
1 
 

THE GRUAN GUIDE TO OPERATIONS 1 

 2 
Version 1.0.0.7  3 



2 
 

Table of Contents 4 

Table of Contents .............................................................................................................................. 2 5 

1. INTRODUCTION ..................................................................................................................... 4 6 

1.1. GRUAN heritage ................................................................................................................. 4 7 

1.2. The purpose of GRUAN ...................................................................................................... 4 8 

1.3. Organisation and design of GRUAN .................................................................................... 5 9 

1.4. Implementation of GRUAN ................................................................................................. 7 10 

1.5. Links to partner networks .................................................................................................... 8 11 

1.6. Link to satellite-based measurement programmes .............................................................. 12 12 

2. REFERENCE MEASUREMENTS .......................................................................................... 14 13 

2.1. Terminology ...................................................................................................................... 14 14 

2.2. The concept of a reference measurement ........................................................................... 14 15 

2.3. Managing Change ............................................................................................................. 16 16 

3 MEASUREMENT UNCERTAINTY ....................................................................................... 28 17 

3.1 Estimating measurement uncertainty ................................................................................. 28 18 

3.2 Reporting measurement uncertainty ................................................................................... 30 19 

3.3 Reducing measurement uncertainty ................................................................................... 30 20 

3.4 Reducing operational uncertainty....................................................................................... 30 21 

3.5 Validating measurement uncertainty .................................................................................. 31 22 

4 ESSENTIAL CLIMATE VARIABLES MEASURED IN GRUAN ......................................... 32 23 

4.1 Justification and context for Essential Climate Variables ................................................... 32 24 

4.2 Development of Climate Data Records of ECVs ................................................................ 33 25 

4.3 Temperature ...................................................................................................................... 33 26 

4.4 Water vapour ..................................................................................................................... 35 27 

4.5 Pressure ............................................................................................................................. 37 28 

4.6 Moving beyond priority 1 variables ................................................................................... 39 29 

5 GRUAN SITES ....................................................................................................................... 42 30 

5.1 Introduction ....................................................................................................................... 42 31 

5.2 Levels of GRUAN operation ............................................................................................. 43 32 

5.3 Mandatory Operating Protocols ......................................................................................... 45 33 

5.4 Criteria for Assessing Added Value ................................................................................... 46 34 

5.5 The Assessment and Certification Process ......................................................................... 47 35 

5.6 Site Auditing ..................................................................................................................... 50 36 

6 INSTRUMENTATION ........................................................................................................... 51 37 

6.1 Instrument selection .......................................................................................................... 51 38 

6.2 Measurement redundancy .................................................................................................. 52 39 

6.3 Surface measurements ....................................................................................................... 53 40 



3 
 

6.4 Upper-air measurements .................................................................................................... 53 41 

6.5 Instrument co-location ....................................................................................................... 56 42 

6.6 Calibration, validation and maintenance ............................................................................ 56 43 

7 MEASUREMENT SCHEDULING ......................................................................................... 59 44 

7.1 Responsibilities ................................................................................................................. 59 45 

7.2 Guiding principles ............................................................................................................. 59 46 

7.3 Factors affecting measurement scheduling for trend detection ........................................... 61 47 

7.4 Interplay of science goals and scheduling frequency .......................................................... 62 48 

7.5 Instrument specific measurement schedules ....................................................................... 67 49 

7.6 Operation and maintenance, quality standards ................................................................... 70 50 

8 DATA MANAGEMENT ......................................................................................................... 71 51 

8.1 Overview of GRUAN data flow ........................................................................................ 71 52 

8.2 GRUAN data policy .......................................................................................................... 73 53 

8.3 Collation of meta-data ....................................................................................................... 74 54 

8.4 Data format ....................................................................................................................... 75 55 

8.5 Data submission ................................................................................................................ 76 56 

8.6 Data dissemination ............................................................................................................ 76 57 

8.7 Data archiving ................................................................................................................... 77 58 

8.8 Quality control at the instrument/site level ......................................................................... 77 59 

9 POST-PROCESSING ANALYSIS AND FEEDBACK ........................................................... 78 60 

10 QUALITY MANAGEMENT .................................................................................................. 79 61 

ACRONYMS .................................................................................................................................. 81 62 

Appendix A – Expanded details on additional GRUAN Essential Climate Variables ....................... 83 63 

REFERENCES ................................................................................................................................ 86 64 

  65 



4 
 

1. INTRODUCTION 66 

1.1. GRUAN heritage 67 

The need for a reference upper-air network to better meet the needs of the international climate 68 
research community has long been recognized (Trenberth, 2003). In response to this need, the in-69 
ception of the GCOS Reference Upper-Air Network (GRUAN; GCOS-112, GCOS-134) was for-70 
malized between 2005 and 2007 when a reference upper-air network, envisaged to eventually in-71 
clude 30-40 sites, worldwide was planned. In contrast to the GCOS Upper Air Network (GUAN), 72 
which is based on weather observing stations, GRUAN is specifically designed for climate re-73 
search. Therefore, rather than being a purely operational network like GUAN, it is a network that 74 
serves the international climate community through a combination of research and operational 75 
sites, giving high quality operational network observations and elements of research and devel-76 
opment for the future. GRUAN provides reference observations of upper-air essential climate 77 
variables (ECVs), through a combination of in situ measurements made from balloon-borne in-78 
struments and from ground-based remote sensors. Furthermore, management decisions in 79 
GRUAN are driven by a variety of requirements for long-term measurements of assured meas-80 
urement stability, but also by the need for good operational practices to ensure stability in the 81 
measurements. So, on one hand GRUAN is partly a research network constantly striving to im-82 
prove measurement techniques, and quantify and reduce measurement uncertainties by improving 83 
precision and accuracy, but on the other hand the network measurements need to be made in a 84 
stable way over multi-decadal time scales to achieve data homogeneity in time and spatially be-85 
tween measurement stations. These two aspects of GRUAN operations are not mutually exclusive, 86 
but do need to be carefully balanced. The dual-purpose nature of GRUAN has been accommo-87 
dated in this guide.  88 

1.2. The purpose of GRUAN 89 

As detailed in GCOS-112, the purpose of GRUAN is to: 90 

i) Provide long-term high quality climate records; 91 

ii)  Constrain and calibrate data from more spatially-comprehensive global observing systems 92 
(including satellites and current radiosonde networks); and 93 

iii)  Fully characterize the properties of the atmospheric column. 94 

To achieve these goals, sites within the network will provide vertical profiles of reference meas-95 
urements of temperature, pressure and water vapour (and additional essential climate variables) 96 
suitable for reliably detecting changes in global and regional climate, on multi-decadal time 97 
scales, for major climatically distinct regions of the globe. The uniformity and coherence of stan-98 
dard operating procedures at GRUAN stations and the resultant homogeneity of GRUAN climate 99 
data records not only provides a global reference standard for operational upper-air network sta-100 
tions, but improves the detection of changes in the climate of the troposphere and stratosphere. 101 
Measurements at GRUAN sites will also provide a calibrated reference standard for global satel-102 
lite-based measurements of atmospheric ECVs. This facilitates the creation of seamless, stable, 103 
and long-term databases of satellite-based measurements suitable for detection of trends and vari-104 
ability in climate in the upper troposphere and stratosphere on all time scales. Given the impor-105 
tance of the satellite community as a user of GRUAN data, Section 1.6 is dedicated to discussing 106 
how GRUAN serves that community. In achieving these goals, GRUAN will ensure that any in-107 
terruptions in satellite-based measurement programmes do not invalidate the long-term climate 108 
data record. GRUAN shall also provide observations in near real-time (i.e. within 2 hours of the 109 
measurement) for incorporation in meteorological analysis to fulfil the requirement of providing a 110 
reference to the operational observations. 111 
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In achieving its goals, GRUAN will address some of the current deficiencies of the GUAN net-112 
work. The reliable detection of the vertical structure of changes in climate variables in the atmos-113 
phere requires high quality atmospheric observations with well characterised measurement uncer-114 
tainties. GUAN provides upper air measurements over large regions of the globe using radioson-115 
des that in many cases are similar to those used in GRUAN. However GUAN sites seldom include 116 
additional systems to validate data stability, and rely on the assumption of stability in the ra-117 
diosonde quality with time. If GRUAN can identify the changes that occur in production consum-118 
ables, this will benefit those using GUAN measurements and all users of WIGOS and GAW upper 119 
air measurements. 120 

Four key user groups of GRUAN data products are: 121 

i) The climate detection and attribution community: the long-term stability and homogeneity of 122 
GRUAN data provide time series needed to robustly detect and attribute changes in the cli-123 
mate of the free atmosphere. GRUAN data will also be used to constrain and calibrate data 124 
from more spatially comprehensive global networks for improved climate detection and attri-125 
bution. 126 

ii)  The satellite community: GRUAN data products are used to validate satellite-based measure-127 
ments and to provide the input needed for radiative transfer calculations required to improve 128 
and evaluate retrieval algorithms. 129 

iii)  The atmospheric process studies community: by providing high precision and high vertical 130 
resolution measurements of a range of upper air climate variables, GRUAN data products will 131 
aid in developing a deeper understanding of the processes affecting the atmospheric column. 132 
Because GRUAN will make profile measurements at vertical resolutions much higher than 133 
can be retrieved from satellites, it will provide valuable insights into the potential limitations 134 
of satellite-based measurements for the analyses of specific atmospheric phenomena. 135 

iv) The numerical weather prediction (NWP) community: The reference quality of GRUAN data 136 
makes them useful for verifying NWP model outputs, and for validating and correcting other 137 
data being assimilated into NWP models. Measurements made at GRUAN sites can also be 138 
directly assimilated in real-time, or near real-time, into NWP models, provided this is not det-139 
rimental to achieving the primary purposes of the network, as defined above. GRUAN refer-140 
ence measurements can also be assimilated into meteorological reanalyses. 141 

In the context of the other WMO observing systems, GRUAN will need to be the climate refer-142 
ence backbone of the existing global operational upper-air network. As noted in GCOS-112, 143 
GRUAN sites need not necessarily be current GUAN sites. Because GUAN sites often operate 144 
with different equipment, sensors, and operating protocols, the different requirements of GRUAN 145 
and GUAN operations may require careful management. The envisaged capabilities of a fully-146 
implemented GRUAN are detailed in GCOS-112. The scientific justification and requirements for 147 
GRUAN are summarized in Section 3 of GCOS-112 and in Seidel et al. (2009) and are not re-148 
peated here. Continued implementation of GRUAN is specifically called for under Action A16 of 149 
the 2010 update to the implementation plan for GCOS (GCOS-138). The connection of GRUAN 150 
to other global climate observation networks is detailed further below.  151 

1.3. Organisation and design of GRUAN 152 

GRUAN will operate under the joint governance of GCOS and WMO as a pilot WIGOS project. 153 
A schematic outline of the GRUAN governance structure is given in Figure 1. The GCOS Steer-154 
ing Committee guides the GCOS/AOPC. The AOPC in turn guides the WG-ARO which provides 155 
working oversight of GRUAN and includes representatives at the working level from WMO. 156 
GCOS and WMO will select those groups (e.g. GCOS/WCRP Atmospheric Observations Panel 157 
for Climate, or WMO Technical Commission working groups/experts) through which WG-ARO 158 
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will report. The WG-ARO is responsible for GRUAN site selection (Section 5) and develops 159 
guidelines for observations and data.  160 

A GRUAN Lead Centre, agreed to by GCOS and WMO, will be responsible for integrating best 161 
practices into GRUAN operations, managing the network systems, and data management. This 162 
Lead Centre is currently operated by the German Meteorological Service (DWD) at the Linden-163 
berg Meteorological Observatory in Germany. The GRUAN Lead Centre acts as the interface be-164 
tween GRUAN and the community of users of GRUAN products. For example, data transfer to 165 
end-users is not made from GRUAN sites but is first shared within the GRUAN community, sub-166 
jected to the QA/QC procedures developed within GRUAN (Section 0), and then submitted by the 167 
Lead Centre to the GRUAN data repository (National Climatic Data Centre, NCDC; Section 8.6). 168 

 
 
Notes 
1. WCRP identifies scientific and research requirements for GRUAN, while WMO identifies operational re-
quirements. 
2. Composition of WG-ARO to be determined by the AOPC in consultation with WMO and should include: 

• one representative from each of CIMO, CBS, CAS and CCl; these representatives will be responsible 
for reporting back to their respective Technical Commission; 

• others (according to its Terms of Reference) 
3. WG-ARO reports to AOPC 
4. GRUAN Measurement Sites are contributed by Members of WMO. 

