduced in the laboratory. These complementary activities increase confi-1734 
dence that measurements are subject to neither unanticipated effects nor undiscovered systematic 1735 
uncertainties. Therefore field experiments are particularly useful for assuring the quality 1736 
of GRUAN data products. 1737 

Visual inspection of all data by science/instrument experts will be required for all instruments to 1738 
minimize issues that slip through automated routines. The Lead Centre should coordinate this ef-1739 
fort, which should be distributed across different GRUAN sites. As outlined in Section 3.1.3, ver-1740 
tically resolved uncertainty estimates, prepared independently for each site, will be used as a met-1741 
ric to compare the site-to-site quality of the observations.  1742 

The use of GRUAN data in data assimilation also adds to the assurance of GRUAN data quality 1743 
since the measurements, with their uncertainties, can be tested for comparability with the data 1744 
assimilation model values within the known internal variability of the system. 1745 
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 1746 

ACRONYMS 1747 

ARM: Atmospheric Radiation Measurement programme 1748 

ACRF: ARM Program Climate Research Facility 1749 

AOD: Aerosol Optical Depth 1750 

AOPC: Atmospheric Observation Panel for Climate 1751 

CBS: WMO Commission for Basic Systems 1752 

CIMO: WMO Commision for Instruments and Methods of Observation 1753 

GATNDOR: GRUAN Analysis Team for Network Design and Operations Research 1754 

GCOS: Global Climate Observing System 1755 

GHG: Well-mixed greenhouse gas (CO2, CH4, N2O, CFCs, HFCs, PFCs, SF6, etc.) 1756 

GOS: Global Observing System 1757 

GRUAN: GCOS reference upper air network 1758 

GTS: Global Telecommunication System 1759 

GUAN: GCOS upper air network 1760 

ICM: Implementation - Coordination Meeting (GRUAN) 1761 

ISCCP: International Satellite Cloud Climatology Project 1762 

NCDC: National Climate Data Centre 1763 

NWP: Numerical Weather Prediction 1764 

PDF: Probability Distribution Function 1765 

RMS: Root Mean Square 1766 

UT/LS: Upper troposphere/lower stratosphere 1767 

WIGOS: WMO Integrated Global Observing System 1768 

WMO CBS: World Meteorological Organisation Commission for Basic Systems 1769 

WWW: World Weather Watch 1770 

 1771 
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Appendix A – Task Teams 1772 
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Task Team 1 
Radiosondes 

 
Chairs 
Franz Immler 
Masatomo Fujiwara 
 
Members 
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Sasha Kats 
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Task Team 2 
GPS Precipitable Water 

 
Chairs 
June Wang 
Kalev Rannat 
 
Members 
Seth Gutman 
John Braun 
Galina Dick 
Yoshinori Shoji 
Siebren De Haan 

Task Team 3 
Measurement schedules and 
instrument-type requirements 

 
Chairs 
Tom Gardiner 
Dave Whiteman 
Howard Diamond 
 
Members 
Besty Weatherhead 
Reinout Boers 

Task Team 6 
GRUAN sites 

 
Chairs 
Belay Demoz 
Dale Hurst 
 
Members 
Martin de Graaf 
Paul Johnston 
Rigel Kivi 
Gelsomina Pappalardo 
Rolf Philipona 
Hakaru Mizuno 
Holger Vömel 
Russ Vose 
Jimmy Voyles 

Task Team 5 
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Chairs 
Tony Reale 
Thierry Leblanc 
 
Members 
Seth Gutman 
John Braun 
Galina Dick 
Yoshinori Shoji 
Siebren De Haan 

Task Team 4 
Site assessment, expansion and 
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Chairs 
Russ Vose 
Steve Williams 
 
Members 
Dian Seidel 
Mike Kurylo 
Anna Kuhn 
Geir Braathen 
Siebren De Haan 
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 1792 

Appendix B – Expanded details on Essential Climate Variables 1793 

B.1. Wind speed (priority 2)  1794 

The high accuracy of 0.5 m/s prescribed for wind speed is needed to delineate calm conditions 1795 
from light winds. 1796 

B.2. Wind direction (priority 2) 1797 

No supplementary comments yet. 1798 

B.3. Ozone (priority 2) 1799 

During a discussion at the ICM-2 meeting, it was suggested that ozone should develop into a pri-1800 
ority 1 variable for GRUAN. The consensus appears to be that it remains a priority 2 variable. 1801 

B.4. Methane (priority 2) 1802 

No supplementary comments yet. 1803 

B.5. Net radiation (priority 2) 1804 

The prescribed precision and accuracy values of 5 W/m2 match the requirements for the BSRN 1805 
network. 1806 