Figure 1: Schematic outline of the structure of GRUAN. 
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The GCOS Secretariat provides additional support to the GCOS Steering Committee, the AOPC, 169 
the WG-ARO and the GRUAN Lead Centre. 170 

GRUAN sites shall use a designated system of methods, techniques and facilities, implemented 171 
for making and archiving best quality upper air observations on a global scale. At any site, this 172 
system will not be changed without advanced notice to the GRUAN Lead Centre. GRUAN opera-173 
tions shall integrate where possible and when feasible with other international climate monitoring 174 
programmes. GRUAN operations will incorporate an assurance programme to validate the stabil-175 
ity and uncertainty of the measurements, agreed with WG-ARO, and managed in detail by the 176 
Lead Centre. 177 

GRUAN shall also be responsive to the latest technological and scientific progress in measure-178 
ment techniques and observational requirements. Development work can continue at a site until 179 
mature and validated, when it should be introduced into GRUAN operations with the agreement 180 
of the Lead Centre.  181 

The design of GRUAN shall recognise the heterogeneity of the network of sites, many of which 182 
will have primary responsibility to networks other than GRUAN. 183 

1.4. Implementation of GRUAN 184 

The implementation of GRUAN shall be guided by the WG-ARO. Specific issues to be investi-185 
gated in support of GRUAN implementation shall be performed by GRUAN task teams estab-186 
lished by the WG-ARO. These task teams will entrain operational and other relevant expertise in 187 
support of GRUAN and will work in coordination with the GRUAN Lead Centre. 188 

A GRUAN Analysis Team for Network Design and Operations Research (GATNDOR) shall un-189 
dertake focused, short-term research to address specific topics identified by the WG-ARO. The 190 
work will be conducted in coordination with other relevant GRUAN task teams. GATNDOR ac-191 
tivities shall be coordinated with the GRUAN task teams and with national GCOS programmes 192 
when appropriate. 193 

The WG-ARO shall agree on the appropriate method of establishing standard operational proce-194 
dures for all observing systems within GRUAN. This could be a new task team, including investi-195 
gations at the Lead Centre, or an existing instrument team within other associated WMO projects/ 196 
operational groups. The task teams shall evaluate the appropriateness of uncertainty estimates, the 197 
usefulness of particular measurements and operational procedures, synthesize the available 198 
knowledge, and develop recommendations to improve GRUAN measurements and opera-199 
tions. These task teams shall confer regularly to evaluate the current status of GRUAN observa-200 
tions, to identify weaknesses, and to incorporate new scientific understanding into GRUAN. The 201 
expertise of these teams shall also be used to support the Lead Centre in guiding individual sta-202 
tions through changes in instrumentation and operating procedures without impacting long-term 203 
measurement time series.  204 

The GRUAN Lead Centre shall identify sites where instrument operators need training, and or-205 
ganise cost-efficient training courses for the network at appropriate locations, as advised by the 206 
appropriate task teams, to encourage uniformity of instrument operation between sites. 207 

All activities associated with the implementation of GRUAN are the responsibility of the country 208 
hosting the GRUAN site and should, as far as possible, be met through national funding. 209 
To best serve the needs of climate monitoring and research, it is essential that GRUAN be in-210 
formed by a good understanding of the evolving science issues that drive the measurements and 211 
accuracy of the GRUAN data. Therefore, as noted in the summary report and recommendations 212 
from the sixteenth session of AOPC the establishment of an internal or external science advisory 213 
panel should be considered (GCOS-148).  214 
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The instrumentation deployed and the observing schedules may differ between sites, as agreed 215 
with WG-ARO, but the methods of observations used with the main observing systems, shall be 216 
uniform between all the GRUAN sites. 217 

1.5. Links to partner networks 218 

The purpose of this section is to provide, as early as possible in this document, a context for 219 
GRUAN in the broader community of climate monitoring networks. For instance, in the charter 220 
for GRUAN (GCOS-92) it is stated that ‘where feasible, these reference sites should be co-located 221 
and consolidated with other climate monitoring instrumentation’. 222 

GRUAN shall not operate in isolation of existing networks and GRUAN is not intended to replace 223 
in any way existing networks. Many GRUAN initial and candidate sites already belong to existing 224 
networks such as GUAN, GAW, NDACC, BSRN and SHADOZ. One of the essential characteris-225 
tics of a successful GRUAN is close coordination with the user community and many of these 226 
networks are also likely to be users of GRUAN data. Similarly, complementary measurements 227 
from these other networks should be collated in a database to enable cross-calibration and to 228 
quantitatively link GRUAN measurements to similar measurements made within other net-229 
works. As a result, close coordination between the governing bodies of these networks and with 230 
the WG-ARO is required on a continuous basis. This close coordination can be achieved by hav-231 
ing members of the WG-ARO attend steering group meetings of partner networks and by inviting 232 
co-chairs from partner networks to attend WG-ARO meetings. 233 

There is a wide range of tools and methodologies that have been developed in existing networks 234 
that GRUAN can adopt, extend if necessary, and learn from. Similarly, existing networks will 235 
have skills and expertise likely to be useful to GRUAN and its operations. As a result, contact 236 
with expert teams from existing networks shall be made by WG-ARO, GRUAN task teams, and 237 
GATNDOR to support GRUAN operations and to avoid duplication of effort by utilizing existing 238 
scientific knowledge.  239 

A number of networks currently in operation make measurements which fall within the scope of 240 
GRUAN. For instance, those stations that make upper air measurements that are not part of the 241 
typical meteorological measurements of temperature, pressure and water vapour. Many of these 242 
networks have developed systems for assuring the quality of their measurements, including 243 
GUAN. Where the systems currently in place are sufficient to meet the operational requirements 244 
of GRUAN, they should be used by GRUAN. Where networks are working towards QA/QC pro-245 
cedures, GRUAN should partner with these networks to develop systems that meet the operational 246 
requirements of both parties. In some cases, sites within these partner networks may also become 247 
GRUAN sites. This is encouraged since it facilitates a traceable link between GRUAN measure-248 
ments and measurements made at all other sites within the partner network (assuming that the 249 
measurements within the partner network are cross-calibrated and can be quantitatively linked). 250 

Existing networks and potential resources from within those networks likely to be of value to 251 
GRUAN are discussed below. 252 

1.5.1. GUAN 253 

As noted above, GRUAN will provide a reference back-bone for GUAN. The greater the number 254 
of GUAN sites that become GRUAN sites, the more efficiently the outcomes of GRUAN will 255 
transfer to GUAN. Where GRUAN sites are operating as NMHS sites, new measurement meth-256 
odologies developed at those GRUAN sites should efficiently propagate to other GUAN stations 257 
operated by the same NMHS.  258 
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1.5.2. GAW (Global Atmosphere Watch) 259 

The GAW programme of WMO is a partnership involving 80 countries, providing reliable scien-260 
tific data and information on the chemical composition of the atmosphere, and the natural and an-261 
thropogenic drivers of changes in chemical composition. In this way, GAW improves understand-262 
ing of the interactions between the atmosphere, the oceans and the biosphere. GAW has strong 263 
linkages to GCOS and so is likely to have skills and resources that could be used to support 264 
GRUAN. 265 

1.5.3. NDACC (Network for the Detection of Atmospheric Composition Change) 266 

The NDACC, which reports to GAW, comprises more than 70 remote-sensing research stations 267 
for observing and understanding the physical and chemical state of the stratosphere and upper tro-268 
posphere and for assessing the impact of stratospheric changes on the underlying troposphere and 269 
on global climate. NDACC incorporates 5 water vapour measurement sites and a maximum of 8 270 
temperature measurement sites. There are a number of key differences between NDACC and 271 
GRUAN that require GRUAN to operate as a new and independent network, including: 272 

• NDACC aims to observe and understand the chemical composition of the stratosphere and 273 
upper troposphere. For GRUAN the highest priority observations are the atmospheric state 274 
variables of temperature, pressure and water vapour. 275 

• The primary focus of NDACC is on ozone and the chemicals responsible for ozone depletion. 276 
The primary focus of GRUAN is on climate and the factors driving changes in climate.  277 

• NDACC operates as a federation of independent measurement sites. NDACC does have in 278 
place stringent standards which must be met for measurement programmes to become part of 279 
the network. However, large numbers of balloon-borne measurements in GRUAN requires 280 
coordination by a Lead Centre that implements a minimum set of standard operating proce-281 
dures across the network as a whole. 282 

There are, however, a number of measurements and operational procedures common to both net-283 
works and every effort should be made to avoid duplication of effort and to ensure that the lessons 284 
learned within NDACC are assimilated into GRUAN. For example: 285 

• The NDACC has established 'working groups', many of which focus on specific instruments 286 
used within the NDACC. GRUAN task teams currently include a mix of teams focussing on 287 
specific measurements systems (radiosondes and precipitable water from GNSS) and on net-288 
work wide operational issues. As more measurement systems are incorporated into GRUAN 289 
operations, consideration should be given to later expanding the ‘Ancillary Measurements’ 290 
Task Team to include specific measurement systems in addition to the 'cross-cutting' task 291 
teams that focus on issues common to the network as a whole.  292 

• Measurements of vertical ozone and water vapour profiles made within NDACC will be 293 
common to measurements made within GRUAN. This includes both balloon-sonde and lidar 294 
measurements. 295 

• Techniques have been developed within NDACC to manage changes in instrumentation. 296 
GRUAN should build off the expertise developed in this community over the past two dec-297 
ades e.g. 298 

i) The JOSIE ozonesonde intercomparisons (Smit et al., 2007). 299 
ii)  Regional ozone profile intercomparisons from multiple instruments (McDermid et al., 300 

1998a; McDermid et al., 1998b). 301 
iii)  Intercomparisons of vertical water vapour profile measurements (Leblanc et al., 2011; 302 

Hurst et al., 2011a). 303 
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• Measurement redundancy in the NDACC network sites has been a strength of the network 304 
since it allows intercomparisons of supposedly identical measurements by different instru-305 
ments which often highlight previously unknown deficiencies in the measurements (Brinksma 306 
et al., 2000). GRUAN will include similar measurement redundancy (see Section 6.2). 307 

1.5.4. BSRN (Baseline Station Radiation Network) 308 

The BSRN provides a worldwide network to continuously measure radiative fluxes at the Earth's 309 
surface. The network comprises about 40 stations between 80°N and 90°S many of which began 310 
operation in 1992 and each year more stations are added to the network. These stations provide 311 
data for the calibration of measurements made within the GEWEX Surface Radiation Budget 312 
(SRB) Project and other satellite-based measurements of radiative fluxes. BSRN data are also 313 
used to validate radiative flux models. BSRN data are archived at the Alfred Wegener Institute 314 
(AWI) in Bremerhaven, Germany. In 2004, BSRN was designated as the global surface radiation 315 
network for the GCOS. The BSRN stations also contribute to GAW (see Section 1.5.2). 316 

The primary goal of BSRN is to monitor the shortwave and longwave radiative components and 317 
their changes with the best methods currently available. Therefore the measurements of longwave 318 
and shortwave incoming and outgoing radiation within GRUAN will overlap with the measure-319 
ments made within BSRN. Access to the BSRN calibration facilities at the Physikalisch-320 
Meteorologisches Observatorium Davos (PMOD)/World Radiation Centre (WRC) would be 321 
highly advantageous to GRUAN. The BSRN includes a working group on measurement uncer-322 
tainties that could be used to provide guidance for establishing the radiation measurement uncer-323 
tainties within GRUAN. 324 

1.5.5. WOUDC (World Ozone and UV Data Centre) 325 

The WOUDC is one of the World Data Centres which are part of the GAW (see Section 1.5.2) 326 
programme of WMO. The WOUDC, operated by the Experimental Studies Section of Environ-327 
ment Canada in Toronto, is not so much a network as an international repository for ozone and 328 
UV data. There are many practices employed within the ozone measurement community that are 329 
likely to be useful to GRUAN. For example, the management of the Dobson Spectrophotometer 330 
and Brewer Spectroradiometer networks, both of which provide data to the WOUDC, demonstrate 331 
many of the principles that form the foundation for GRUAN. These include: 332 

• Undertaking regular regional intercomparisons of instruments which always include a travel-333 
ling standard which facilitates standardization of instrument performance between regions. 334 

• Archiving of raw data to permit later reprocessing should new improved ancillary data be-335 
come available e.g. the shift to the Bass and Paur ozone absorption cross-sections in the late 336 
1980s. A similar process is now underway to evaluate a possible change from the Bass and 337 
Paur cross-sections to e.g. the Daumont (Daumont et al., 1992) cross sections. 338 

• Careful QA/QC of data before archiving and strict version control of data submitted to inter-339 
national archives. 340 

These principles have resulted in ground-based total column ozone time series of sufficient qual-341 
ity to allow detection of the multi-decade decline in ozone until the end of the 20th century and the 342 
onset of ozone increases thereafter. 343 

1.5.6. SHADOZ (Southern Hemisphere Additional Ozonesondes) 344 

The SHADOZ project was initiated to remedy the lack of consistent tropical ozonesonde observa-345 
tions. This was done by increasing the frequency, and improving the quality, of ozonesonde 346 
launches at selected tropical ozone observing stations (Thompson et al., 2003). Rather than estab-347 
lishing an entirely new network, SHADOZ aims to enhance ozonesonde launches at existing fa-348 
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cilities on a cost-share basis with international partners. The geographical coverage of the network 349 
was specifically designed to address target research questions. 350 

1.5.7. AERONET 351 

AERONET (AErosol RObotic NETwork) is a federation of ground-based remote sensing aerosol 352 
networks with contributions from national agencies, institutes, universities, individual scientists, 353 
and research partners. The programme provides a long-term, continuous and publically accessible 354 
database of aerosol optical, microphysical and radiative properties. The standardization of instru-355 
ments, calibration procedures, and data processing and distribution is well aligned with the needs 356 
of GRUAN. 357 

The AERONET programme provides globally distributed observations of aerosol optical depth 358 
(AOD) at different wavelengths, products derived from the raw measurements, and precipitable 359 
water in diverse aerosol regimes. Aerosol optical depth data are computed for three data quality 360 
levels: Level 1.0 (unscreened), Level 1.5 (cloud-screened), and Level 2.0 (cloud-screened and 361 
quality-assured). It is primarily the level 2.0 data that are likely to be of interest to GRUAN since 362 
these data are quality-assured. Inversions, precipitable water, and other AOD-dependent products 363 
are derived from these levels and may implement additional quality checks.  364 

1.5.8. Atmospheric Radiation Measurement (ARM) Programme 365 

The goal of the U.S. Department of Energy ARM programme is to study alterations in climate, 366 
land productivity, oceans or other water resources, atmospheric chemistry, and ecological systems 367 
that may alter the capacity of the Earth to sustain life. This includes improving the atmospheric 368 
data sets used in regional and global climate models. A primary objective of the ARM user facil-369 
ity is improved scientific understanding of the fundamental physics related to interactions between 370 
clouds and radiative feedback processes in the atmosphere. 371 

Five of the 15 initial GRUAN sites are also ARM sites in part because the radiation measurements 372 
made at these sites satisfy many of the ECV measurement requirements within GRUAN. The 373 
dedicated Data Quality (DQ) Office which ARM established in July 2000 to coordinate and im-374 
plement efforts to ensure the quality of the data collected by ARM field instrumentation will 375 
likely provide a number of tools which could be implemented across the GRUAN network to en-376 
sure the quality and network homogeneity of the radiation measurements. The DQ Office has the 377 
responsibility for ensuring that quality control results are communicated to data users so that they 378 
may make informed decisions when using the data, and to ARM's Site Operators and Engineers to 379 
facilitate improved instrument performance and thereby minimize the amount of unacceptable 380 
data collected. The ARM DQ Office has developed a suite of sophisticated data quality visualisa-381 
tion tools that are likely to be of interest to GRUAN. 382 

Another ARM organizational structure that is likely to be relevant for GRUAN is the assignment 383 
of instrument mentors (as recommended in GCOS-112). Because GRUAN task teams are not 384 
structured by instrument (as is the case for NDACC where each working group focuses on one 385 
instrument), having ARM-type instrument mentors that advise on instrument operation, mainte-386 
nance and calibration across the network as a whole may be beneficial. Instrument mentors have 387 
an excellent understanding of in situ and remote-sensing instrumentation theory and operation and 388 
have comprehensive knowledge of the scientific questions being addressed with the measure-389 
ments made. They also possess the technical and analytical skills to develop new data retrievals 390 
that provide innovative approaches for creating research-quality data sets. 391 
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1.5.9. Partnership with Meteorological agencies 392 

Meteorological agencies producing global real-time analyses (e.g. ECMWF, NCEP, NOAA) or 393 
historical reanalyses (e.g. DWD, NCEP/NCAR, ECMWF, JMA, MetOffice and NASA) are likely 394 
to be users of the high quality data produced by GRUAN. Well developed systems exist for moni-395 
toring the quality of operational observations, whether it is the performance of individual ra-396 
diosonde stations or the bias corrections required by current satellite observations. Therefore, di-397 
agnostics obtained from the 4D-Var assimilation schemes used in such activities will provide 398 
valuable meta-data on the consistency of the GRUAN measurements with other data used in the 399 
operational analyses (thereby facilitating easier comparisons of GRUAN measurements with e.g. 400 
satellite-based measurements) and on the representativeness of the uncertainty estimates on the 401 
GRUAN data. If the GRUAN data are to be used in the 4D-Var assimilation schemes used by the 402 
reanalysis centres, it is essential that the precise 4D (latitude, longitude, altitude and time) coordi-403 
nates associated with any measurement are available (see Section 8.3). Reference sites will prove 404 
essential for helping to characterize observational biases and the impact of observing system 405 
changes, as well as to understand model errors, all of which are important aspects in creating 406 
high-quality reanalyses (Schubert et al., 2006). Studies that demonstrate the value that GRUAN 407 
measurements will add to NWP and to meteorological reanalyses are currently lacking. 408 

Some GRUAN sites may also be National Meteorological Service (NMS) sites, or may be paired 409 
with an NMS site to extend the range of measurements performed, with the result that NMSs are 410 
likely to provide partial or full support for a site. 411 

1.6. Link to satellite-based measurement programmes 412 

GRUAN provides data sets useful to the satellite measurement community for calibrating and 413 
validating satellite-based sensors, for providing input to radiative transfer calculations used in sat-414 
ellite-based measurement retrievals, and for removing offsets and drifts between satellite-based 415 
data streams when creating merged data products. Because the GRUAN measurements are likely 416 
to serve a wide range of end-users within the satellite measurement community, WG-ARO mem-417 
bers shall be assigned to liaise with key clients within the satellite community, and with other data 418 
providers (e.g. the Radiation Panel within GEWEX), to ensure that GRUAN data products are tai-419 
lored, where possible, to best meet the needs of this community. Once GRUAN datasets are avail-420 
able, pilot studies on enhanced datasets using these reference measurements need to be under-421 
taken. 422 

1.6.1. Forward modelling for satellite-based measurement retrievals 423 

Satellite-based measurements of atmospheric parameters often rely on an optimal estimation ap-424 
proach (e.g. Rodgers 2000) to derive profile or slant column density information of these parame-425 
ters. Optimal estimation employs a forward model that is used to simulate the radiance field that a 426 
satellite-based sensor would sample for a given state of the atmosphere. To determine a state vec-427 
tor (the true values of the atmospheric parameters of interest), together with uncertainties, from 428 
the observed satellite-based radiance measurement, typically in the form of a spectrum, the for-429 
ward model calculations need to be inverted. Such an inversion is typically poorly constrained, i.e. 430 
does not have a unique solution, and, as a result, known a priori (background) information about 431 
the variables to be retrieved is usually required as input to the forward model. GRUAN measure-432 
ments may provide such a priori information. Furthermore, GRUAN measurements of atmos-433 
pheric state variables such as temperature, pressure and water vapour that partially define the ra-434 
diative transfer properties of the atmosphere, and which are required as input to the forward 435 
model, can significantly reduce the uncertainties on other retrieved atmospheric parameters. 436 
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1.6.2. Calibration and validation of satellite-based sensors 437 

Ground-based reference profile measurements may also provide an independent standard against 438 
which the satellite retrievals may be validated. For example, Vömel et al. (2007a) demonstrate 439 
how reference-quality in situ water vapour measurements can be used to validate satellite-based 440 
observations of stratospheric water vapour. In addition to validating retrieved products, satellite 441 
radiances require calibration against a ground truth to unambiguously remove biases (Ohring et 442 
al., 2005) in order to be useful for climate monitoring. GRUAN and the GSICS (Global Space-443 
based Inter-Calibration System) are complementary in meeting this need.  444 

Global Positioning System Radio Occultation (GPS-RO) measurements are in use for tropo-445 
spheric and lower-stratospheric temperature, and validated by comparison with numerical weather 446 
prediction fields. To this end GRUAN will also provide shorter-term quality assured measure-447 
ments for the validation of satellite-based retrievals. 448 

The need for inter-station homogeneity within GRUAN has special significance for validation of 449 
satellite-based measurements. Ground-based measurements made at all GRUAN stations shall be 450 
made in a similar fashion so that differences in the soundings of ECVs between GRUAN sites are 451 
as small as possible. If this is achieved, differences in collocation biases between GRUAN meas-452 
urement and satellite radiance will then primarily be a function of systematic bias in the satellite 453 
radiance or caused by a difference between sites in other conditions, e.g. thin clouds in the satel-454 
lite field of view, surface emissivity, etc.. 455 

The issue of measurement scheduling within GRUAN to accommodate satellite validation activi-456 
ties is discussed further in Section 7.2. 457 

1.6.3. Creating global homogeneous atmospheric climate data records 458 

While satellite-based measurements have the advantage of providing global or near-global geo-459 
graphical coverage, the quality and usefulness of the measurements is compromised by an inabil-460 
ity to conduct regular calibrations, limited vertical resolution, difficulties in continuity due to 461 
drifting orbits (which, for variables showing strong diurnal variation can alias into apparent 462 
trends), and limited instrument lifetimes which require data series from multiple instruments to be 463 
spliced together to form long-term data records. Discontinuities between satellite-based measure-464 
ments of climate variables can be ruinous for detecting variability and long-term changes in cli-465 
mate. The reference measurements that GRUAN will produce can be used to remove offsets and 466 
drifts between these separate satellite-based measurement series within the limitations imposed by 467 
the uncertainties on the GRUAN measurements. In this way GRUAN shall provide a reference-468 
standard that will serve as a common baseline when splicing satellite-based measurement time 469 
series. There are many algorithms, based on a large body of existing literature, that can be used to 470 
analyze differences between a given satellite-based data set and the GRUAN reference-standard 471 
and then automatically detect steps and drifts in the differences. The underlying systematic struc-472 
ture in such differences can then be used to homogenize the satellite-based measurements with the 473 
GRUAN reference-standard.  474 