B.6. Incoming short-wave radiation (priority 2) 1807 

The stated measurement range of 0 to 2000 W/m2 exceeds the solar constant (1366 W/m2) but is 1808 
required since in the presence of partly cloudy skies and when the sub is not obscured by cloud, 1809 
reflections off clouds can enhance surface short-wave radiation significantly. The prescribed pre-1810 
cision and accuracy values of 3 and 5 W/m2 respectively, match the requirements for the BSRN 1811 
network. 1812 

B.7. Outgoing short-wave radiation (priority 2) 1813 

The prescribed precision of 2 W/m2 and accuracy of 3% match the requirements for the BSRN 1814 
network. 1815 

B.8. Incoming long-wave radiation (priority 2) 1816 

The prescribed precision and accuracy values of 1 and 3 W/m2 respectively, match the require-1817 
ments for the BSRN network. 1818 

B.9. Outgoing long-wave radiation (priority 2) 1819 

The prescribed precision and accuracy values of 1 and 3 W/m2 respectively, match the require-1820 
ments for the BSRN network. 1821 

B.10. Radiances (priority 2) 1822 

The stated stability requirement of 0.03%/decade is achievable through SI traceability. The preci-1823 
sion and accuracy requirements of 0.01% and 0.15% respectively are applicable for mean sea-1824 
sonal radiances at ~1000 km spatial scale. 1825 
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B.11. Aerosol optical depth (priority 2) 1826 

Measurements of all aerosol parameters should be spectrally resolved. The aerosol optical depth is 1827 
the most important of the aerosol parameters. While the other aerosol parameters will scientifi-1828 
cally useful if the aerosol optical depth is large, when the aerosol optical depth is small, measure-1829 
ments of other aerosol parameters become less valuable. 1830 

B.12. Aerosol total mass concentration (priority 2) 1831 

Size-fractionated measurements are required. 1832 

B.13. Aerosol chemical mass concentration (priority 2) 1833 

Size-fractionated measurements are required. 1834 

B.14. Aerosol light scattering (priority 2) 1835 

Size-fractionated and spectral measurements are required. 1836 

B.15. Aerosol light absorption (priority 2) 1837 

Size-fractionated and spectral measurements are required. 1838 

B.16. Cloud amount/frequency (priority 2) 1839 

The prescribed precision and accuracy ranges of 0.1%-0.3% result from cloud variations of 1-3% 1840 
found in the ISCCP database. The prescribed long-term stability requirement of 0.1%-0.2% re-1841 
sults from the 1-2%/decade trends found by Norris (2005). 1842 

B.17. Cloud base height (priority 2) 1843 

The prescribed measurement range of 0-20 km (1000-50 hPa) is consistent with the vertical cloud 1844 
range found in Rossow and Schiffer (1999). The prescribed precision and accuracy of 100 m (10-1845 
40 hPa) is consistent with variations derived from the ISCCP database. The long-term stability 1846 
requirement of 20 m/decade is what would be required to detect the trend in global mean cloud 1847 
base height of 44 m/decade reported by Chernykh et al. (2001). It should be noted that the trends 1848 
reported in Chernykh have been questioned by Seidel and Durre (2003). 1849 

B.18. Cloud layer heights and thicknesses (priority 2) 1850 

The prescribed vertical resolution of 50 m is required to resolve cloud layer thickness of ~30 m 1851 
for cirrus clouds and is easily achievable with a lidar based system (Winker and Vaughan, 1994). 1852 

B.19. Carbon Dioxide (priority 3) 1853 

This ECV was not included in Appendix 1 of GCOS-112 but is key to understanding trends in 1854 
tropospheric stratospheric temperatures and so is included here. 1855 

B.20. Cloud top height (priority 3) 1856 

Cloud top height measurements are also important for radiosonde temperature uncertainty analy-1857 
sis. When a radiosonde emerges into dryer air above a cloud, evaporation of the condensed water 1858 
cools the sensor and creates a cool bias in this region. This effect can lead to deviations up to 1K 1859 
above a cloud and the data need to be flagged appropriately, e.g., by assigning a correspondingly 1860 
increased uncertainty to data in such regions. 1861 
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B.21. Cloud top pressure (priority 3) 1862 

No supplementary comments yet. 1863 

B.22. Cloud top temperature (priority 3) 1864 

No supplementary comments yet. 1865 

B.23. Cloud particle size (priority 4) 1866 

No supplementary comments yet. 1867 

B.24. Cloud optical depth (priority 4) 1868 

No supplementary comments yet. 1869 

B.25. Cloud liquid water/ice (priority 4) 1870 

No supplementary comments yet.1871 
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