By contributing to the creation of global homogeneous ECV data bases, GRUAN will connect to 475 
the WMO SCOPE-CM (Sustained, Co-Ordinated Processing of Environmental Satellite Data for 476 
Climate Monitoring) programme. The aim of SCOPE-CM is to establish a network of facilities 477 
ensuring continuous and sustained provision of high-quality satellite products related to ECVs, on 478 
a global scale, responding to the requirements of GCOS. GRUAN and SCOPE-CM shall collabo-479 
ratively contribute to Action C10 defined in the GCOS implementation plan (GCOS-92) viz. 'En-480 
sure continuity and over-lap of key satellite sensors ... undertaking reprocessing of all data rele-481 
vant to climate for inclusion in integrated climate analyses and reanalyses' (Action C8 in the 2010 482 
update of the GCOS implementation plan; GCOS-138).  483 
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2. REFERENCE MEASUREMENTS 484 

2.1. Terminology 485 

The following terminology, as used in the Guide to the Expression of Uncertainty in Measure-486 
ment, is used throughout this guide to describe the uncertainty components of a reference meas-487 
urement: 488 

True value: This is a value consistent with the definition of a given particular quantity that would 489 
be obtained by a perfect measurement. True values are by nature indeterminate. 490 

Measurement accuracy: Every measurement has imperfections that cause it to differ from the true 491 
value. The measurement accuracy describes the closeness of the agreement between the result of a 492 
measurement and a true value of the measurand. 493 

Measurement uncertainty: A parameter, associated with the result of a measurement, that charac-494 
terizes the dispersion of the values that could reasonably be attributed to the measurand. Meas-495 
urement uncertainties may be time dependent.  496 

Measurement error: The result of a measurement minus a true value of the measurand. 497 

Random error: The result of a measurement minus the mean that would result from an infinite 498 
number of measurements of the same measurand carried out under repeatability conditions. The 499 
random error component of any measurement is the result of stochastic variation in quantities that 500 
influence that measurement. While random errors cannot be designed out of a system, the random 501 
error on the mean of multiple measurements is reduced since, by definition, the expected value for 502 
the random error is zero. The term ‘random error’ is preferred over the term ‘precision’ since pre-503 
cision is often used to designate the number of bits or significant digits to which a value is speci-504 
fied. 505 

Systematic error: The mean that would result from an infinite number of measurements of the 506 
same measurand carried out under repeatability conditions minus a true value of the measurand. It 507 
results from systematic biases that do not average to zero as the number of measurements in-508 
creases. However, if these systematic biases can be identified and quantified, they can be cor-509 
rected for. The term ‘systematic error’ is preferred over the term ‘accuracy’ since it denotes more 510 
clearly that the deviation is systematically in one direction. 511 

Stability: Stability refers to the consistency of random errors and systematic errors with time. Un-512 
detected changes in systematic errors induce artificial trends in measurement time series. 513 

Independent measurement: Two measurements are considered independent when no aspect of one 514 
method of measurement involves the other. 515 
Correction lifetime: A corrected result is one where a measurement as been corrected for any sys-516 
tematic error. This correction may depend on an independent measurement from another source 517 
and may have a finite ‘lifetime’ in the sense that later reprocessing of the measurement may revise 518 
the estimate of the systematic error, requiring a new correction. 519 

2.2. The concept of a reference measurement 520 

As denoted by its title, the primary objective of GRUAN is to provide reference measurements for 521 
a range of upper-air climate variables. Reference quality atmospheric observations are based on 522 
key concepts in metrology (measurement science), in particular traceability. Metrological trace-523 
ability is the process whereby a measurement result, i.e. a measurement and its error, can be re-524 
lated to a reference through a documented, unbroken chain of calibrations, each of which contrib-525 
utes to the measurement error.  526 

A reference measurement does not refer to a measurement that is perfect, nor to a measurement 527 
that will never change. Rather it refers to our current best estimate of the value for some atmos-528 
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pheric parameter, as well as a best estimate for the level of confidence that is associated with this 529 
value, recognising that future improvements in measurement techniques and/or reprocessing fol-530 
lowing new knowledge may lead to refinements in that reference value. In most cases it will be 531 
the best technology available that will achieve the best estimate of the value for some target at-532 
mospheric parameter. Reference measurements accommodate the unavoidable sources of uncer-533 
tainty in the compilation of the net measurement uncertainty while excluding those sources of un-534 
certainty that can be avoided. For example, in the pre-deployment calibration of a sensor, there 535 
will be some unavoidable uncertainty in the accepted measurement standard and hence some un-536 
avoidable uncertainty in the calibration which must then be included in the net measurement un-537 
certainty. However, contributions to measurement uncertainty from e.g. an improperly docu-538 
mented traceability chain, proprietary methods, appeal to physical principles without experimental 539 
verification, or the use of an improper calibration standard must be avoided. Similarly, when the 540 
instrument is later deployed, there will be numerous, unavoidable contributions to the total meas-541 
urement uncertainty from e.g. uncertainty in the input data, data processing constants, the data re-542 
trieval algorithm, and in the physical/chemical model of the measurement system used to convert 543 
raw measurements into data. However, contributions to measurement uncertainty from the use of 544 
‘black box’ software, undocumented or unvalidated measurement adjustments, or the disregard of 545 
known biases must be avoided. 546 

A reference data product can be produced from a single reference measurement, by averaging 547 
multiple reference measurements over some time period, or by processing reference measure-548 
ments from multiple instruments as is done for the creation of an SASBE (Site Atmospheric State 549 
Best Estimate; Tobin et al., 2006). This highlights the importance of measurement redundancy 550 
(see Section 6.2) in that access to coincident multiple measurements of the same quantity often 551 
leads to a more robust estimate of the true value and a better estimate of the uncertainty on that 552 
value. 553 

The estimate for the level of confidence on any measurement is expressed as the measurement 554 
uncertainty and is a property of the measurement that combines instrumental as well as methodo-555 
logical uncertainties. The measurement uncertainty describes the current best knowledge of in-556 
strument performance under the conditions encountered during an observation, it describes the 557 
factors impacting a measurement as a result of operational procedures, and it makes all factors 558 
that contribute to a measurement traceable. Within GRUAN this uncertainty shall be vertically 559 
resolved and each measurement in a profile shall be treated as a single measurement result requir-560 
ing both the measurement and its uncertainty. To provide the best estimate for the instrumental 561 
uncertainty, a detailed understanding of the instrumentation is required for the conditions under 562 
which it is used. Specific requirements that an observation must fulfil to serve as a reference for 563 
calibrating or validating other systems, have been defined in Immler et al. (2010). 564 

A reference measurement typically results from a measurement procedure that provides sufficient 565 
confidence in its results by relating to well-founded physical or chemical principles, or a meas-566 
urement standard that is calibrated to a recognized standard, in general a standard provided by a 567 
National Metrological Institute (NMI). For GRUAN, a reference measurement is one where the 568 
uncertainty of the calibration and the measurement itself is carefully assessed. This includes 569 
the requirement that all known biases have been identified and corrected, and, furthermore, that 570 
the uncertainty on these bias corrections has also been determined and reported. An addi-571 
tional requirement for a reference measurement is that the measurement method and associated 572 
uncertainties should be accepted by the user community as being appropriate for the application. 573 

The methods by which the measurements are obtained and the data products derived shall be re-574 
producible by any end-user at any time in the future. It should be kept in mind that these end-575 
users are likely to use GRUAN data for decades to come. They shall be able to reproduce how 576 
measurements were made, which corrections were applied, and be informed as to what changes 577 
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occurred during the observation and post-observation periods to the instruments and the algo-578 
rithms. Hence maintenance of comprehensive rich meta-data regarding data provenance and proc-579 
essing is key. 580 

 581 

2.3. Managing Change 582 

2.3.1. Guiding principles 583 

GRUAN recognizes that change is inevitable and that changes in: 584 
i) instrumentation,  585 
ii)  operating procedures,  586 
iii)  data processing algorithms,  587 
iv) instrument operators,  588 
v) location of instruments, and  589 
vi) operating environments for instruments, 590 

collectively referred to hereafter as change events, are all likely to introduce sources of opera-591 
tional uncertainty into GRUAN data products. Some of these changes, rather than being instanta-592 
neous and introducing a stepwise change in the time series, may be gradual (e.g. urbanization of 593 
the surrounding area or growth of nearby vegetation) and induce a trend-like drift in the meas-594 
urements. GRUAN appreciates that without change, improvement is impossible. While the pri-595 
mary goal is to avoid unnecessary changes, i.e. those changes that have no scientific, financial or 596 
operational benefit, where changes are beneficial, the goal is to manage those changes in a way 597 
that the intercomparability of the climate record is maintained across the transition and that the 598 
change does not compromise the integrity of the long-term climate record.  599 

The purpose of this document is to describe the protocols for managing change within GRUAN. 600 
Items (i) to (iii) above are likely to have network wide impacts while items (iv) to (vi) are site 601 
specific and are therefore dealt with separately in Sections 2.3.11 and 2.3.12 respectively. 602 

A goal within the 'Management of Change' research topic of the GATNDOR team is to provide 603 
scientific bases to develop operational practices to better manage the changes listed in items (i) to 604 
(iii) at GRUAN sites, and to accurately merge disparate data segments to create a homogeneous 605 
time series. As such, GATNDOR is a key contributor to this document. Protocols developed by 606 
GATNDOR and others, as detailed in this document, are then implemented throughout the net-607 
work under the mandate of the Lead Centre.  608 

In addition to the following GCOS climate monitoring principles1 relevant to management of 609 
change: 610 

1. The impact of new systems or changes to existing systems should be assessed prior to im-611 
plementation. 612 

2. A suitable period of overlap for new and old observing systems is required.  613 

the following are also considered as relevant guiding principles for GRUAN: 614 

                                                
1 http://www.wmo.int/pages/prog/gcos/documents/GCOS_Climate_Monitoring_Principles.pdf 

In brief, reference within GRUAN means that, at a minimum, the observations are tied to a 
traceable standard, that the uncertainty on the measurement (including corrections) has been de-
termined, and that the entire measurement procedure and set of processing algorithms are prop-
erly documented and accessible. 
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3. Embracing change: GRUAN must not be resistant to change but must actively encourage 615 
carefully managed changes, as required, since this is essential to ongoing improvement of 616 
the network. However, the advantages of making any change must always be weighed 617 
against the inherent disadvantages of making a change. 618 

4. Change event notification: A change event begins with measurements being initiated with 619 
a new measurement system and ends with the termination of the old measurement system. 620 
In GRUAN every change must begin with a change event notification (see Section 2.3.11). 621 

5. Justification of change: Any putative change in a measurement system must be fully justi-622 
fied before the change is enacted. The advantages and disadvantages of making the change 623 
must be carefully assessed as part of the justification process. Laboratory tests of old and 624 
new instruments/sensors, parallel testing of old and new retrieval algorithms, and/or paral-625 
lel testing of old and new measurement systems (Section 2.3.3) may all be an important 626 
part of such an assessment. In GRUAN, justification of change should, in the first instance, 627 
fall to the central data processing facility responsible for producing that data product, and 628 
any task team specifically dedicated on that product, since they are likely to be best 629 
equipped to assess the consequences of that change for data homogeneity across the net-630 
work as a whole. In addition, the Lead Centre must act as a clearinghouse for all proposed 631 
measurement system changes (see Sections 2.3.11 and 2.3.12). Given the wide range of 632 
observing systems that potentially may be deployed as part of GRUAN operations, the pro-633 
tocols for (a) assuring high stability and (b) deciding when an improvement merits a 634 
change to the GRUAN methods of observations will need to be developed as required by 635 
the WG-ARO and developed by the appropriate task teams, given guidance on the user re-636 
quirements when required by GANTDOR. With the radiosonde observations, the standard 637 
procedures recommended by the Lead Centre shall be used, and the equipment and meth-638 
ods of observation in daily use shall not be changed, without agreement from WG-ARO, as 639 
advised by the Lead Centre. Improvements to performance can be developed at GRUAN 640 
sites, but the evidence that the improvement justifies changing the GRUAN radiosonde 641 
protocol must be rigorously assessed, before any change to GRUAN observations is con-642 
sidered by WG-ARO. 643 

6. Preparing for change: A quantitative assessment of the impacts of any planned change 644 
must be undertaken before the implementation of the change. The assessment must con-645 
tinue through the change period and must include not on the impact of the change on the 646 
measurement, but also the impact on the uncertainty on the measurement. The process of 647 
quantifying these impacts will depend on the nature of the change. The impacts of a change 648 
in sensor should be quantified through laboratory studies in such a way that our knowledge 649 
of the new sensor is at least as detailed as our knowledge of the old sensor. The impacts of 650 
a change in calibration should be quantified through an intercomparison of the calibration 651 
standard. The impacts of a change in processing algorithm should be quantified by apply-652 
ing the old and new algorithms to a diverse set of common data. 653 

7. Validating impacts: If a change has been properly managed through careful preparation, 654 
quantitative assessment of the impacts of the change on both the measurement and its un-655 
certainty, and incorporation of that understanding into the processing chain (which may re-656 
quire reprocessing of historical data – see below), no discontinuities in the measurement 657 
series should result. Validation of the process can be achieved by subjecting the entire 658 
measurement series to homogenisation tests. Significant resources and techniques have al-659 
ready been developed within the surface climate community (see e.g. 660 
http://www.homogenization.org) and upper air climate community to detect inhomogenei-661 
ties in climate records (e.g. Seidel et al., 2010; Thorne et al., 2010; Dai et al., 2011) al-662 
though do so for upper-air records is more challenging than for surface climate records 663 
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(Thorne et al., 2005). Impacts of changes must be assessed in light of the different intended 664 
uses of GRUAN data products, viz.: 665 
i) Trend detection: Changes in measurement uncertainties following measurement sys-666 

tem changes will affect the statistical significance of a derived trend in the long-term 667 
data record (see e.g. Stolarski and Frith, 2006).  668 

ii)  Satellite calibration/validation: While satellite calibration/validation should not be 669 
impacted by a managed transition from a old to a new measurement system within 670 
GRUAN, such transitions should be avoided during any planned intensive satellite 671 
cal/val campaign. 672 

iii)  Process studies: For studies where insight is gained from analysis of long-term time 673 
series, ensuring a homogeneous data record will remain a priority. 674 

iv) Input to NWP and meteorological reanalyses: Long-term stability of NWP systems 675 
require long-term homogeneity of the observations used as input. As is clear from the 676 
discontinuities in the stratospheric temperature record in reanalyses, ensuring long-677 
term homogeneity of the records ingested in reanalyses is critical for ensuring the 678 
quality of the reanalyses. 679 

8. Change and uncertainty: Knowledge of any measurement system can never be complete 680 
nor perfect. Transitioning from an old to a new measurement system therefore always in-681 
troduces some additional source of uncertainty which must be captured in the uncertainty 682 
estimate on the measurement. While every effort must be made to ensure that the change is 683 
properly managed such that systematic biases and/or drifts between the old and new in-684 
strument systems is minimized, it must be recognized that any change will increase the un-685 
certainty on the measurements. 686 

9. Network homogeneity: Managing change is essential to maintaining network homogeneity. 687 
If changes are implemented unilaterally at a single site, and even if those changes are im-688 
plemented such that the long-term homogeneity of the measurement record at that site is 689 
preserved, the change may introduce inconsistency with other stations in the network. 690 
Changes in measurement systems at GRUAN stations should therefore be conducted in 691 
such a way that the homogeneity of the resultant GRUAN data products across the network 692 
is not compromised. This does not necessarily mean, for example, that any change in in-693 
strumentation must be implemented at all sites at the same time (which may be detrimental 694 
to the management of that change) but rather that change at any one site must be conducted 695 
within the context of, and in consultation with, other sites in the network.  696 

10. Supporting reprocessing: As new and more in-depth knowledge of various measurement 697 
systems is gained, and in particular following change events, reprocessing of historical data 698 
may be necessary. Such reprocessing will require revision of the homogenization proce-699 
dures applied at each previous change event to produce a homogenised data record. It is es-700 
sential, therefore, that raw data, as was well as detailed metadata collected during change 701 
events, are archived so that such reprocessing can be easily achieved. This is discussed in 702 
greater detail in Section 2.3.4. 703 

11. Single changes: Whenever a measurement system is changed, as many similarities as pos-704 
sible between the old and new systems should be maintained e.g. both the instrument and 705 
its location should not be simultaneously changed. Multiple simultaneous changes must be 706 
avoided so that the quantitative assessment of the impact of the change on the measure-707 
ment and its uncertainty is not confounded with other, simultaneous, assessments. 708 

12. Monitoring changes: Most changes are planned and therefore can be managed. However, 709 
some changes may be unplanned and occur sufficiently slowly that they are not immedi-710 
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ately identified e.g. a slow drift in the response of an instrument. Constant vigilance to pro-711 
actively detect and correct for such changes is required. This can be achieved, in part, 712 
through comparison with independent redundant data (see 13 below), models (see 14 be-713 
low) or meteorological reanalyses. 714 

13. Use of independent, redundant measurements: Redundancy in measurement systems pro-715 
vides a powerful tool for validating the management of changes in any one of those sys-716 
tems. Tests of the intercomparability of the system undergoing change with other meas-717 
urement systems in the set before and after the change can validate the robustness of the 718 
management of the change. If the change has been managed correctly, no differences be-719 
tween the system undergoing change and the redundant measurements systems should be 720 
detectable. To take advantage of measurement system redundancy in this way, it is essen-721 
tial that these independent systems are not changed simultaneously.  722 

14. Use of models: Where changes in an historical measurement record have not been ade-723 
quately managed, and where physical or statistical models can faithfully reproduce the key 724 
characteristics of the measurement record, the model time series can provide a means of 725 
detecting and correcting for systematic biases between old and new measurement systems. 726 
For example, comparison of radiation measurements on cloudless days with output from a 727 
clear-sky radiative transfer model (Bodeker and McKenzie, 1996) was used to identify and 728 
correct offsets and drifts in surface radiation measurements resulting from changes in in-729 
struments or instrument calibration. Statistical models may be of the form of regression 730 
models that are fitted to measurements from the existing system and then projected for-731 
ward to cover the period sampled by the new system, or could rely on measurements from 732 
surrounding sites to estimate values at the site of interest. In GRUAN, where all changes 733 
are managed changes, the use of models for this purpose should not be necessary. 734 

15. Instrument calibration: When instruments are calibrated to fundamental calibration stan-735 
dards changes in instrumentation can be more easily managed. 736 

16. Manufacturer involvement: Efforts must be undertaken to avoid unknown changes e.g. the 737 
instrument manufacturer making unannounced changes. GRUAN needs to establish close 738 
working relationships with instrument manufacturers so that any changes implemented in 739 
the manufacturing of an instrument are made know to the GRUAN community. 740 

2.3.2. The importance of meta-data 741 

Seldom are metadata more important than when documenting network changes. Complete meta-742 
data should include a full account of the operation of the site from its inception date to the present 743 
(see Section 8.3).  744 

Detailed archiving of instrument metadata will be vital to managing changes in instrumentation. 745 
This will allow later reprocessing of the raw data as 'deeply' as possible (see Section 2.3.4). Since 746 
it is not always known in advance which metadata are likely to be required for reprocessing at a 747 
later date, GRUAN operators should err on the side of collating as much metadata as possible 748 
about measurement systems even if no immediate use for those data can be envisaged. In all cases 749 
sufficient metadata must be available to tie the new instrument via a comparable traceability chain 750 
back to the same recognized standard as the old instrument. 751 

Metadata should include, for example, geo-tagged and time stamped digital images of the instru-752 
mentation used, key steps in instrument calibration, key steps in the measurement process, the 753 
measurement site and surrounding region. Pictures may capture information not initially consid-754 
ered to be relevant but later found to be useful in assessing causes of changes. 755 
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A detailed description of how each change in a measurement system was managed is an essential 756 
component of the instrument metadata. These metadata must include everything related to the 757 
quantitative assessment of the impact of the change on the measurement and its uncertainty. It is 758 
particularly important that these metadata identify any sources of uncertainty that could not be 759 
quantified when making the change. Access to these metadata associated with change manage-760 
ment will be essential for any required reprocessing of the historical record. 761 

2.3.3. Validating managed changes using parallel observations 762 

Applicability: As detailed in the GCOS Climate Monitoring Principles, parallel operation of old 763 
and new measurement systems for an overlap period prior to decommissioning the original system 764 
is considered to be the best option for managing change. However, within GRUAN, where in-765 
struments are calibrated to traceable and fundamental standards, when an old instrument is re-766 
placed with a new instrument that is calibrated to the same standards, any discontinuities between 767 
the two systems can be determined quantitatively in the laboratory on the basis of their calibra-768 
tions. In this case parallel observations are not formally required to derive a homogeneous meas-769 
urement and measurement uncertainty time series. However, parallel observations in the field us-770 
ing the new and old systems provide a powerful validation of the laboratory-based results. The 771 
objective is to retain the original measurement system and to establish the new system in a manner 772 
that maintains as much as possible of the old system: same location, procedures, and sensors; and 773 
to document in the associated metadata those elements of the new system that have changed. 774 

Overlap regimen design: As detailed in second of the GCOS climate monitoring principles, it is 775 
essential to ensure that when transitioning from older to newer instrumentation, that a sample of 776 
coincident measurements, sufficient to validate a priori laboratory-based determination of any 777 
biases between the two systems (in the form of a transfer function), is obtained before the evi-778 
dence is presented to the appropriate GRUAN task team. The length of time for which the old and 779 
new systems should be run in parallel, and the frequency with which coincident measurements 780 
should be made, will depend on the instruments used, an in-depth understanding of the measure-781 
ment technique, and the main applications for the long-term measurement record. This may re-782 
quire, for example, more than one parallel observations period e.g. after a nominal initial 6 month 783 
overlap period, it could prove valuable to conduct a second parallel testing phase 2 years later to 784 
gauge whether there has been any drift in the bias between the old and new systems. In all cases, 785 
sound scientific bases should be established to determine period and frequency of parallel obser-786 
vations. For example, when a change in radiosonde type used at one site is proposed, the old and 787 
new sondes should be launched on the same balloon, or as close in time as possible on consecu-788 
tive balloons, for a period sufficiently long to capture their systematic differences. Analysis of 789 
dual sonde data from Lindenberg indicates that about 200 dual sonde flights, sampling both day-790 
time and night-time conditions, over a period of one year are required to achieve 0.05°C and 0.3% 791 
accuracy for temperature and relative humidity, respectively, and to accurately assess the bias be-792 
tween old and new sondes. The number of dual sondes required may be site dependent and will 793 
therefore require site specific analysis to determine the number of dual flights and the length of 794 
overlap period. 795 

Operational constraints: From an operational perspective, finances and other operational consid-796 
erations (e.g. availability of staff, land, and the feasibility of maintaining the operation of the 797 
original measurement system) will often be limiting factors in defining the duration of the period 798 
of parallel observations. Because of the extra demands that such parallel observations place on 799 
already stretched financial and human resources, parallel observations should be continued for no 800 
longer than required and should be informed by the initial quantitative assessment of the impact of 801 
any planned change. For some measurement systems, adequate sampling of the diurnal cycle may 802 
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also be necessary. The costs associated with running the two systems in parallel should be in-803 
cluded in the budget for implementing the change. 804 

Site specific considerations: The overlap period may also depend on the site since seasonal vari-805 
ability may differ between sites such that a site experiencing greater atmospheric variability may 806 
take longer to derive a robust estimate of differences between measurement systems than a site 807 
experiencing lower atmospheric variability. 808 

Use of regression analysis: When it is not feasible to operate older and newer measurement sys-809 
tems side-by-side for extended periods e.g. with balloon-borne instruments, alternating between 810 
the newer and older systems can also provide a means of validating laboratory-derived quantities 811 
used in the management of the change. Various statistical techniques (e.g. regression analysis) can 812 
be used to determine whether any systematic differences between the two measurement sets re-813 
main after a managed change. These biases can be derived as functions of other variables such as 814 
air pressure, temperature, time of day, solar zenith angle etc.. 815 

Use of redundant, independent measurements: When parallel observations of old and new meas-816 
urement systems is not feasible, the availability of additional redundant systems, measuring the 817 
same variable with similar sampling attributes (vertical resolution, temporal sampling frequency 818 
etc.) is essential to validating a managed change. In such cases an evaluation of the period of 819 
overlap of the redundant system(s) with the old and new system, required to validate the robust-820 
ness of the change management, must be undertaken. When using redundant system(s) in this way 821 
the overlap period will be informed by the initial quantitative assessment of the impact of the 822 
change. 823 

2.3.4. Data reprocessing 824 

Reprocessing triggers: Protocols must be established by the designated central processing centre 825 
for each GRUAN data product to indicate when reprocessing of the full measurement record at 826 
any site is justified or required. Since there is a time and administrative cost associated with the 827 
reprocessing of a record, such reprocessing should only be undertaken when justified. This is 828 
likely to occur 829 

i) After each change event, and 830 
ii)  As new and more in-depth knowledge of various measurement systems is acquired. 831 

Selecting the standard: If the newest part of the record is considered as the standard, then the en-832 
tire historical record must be reprocessed to bring it in line with the newest part of the record. It is 833 
also possible, however, that the existing record is recognised as the standard in which case the in-834 
formation obtained from the quantitative assessment of the impact of the change is applied to the 835 
newest measurements, and their uncertainties, to splice them into the historical record. 836 

Data versioning: Every reprocessing generating a new homogeneous time series over the com-837 
plete measurement period must be reflected in an increment in the data version as prescribed in 838 
the data versioning protocols developed by the Lead Centre. Such data updates must also be 839 
communicated to users who have accessed earlier versions of the data and who have voluntarily 840 
registered to receive notifications of such data updates (see Section 8.6). For this reason it is also 841 
important that all older versions of any data set are always made available through the GRUAN 842 
archives. 843 

2.3.5. Managing changes in instrumentation 844 

Triggers for changes in instrumentation: The instruments used in the GRUAN network are likely 845 
to change when: 846 
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i) Newer instruments or sensors become available that permit more precise measurements of 847 
the true atmospheric state, or more relevant measurements of the atmospheric state. 848 

ii)  Cheaper instruments become available that permit higher temporal sampling of the atmos-849 
phere at a similar cost as the older system. A cost-benefit analysis, considering all four 850 
primary uses of GRUAN data, should be undertaken by the WG-ARO, or a body desig-851 
nated by the WG-ARO, to inform the decision on whether or not a change in measurement 852 
system is justified. Given that uncertainty in trends is often dominated by the contribution 853 
of natural variability in the signal, a statistically more robust trend detection may be possi-854 
ble with increased measurement frequency even if the precision of each measurement is 855 
somewhat reduced (see also Section 7.3). Process studies may be better served when the 856 
processes of interest are sampled more frequently. Satellite calibration/validation may be 857 
better served when the number of coincidences with GRUAN measurements is maximized. 858 
Reanalyses may be better served by more frequent, less precise measurements than less 859 
frequent more precise measurements. Evaluation of each of these cost-benefits must be 860 
undertaken when a change is proposed. 861 

iii)  The necessities of production engineering. When instrument components become unavail-862 
able or too expensive, changes in instrumentation will be required and the designated cen-863 
tral processing facility for that GRUAN data product will need to decide what level of 864 
component change requires additional change testing. 865 

iv) Unplanned changes as a result of a loss of a sensor due to breakage/damage, premature ag-866 
ing, or theft. 867 

Adopting a scientifically robust instrument replacement strategy that maximizes the maintenance 868 
of long-term climate records will be important for ensuring the integrity of the GRUAN data 869 
products in the face of change. 870 

Assessment of the expected changes: Any change in instrumentation or sensors could potentially 871 
lead to discontinuities in the long-term time series and, more importantly, to changes in the char-872 
acterization of the measurement uncertainties. These changes need to be assessed prior to any 873 
change event through carefully evaluation in calibration laboratories against traceable reference 874 
standards. Technical specifications provided by the manufacturer of the instrument must be veri-875 
fied. In addition, the new instrument should be tested in the field against existing systems under 876 
different conditions. All test data should be made available as part of the metadata for the new 877 
system. Newer sensors or instruments may have very similar characteristics or may differ signifi-878 
cantly in their performance. Changes may be as little as an improved calibration coefficient, or as 879 
large as using a completely new technique with completely different calibrations, time constants 880 
etc.. The expected impact of a managed change must be assessed and a recommendation should 881 
be given as to how to best validate this expected change and how to best address new issues that 882 
were not present in the old system. The expected change impact will guide how the change is 883 
managed and the level of detail that needs to be documented as part of the metadata. 884 

Instrument intercomparisons: Formal instrument intercomparisons will be essential for develop-885 
ing the in-depth understanding required to manage changes from one instrument to another and 886 
for informing decisions on the relative advantages and disadvantages of changing instrumentation. 887 
For this reason, participation in formal intercomparisons is expected before the adoption of any 888 
instrument within the GRUAN network. Outcomes from such intercomparisons will form an im-889 
portant component of the metadata archived at the GRUAN Lead Centre. Such intercomparisons 890 
need not necessarily be organized by GRUAN. WMO and partner networks (e.g. NDACC) often 891 
run instrument intercomparison campaigns and GRUAN should participate in these and share the 892 
data where possible. Such participation would be mutually beneficial to both communities. 893 
GRUAN needs to work closely with CBS and CIMO to gain maximum benefit for all parties from 894 
these intercomparisons. In addition to intercomparisons of similar instruments (e.g. radiosondes), 895 
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intercomparisons between different instruments measuring the same ECV will also be highly in-896 
formative (e.g. comparisons of ozonesondes, ozone lidars and ozone microwave radiometers at a 897 
single site). A number of case studies exist which can be used as examples of how to manage 898 
changes in instrumentation. For example the impacts of changes from the Meisei RS2-91 type ra-899 
diosonde to the Vaisala RS92-SGPJ type GPS sonde at Tateno were quantified by conducting dual 900 
sonde flights during four intensive observation periods in December 2009, and in March, June and 901 
September/October 2010. Flying dual ozonesondes has proven to be useful when shifting from 902 
one ozonesonde system to another or from one standard operating procedure to another (Boyd et 903 
al., 1998). 904 

Travelling standards: Travelling standards, or a travelling standard instrument, contribute to the 905 
maintenance of network homogeneity when rotated through the sites in the network. Such stan-906 
dards are also essential for validating measurement uncertainties. 907 

Multi-site instrument changes: Consideration will need to be given to the desired strategy when 908 
more than one station in the network is making an identical (or very similar) change with respect 909 
to timing, sharing of data, and whether certain sites will act as pioneers. This will be especially 910 
important where the change is forced by a supply issue. Multi-site instrument changes will require 911 
close cooperation between the different stations that will be impacted by the change.  912 

Measurement redundancy: Measurement redundancy (see Section 6.2) has significant benefits for 913 
managing instrument change as a second instrument, measuring the same ECV, can be used as a 914 
common reference against which both old and new instruments can be compared over an extended 915 
period. This benefit increases further when three or more instruments measure the same ECV and 916 
any changes are substantially staggered. An ideal aim that assures the record is therefore at least 917 
triple redundancy. For in situ balloon-borne instruments, consistent ground-check routines be-918 
tween new and old instruments will minimize changes in procedural uncertainty contributions. 919 
Measurement redundancy is particularly important in the case of a hiatus between old and new 920 
measurement systems e.g. if a measurement system fails and is then later replaced. Since no over-921 
lap between the old and new systems is possible, the availability of a third system to act as a trans-922 
fer standard between the old and new systems is essential. When old and new instruments are both 923 
calibrated to the same calibration standard, measurement redundancy is less crucial but is still re-924 
quired in this context as a check that the switch from the old to the new instrument in no way 925 
compromises the homogeneity of the measurement series. 926 

Links to instrument manufacturers: Dealing with changes in instrumentation will require GRUAN 927 
to establish close two-way links to instrument manufacturers. Inclusion of the Association of Hy-928 
dro-Meteorological Equipment Industry (HMEI) in discussions of instrument change within 929 
GRUAN would be advantageous. A productive point of interaction with the different vendors and 930 
manufacturers would be the periodic GRUAN participation in the CIMO multi-sensor field cam-931 
paigns. Engaging the manufacturers in these field campaigns will assist GRUAN not only in 932 
evaluating the different sensors but also as a point of interaction with the vendors apart from the 933 
limited HMEI attendance at GRUAN meetings. A close cooperation between GRUAN and in-934 
strument suppliers will also help GRUAN to better understand industry capabilities and to better 935 
quantify instrumental uncertainties. This cooperation will also help suppliers to better understand 936 
GRUAN requirements, and the industry would be able to advise GRUAN of its current and pro-937 
spective abilities to meet these requirements. For many of the parameters of interest (as instru-938 
ments of required accuracy do not yet exist), GRUAN aims to further their development in coop-939 
eration with instrument manufacturers. 940 
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2.3.6. Managing changes in operating procedures 941 

Even if instruments themselves do not change, changes in the operating procedures for an instru-942 
ment may, if not managed correctly, introduce inhomogeneities in a measurement time series.  943 

For the most part, changes in operating procedures should be dealt with in a fashion similar to 944 
changes in instrumentation e.g. after quantitative assessment of the impact of the change, reproc-945 
essing of historical data to homogenize the time series followed by redistribution of the full data 946 
record with an updated version number. 947 

The expectation is that standard operating procedures for all instrument types within GRUAN will 948 
be archived at the Lead Centre and that this body of material will be used to advise sites through 949 
transitions in operating procedures. As discussed in Section 5.5 the extent to which a site is pre-950 
pared to conform to GRUAN standard operating procedures will be one of the criteria used when 951 
evaluating the potential inclusion of the site in GRUAN. 952 

2.3.7. Managing changes in data processing algorithms 953 

New knowledge and resultant improvements in reduction of raw data to useful measurements are 954 
likely to lead to changes in data processing algorithms.  955 

As for changes in operating procedures, such changes in data processing algorithms should be 956 
dealt with in a fashion similar to changes in instrumentation.  957 

Every change in data processing algorithm must be reflected in a change in version number of the 958 
final data product. Because raw data from various GRUAN sites will be processed at one location 959 
and one location only (either the Lead Centre or some other GRUAN site with particular expertise 960 
in that measurement), changes in data processing algorithms will be implemented uniformly 961 
across the network.  962 

To achieve homogeneity across the network it is important that individual sites do not independ-963 
ently implement changes in data processing algorithms for data submitted as GRUAN data even if 964 
those changes are well documented and follow the prescriptions listed above. This more central, 965 
'top-down' approach to data processing is different from the more decentralized approach em-966 
ployed in other networks. While such enforced conformity incurs an operational cost, the advan-967 
tage is that end-users of the GRUAN data products will see data homogeneity not only in time for 968 
single stations, but also between stations.  969 

In support of maintaining consistency in the use of data processing algorithms within GRUAN, 970 
the Lead Centre will maintain an archive of data processing algorithms which then also comprises 971 
an important part of the metadata archive for GRUAN. 972 

Tension may arise where a site may wish to implement a non-standard (at least non-standard for 973 
GRUAN) data processing algorithm for some purpose e.g. to create a data product that is tailored 974 
for a specific need. Such eventualities can be accommodated by having a central processing facil-975 
ity for each GRUAN product (see above) where a common data processing procedure is applied 976 
to the ‘rawest’ form of data collected. This would not preclude a site from implementing non-977 
standard processing of the raw data and serving this for their own purposes. 978 

2.3.8. Managing changes in operators 979 

Ideally the quality of the measurements should be immune from changes in operators. This is 980 
more likely achievable if standard operating procedures are developed where there is reduced op-981 
portunity for idiosyncrasies of operators to affect the measurements. Metadata should include 982 
codes (not names to protect the privacy of operators) to denote where different operators have 983 
been responsible for measurements. 984 
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2.3.9. Managing changes in instrument location 985 

Even though an instrument may not change, the location of the instrument may change. The in-986 
strument may be relocated at a site with a resultant change in operating environment, or may be 987 
relocated to a different site. In both cases the ‘old’ and ‘new’ system cannot be run side-by-side to 988 
establish systematic biases and drifts. Differences between the old and new systems will be some 989 
combination of temporal changes in the parameter being measured and changes induced by the 990 
spatial separation of the old and new instrument locations. In turn, differences resulting from the 991 
spatial separation are caused by spatial gradients in the parameter being measured and perhaps 992 
also by differences in the operating environment which may induce a unphysical bias between the 993 
old and new systems. Two different scenarios must be considered, viz.: 994 

i) An independent measure of the spatial gradient is available: This may be available e.g. 995 
from satellite-based measurements of the climate variable field. In this case one additional 996 
redundant measurement system is required. When relocation of an instrument (system A) 997 
is envisaged, that system is operated alongside the redundant system (system B) for a pe-998 
riod sufficient to establish any systematic biases or drifts between the two systems. After 999 
system A is relocated, simultaneous measurements by systems A and B can be compared 1000 
after 1) a correction has been made for the effects of the spatial gradient in the climate 1001 
variable being measured by systems A and B, and 2) a correction has been made for any 1002 
systematic biases and drifts between the two systems as established during their original 1003 
period of collocation. Any remaining differences result from changes to the operating en-1004 
vironment which can then also be corrected for. It is important that any temporal depend-1005 
ence in the spatial gradient is also captured i.e. it might be necessary to have such a field 1006 
available at each synoptic time of simultaneous measurement.  1007 

ii)  An independent measure of the spatial gradient is not available: In this case two addi-1008 
tional redundant measurement systems are required. When relocation of an instrument 1009 
(system A) is envisaged, that system is operated alongside two redundant systems (B and 1010 
C) for a period sufficient to establish any systematic biases or drifts between all three sys-1011 
tems. When system A is relocated, so is system C. Differences between systems B and C, 1012 
after being corrected for their respective biases/drifts, quantify the effects of the spatial 1013 
separation, while differences between A and C, after being corrected for their respective 1014 
biases/drifts, quantify the effects of changes in the operating environment (assuming that 1015 
systems A and C are not similarly affected by changes in the operating environment). Dif-1016 
ferences between systems A and B test for consistency (closure of the bias budget) be-1017 
tween the three systems. 1018 

Even with such careful management of location changes, under the protocols developed to evalu-1019 
ate instrument co-location (see Section 6.5), it may be deemed that the new location constitutes a 1020 
new site within GRUAN and then becomes subject to the GRUAN site assessment and certifica-1021 
tion process (see Section 5.5). 1022 

2.3.10. Managing changes in operating environments 1023 

Construction of new buildings or trees being planted or removed at a site may alter the field of 1024 
view of an instrument. Changes such as the painting of a Stevenson screen may affect temperature 1025 
measurements. Changes in development around the site may alter the surface albedo of the sur-1026 
rounding area and hence the solar radiation environment sampled by the instrument. It is impera-1027 
tive that all such change events are recorded in the metadata associated with the instrument (log 1028 
books) and that these events are specifically identified as potential breakpoints in the time series, 1029 
requiring management, to the central data processing facility. A comprehensive set of photographs 1030 
providing a horizon-wide view of the site, taken approximately 4 times through the year, and from 1031 
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various locations around the site, will provide a valuable resource for assessing changes in the en-1032 
vironment at the site. Managing the effects of changes is not simple and is likely to rely on an as-1033 
sessment of the consistency with other data e.g. reanalyses, satellite-based measurements that 1034 
have been independently verified, or with redundant measurements which are not similarly af-1035 
fected by changes in environmental conditions. 1036 

2.3.11. Procedure for network wide change implementation 1037 

In light of the above, and: 1038 
i) noting the special importance of change management in GRUAN, and 1039 
ii)  that sites must no act unilaterally in implementing changes, 1040 

the following process for justifying, accepting and implementing changes in: 1041 
i) measurement systems, 1042 
ii)  operating procedures, 1043 
iii)  data processing algorithms, 1044 

shall be followed: 1045 

Notification: A change event notification is issued either by the Lead Centre, a GRUAN central 1046 
processing facility, a GRUAN site, an instrument manufacturer, or another member of the 1047 
GRUAN community. Proposed changes in operating procedures will likely arise from GRUAN 1048 
sites, while proposed changes in data processing algorithms will most likely be initiated by the 1049 
nominated central processing facility for that GRUAN data product. Whatever the origin of the 1050 
proposed change, the a change event notification is sent to the GRUAN Lead Centre as an email. 1051 

Assessment: The Lead Centre, in consultation with relevant experts e.g. those at the designated 1052 
central processing facility for the product affected by the change, makes an initial evaluation of 1053 
the proposed change. If considered to be worth pursuing the Lead Centre assesses the advantages, 1054 
disadvantages, and potential impacts of the proposed change, in particular which parts of the sys-1055 
tem will most likely be affected. If the knowledge required to quantitatively assess the impact al-1056 
ready exists, it is immediately encapsulated in the metadata associated with the change event. If 1057 
additional studies are required, such studies must be either undertaken by the Lead Centre or 1058 
commissioned by the Lead Centre. The information and data required to manage the change are 1059 
captures in a change evaluation report which becomes a key component of the metadata associ-1060 
ated with the change. 1061 

Consideration will be given as to whether the proposed change should be implemented at a single 1062 
site or across the network as a whole. 1063 

Single site implementation: The change evaluation report, and the timeline for the managed 1064 
change, will be provided to the site and, based on that report, the site will decide on whether or 1065 
not to implement the proposed change. This timeline includes the actual start of the change, the 1066 
expected completion date of the change, the expected sequence of dual observations, and the pro-1067 
posed ground studies to provide the theoretical backing for the change. The schedule of simulta-1068 
neous observations is negotiable, however, it must be guaranteed, that the regular observations 1069 
schedule is not interrupted. During this time the agreed upon ground studies are conducted. The 1070 
change event ends, when the theoretical studies have been completed and have been brought into 1071 
consistency and when the final report has been written. In case the theoretical studies cannot be 1072 
brought into agreement with the simultaneous observations, this has to be noted, the respective 1073 
uncertainties have to be increased and a proposal has to be developed how to address this issue. If 1074 
the site decides to proceed and implement the change, any data and metadata collected as part of 1075 
the change process, as well as a full report on how the change was managed and implemented, 1076 
must be submitted to the Lead Centre within 3 months of the completion of the switch so that this 1077 
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information can be archived as part of the metadata record for that measurement series from that 1078 
site. 1079 

Network wide implementation: In addition to considering the change evaluation report, the Lead 1080 
Centre will consult with users of GRUAN data products and with other climate data bodies such 1081 
as GCOS, WCDMP and WDAC to thoroughly evaluate the potential implications of network 1082 
wide implementation of the proposed change. 1083 

If it is decided to proceed with network wide implementation of the proposed change, the Lead 1084 
Centre, in consultation with the central processing facility for that product, will develop a formal 1085 
change plan for implementation across the network. This might include, for example, staggered 1086 
changes across sites, the use of travelling standards to ensure consistency of changes at different 1087 
sites, and preliminary analysis of the effects of the change at test sites before implementation 1088 
across all sites. The formal change plan is then communicated to all sites within the network. Any 1089 
changes or deviations from the documented approvals must be considered a new change and must 1090 
be reassessed by the Lead Centre. 1091 

After network wide implementation of a change has been completed, the Lead Centre, together 1092 
with the central processing facility for that product, will formally audit the implementation of the 1093 
plan and write a formal report, a Change Impact Report, which be archived as part of the metadata 1094 
record for that data product. The report would include an assessment of the degree to which the 1095 
formal change plan was implemented. 1096 

2.3.12. Procedure for site specific change implementation 1097 

The process for justifying, accepting and implementing changes in: 1098 
i) instrument operators, 1099 
ii)  location of instruments, 1100 
iii)  operating environments for instruments, 1101 

will be left to the sites making those changes. Documentation of these changes in the form of 1102 
metadata is essential and sites will be audited on the completeness of their metadata submitted to 1103 
GRUAN archives as part of the site assessment and certification process (see Section 5.5). Sites 1104 
must also provide this information to the central data processing facility for the relevant product 1105 
so that the these can be flagged in the metadata, which provides essential input to the data proc-1106 
essing, as potential breakpoints in the measurement series.  1107 
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3 MEASUREMENT UNCERTAINTY 1108 

3.1 Estimating measurement uncertainty 1109 

Measurements of the atmospheric state will always differ from the true value and estimating this 1110 
measurement uncertainty is a central tenet in GRUAN’s operations. A common GRUAN defini-1111 
tion of measurement uncertainty and a common procedure to establish measurement uncertainties 1112 
is required to homogenize uncertainty estimates across the network. It is also needed to make the 1113 
steps leading to the determination of measurement uncertainty traceable. This common definition 1114 
should, ideally, be adopted by instrument providers as well. 1115 

Achieving a useful estimate of measurement uncertainty may require as much, if not more, effort 1116 
than making the measurement itself. However, such effort is necessary to achieve the goal of 1117 
GRUAN to provide reference measurements from the surface to the upper stratosphere. The avail-1118 
ability of an estimate of the measurement uncertainty for every measurement made within 1119 
GRUAN will significantly improve the utility of the measurements and will elevate the GRUAN 1120 
measurements above what is currently available for many, but not all, measurement systems. 1121 

The availability of sufficiently detailed meta-data is vital to quantifying random errors and biases 1122 
in measurements. The more detailed the meta-data, the 'deeper' the measurement uncertainty can 1123 
be traced. The approach that should be followed is that where some calibration, reference stan-1124 
dard, application of an operating procedure, or use of a data processing algorithm introduces a 1125 
source of uncertainty into a measurement, complete details about that uncertainty source must be 1126 
available through the meta-data tagged to that measurement. Such sources of meta-data may in-1127 
clude (Immler et al., 2010) previous measurement data, experience with or general knowledge of 1128 
the behaviour and properties of relevant materials and instruments, manufacturer’s specifications, 1129 
data provided in calibration and other certificates, and uncertainties assigned to reference data 1130 
taken from handbooks. It is vital that all sources of measurement uncertainty are made transpar-1131 
ently available to end-users of GRUAN measurements. 1132 

A particular challenge for GRUAN in estimating measurement uncertainty is that for in 1133 
situ measurements of upper-air ECVs, the instrumentation operates in conditions that are difficult 1134 
to replicate in a controlled environment (e.g., a test chamber). Calibration of the instrument in its 1135 
operating environment where e.g. transient influences of changes in solar radiation and/or clouds 1136 
are likely to affect sensor characteristics is generally not possible. Furthermore, the staple instru-1137 
ments for much of GRUAN, viz. balloon-borne sondes, are used for measurements of single pro-1138 
files. The well calibrated instruments with quantified measurement errors are discarded after each 1139 
profile measurement and re-calibration or re-characterization after a measurement is often not 1140 
possible even if the instrument is recovered. The emphasis is then on employing standards that 1141 
ensure stability, traceability, and uniformity between instruments and across the GRUAN network 1142 
as a whole. 1143 

Because one of GRUAN’s primary goals is to detect long-term climate trends in the upper atmos-1144 
phere, and because GRUAN data are likely to be used for other purposes such as satellite valida-1145 
tion, acting as a reference for GUAN, or as input to global meteorological reanalyses, both reduc-1146 
ing the random error in measurements (to emphasize reproducibility) and reducing the systematic 1147 
error (to achieve the best possible accuracy) need to be priorities. Therefore the aim should be to 1148 
identify and minimize both random and systematic errors, and to include the effects of both when 1149 
calculating measurement uncertainties.  1150 

The GRUAN policy for dealing with measurement uncertainty shall be: 1151 
i) Describe/Analyze all sources of measurement uncertainty to the extent possible. 1152 
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ii)  Quantify/Synthesize the contribution of each source of uncertainty to the total measurement 1153 
uncertainty. 1154 

iii)  Verify that the derived net uncertainty is a faithful representation of the true uncertainty. 1155 

3.1.1. Describe/Analyze sources of measurement uncertainty 1156 

The first step in the process of deriving an uncertainty associated with any measurement is to fully 1157 
explore and describe each source of uncertainty in the form of biases and random errors. Contri-1158 
butions to the net measurement uncertainty are likely to include sensor calibration, sensor integra-1159 
tion, sensor performance and external influences to operational routines such as sensor prepara-1160 
tion and sensor ground-checks. While a specific sensor might perform well, if its value depends in 1161 
some way on another sensor that performs less well, this source of uncertainty needs to be ac-1162 
counted for. For example, if a very precise and accurate temperature measurement is made but the 1163 
vertical coordinate for that measurement is a less precise pressure measurement, in the presence of 1164 
large ∂T/∂p, the uncertainty in pressure can introduce significant uncertainty in the temperature 1165 
measurement. Therefore uncertainty in the geo-location and time coordinates associated with each 1166 
measurement shall also be considered when identifying and describing sources of measurement 1167 
uncertainty. A full list of sources of measurement uncertainty will be defined in the GRUAN 1168 
common definition of measurement uncertainty terms. Every GRUAN station shall measure, col-1169 
lect, and provide all information necessary to establish an uncertainty budget for every measure-1170 
ment. 1171 

3.1.2. Quantify/Synthesize sources of uncertainty 1172 

The second step is, where possible, to quantify and correct for any measurement biases. Uncer-1173 
tainty in such bias corrections, which shall also be diagnosed, documented and quantified, then 1174 
contributes to the random error on the measurement. Once all biases have been corrected for, and 1175 
assuming all remaining random errors are normally distributed about the mean, the resultant net 1176 
uncertainty on the measurement can be reported as a single value i.e. the first standard deviation 1177 
of the distribution (1σ errors). Where systematic biases cannot be determined, or perhaps can be 1178 
determined but cannot be corrected for, or when remaining random errors are not normally dis-1179 
tributed about the mean, a different approach is required for quantifying the net uncertainty on the 1180 
measurement. In such cases, because the net uncertainty is no longer represented by a Gaussian 1181 
distribution, it cannot be reported as a single value. Techniques to fully describe the shape of the 1182 
error distribution must then be developed and higher order moments of the distribution (e.g. the 1183 
skewness or kurtosis) would need to be reported as part of the measurement uncertainty descrip-1184 
tion. One option is that if a measurement process can be simulated, and if the probability distribu-1185 
tion functions (PDFs) of the various sources of uncertainty are well known, a Monte Carlo ap-1186 
proach can be used to generate a large ensemble of ‘virtual’ measurements from which measure-1187 
ment uncertainty statistics can be calculated. This approach can be used no matter how structured 1188 
or asymmetrical the individual PDFs might be. 1189 

3.1.3. Verify measurement uncertainties 1190 

The uncertainty budget for every GRUAN measurement should be verified at regular intervals 1191 
using redundant observations from complementary instruments (see Section 6.2). If coincident 1192 
observations of the same ECV are available and are subjected to the same uncertainty analysis, the 1193 
degree to which the measurements agree within their stated uncertainties is indicative of the valid-1194 
ity of the measurement uncertainties. If measurements agree within their uncertainties, the error 1195 
estimates on the measurements are more likely to be correct. Formal methods have been devel-1196 
oped to achieve this (Immler et al., 2010).  1197 
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For example, if two large sets of data are compared and more than 4.5% of the data are statisti-1198 
cally significantly different within their error bars, then either a systematic effect in either or both 1199 
measurement sets has been overlooked, or the uncertainties have been under-estimated. On the 1200 
other hand, if much less that 32% of measurement differences are smaller than the RMS of the 1201 
uncertainties, then the measurement uncertainties have probably been over-estimated. This verifi-1202 
cation by itself does not provide a statement about the usefulness of a measurement; it only pro-1203 
vides information about the completeness of an uncertainty analysis. Including such comparisons 1204 
in operational data processing can act as a flag for where error analysis within the processing may 1205 
not be complete. 1206 

GRUAN includes both in situ and remote sensing methods. In the case of in situ methods, the in-1207 
strument is generally calibrated directly to the geophysical quantity of interest. For a number of 1208 
remote sensing methods, the calibrated data are often in physical units of radiance and/or fre-1209 
quency, which are then analyzed to provide estimates of the underlying climate variable of inter-1210 
est. Validation of data products, which is equivalent to verifying measurement uncertainties, is 1211 
therefore a two-step process whereby the accuracy of both the instrument calibration and the 1212 
analysis algorithm, are validated. 1213 

3.2 Reporting measurement uncertainty 1214 

An overarching principle for the operation of GRUAN is that no measurement shall be provided 1215 
without also providing an estimate of the measurement uncertainty. Where all sources of system-1216 
atic error in the measurement have been identified and corrected for, the measurement uncertainty 1217 
can be quoted as the standard deviation of the random error. As discussed above, where biases 1218 
remain in the measurement, or where the net random error in the measurement does not follow a 1219 
Gaussian distribution, alternative methods for reporting the measurement uncertainty must be 1220 
considered. This may be in the form of establishing 1σ upper and lower bounds on the measure-1221 
ment uncertainty to denote that the uncertainty is asymmetric – generally reported as u

lX +
−1222 

where X is the measurement, u is the 1σ uncertainty in the positive direction and l is the 1σ uncer-1223 
tainty in the negative direction. Given that some systems may quote uncertainties as 2σ values, it 1224 
is imperative that it is clearly stated in the meta-data that the values are 1σ uncertainties. For more 1225 
complex distributions of measurement uncertainty it may be necessary to quote the most likely 1226 
value i.e. the peak in the PDF for the measurement and parameters that detail the shape of the 1227 
PDF (or a pointer to the PDF itself). 1228 

3.3 Reducing measurement uncertainty 1229 

Changes in instrumentation or operating procedures may lead to reductions or increases in meas-1230 
urement uncertainty. It is important that the same detail of uncertainty analysis is conducted for 1231 
the new instrument/operating procedure as was done for the instrument/operating procedure to be 1232 
replaced.  1233 

In some circumstances, e.g. in the presence of high natural variability (such as for temperature and 1234 
water vapour), reducing measurement uncertainty has little impact on derived trends since the 1235 
primary source of the variability in the trend estimate might be the noise on the measured signal 1236 
being analyzed (Bodeker et al., 1998; Seidel and Free, 2006; see Section 7.4.1). It is therefore im-1237 
portant that scientific analyses guide where reducing measurement uncertainties is most likely to 1238 
lead to reductions in uncertainties in trend estimates. 1239 

3.4 Reducing operational uncertainty 1240 

Operational uncertainty includes uncertainties related to instrument set-up, sampling rates and the 1241 
application of algorithms for data analysis. The contribution of operational uncertainty to the total 1242 
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measurement uncertainty in GRUAN is likely to be significantly reduced if the ‘rawest’ form of 1243 
measurement data is submitted to a central GRUAN data processing facility (see Section 8.1) 1244 
where a single verified, validated and well described data processing algorithm is applied to the 1245 
raw data. Similarly, the adoption of an identical standard operating procedure for each instrument 1246 
type across the network, would reduce the operational uncertainties related to instrument set-up. 1247 
To this end, optimal standard operating procedures are developed at the GRUAN Lead Centre or 1248 
at the site responsible for centralized processing of that ECV and then disseminated to all sites 1249 
making that particular measurement and adopted where practical with exceptions clearly docu-1250 
mented and agreed with the WG-ARO.  1251 

3.5 Validating measurement uncertainty 1252 

Once the uncertainty on a measurement has been calculated, the question then becomes: how well 1253 
does this measure of uncertainty represent the degree of confidence we should have in this meas-1254 
urement? Two approaches are available for validating the derived uncertainty on any measure-1255 
ment, viz. 1) by comparing redundant measurements, and 2) by laboratory analysis of the meas-1256 
urement system. 1257 

When redundant measurements are present, their uncertainty must be evaluated using standard-1258 
ized consistency tests such as those described in (Immler et al., 2010). These standardized must be 1259 
performed across the entire GRUAN network, regardless of the type of instrument considered. 1260 

3.5.1. Comparison of redundant measurements 1261 

A traditional way of validating measurement uncertainty is to measure the quantity of interest 1262 
through two (or more) techniques, based on physically different measurement principles. Because 1263 
the different techniques are subject to unique measurement uncertainties, comparisons yield a ro-1264 
bust and continuous demonstration of measurement accuracy. Where simultaneous measurements 1265 
of the same quantity are made using two different techniques, and disagree within their stated 1266 
measurement uncertainties it suggests that either one or both of the measurements are erroneous, 1267 
or that the measurement uncertainties are under-estimated. In this way, complementary measure-1268 
ment techniques with different susceptibilities to local conditions can be chosen to maximize the 1269 
accuracy of the data record. Additionally, uncertainty budgets validated in this way may help 1270 
identify other error sources that cannot be compensated for by complementary sensors, but may 1271 
be monitored in situ. 1272 

3.5.2. Laboratory analysis of the measurement system 1273 

The ability to simulate a specific measurement in the laboratory can permit an in-depth investiga-1274 
tion of the various sources of uncertainty in the measurement. Many such facilities exist. Two ex-1275 
amples are the environmental simulation facility at the Research Centre Juelich (Smit et al., 2007) 1276 
which has provided information to validate measurement uncertainty in ozonesondes, and the ra-1277 
diosonde laboratory facilities available at the DWD at Lindenberg.   1278 
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4 ESSENTIAL CLIMATE VARIABLES MEASURED IN GRUAN 1279 

The parameters most relevant to understanding changes in the climate of the upper atmosphere are 1280 
temperature, pressure and water vapour. This is why, in addition to these three being the most 1281 
tractable for GRUAN (see Appendix 1 of GCOS-112), they have been identified as the highest 1282 
priority ECVs (GCOS-92) to be measured in GRUAN. However, to diagnose the drivers of ob-1283 
served changes in temperature, pressure and water vapour, a range of other ECVs also need to be 1284 
measured. Therefore, a wide range of ECVs have been identified as target variables to be meas-1285 
ured at GRUAN sites; in addition to the priority one ECVs discussed in this section of the guide, a 1286 
summary of material for the priority 2, 3 and 4 variables is provided in Appendix A. As scientific 1287 
research into the underlying causes of observed changes in upper-air climate advances, and as the 1288 
capabilities of GRUAN sites expand, this the list of target ECVs for GRUAN is likely to grow. 1289 

4.1 Justification and context for Essential Climate Variables 1290 

The purpose of this section is to provide additional scientific justification and context, and more 1291 
general guidelines for the measurement requirements for those ECVs listed as priority 1 for 1292 
GRUAN, viz. temperature, pressure, and water vapour. The complete list of ECVs targeted by 1293 
GRUAN is given in Appendix 1 of GCOS-112 and a summary of material for the priority 2, 3 and 1294 
4 variables is provided in Appendix A of this document.  1295 

The desired performance requirements for each of the ECVs are based on the scientific require-1296 
ments of the data and not on current instrument performance, so they may not be currently 1297 
achievable. In such cases the WG-ARO and Lead Centre will provide possible incremental ap-1298 
proaches to achieving the target attributes for each measurement. Therefore, as stated in GCOS-1299 
112, these GRUAN requirements should be interpreted as eventual measurement goals of any 1300 
given network site.  1301 

Setting the target measurement parameters low is likely to result in stagnation since once achieved 1302 
there will be little incentive to advance. For this reason the requirements detailed below are 1303 
somewhat different to those listed in the WMO/CBS requirements. The values in Appendix 1 of 1304 
GCOS-112 describe what is required of the measurements to meet specific research goals and a 1305 
distinction needs to be made between what is desirable and what is feasible. While they may not 1306 
be currently achievable, as measurement technology advances, attaining such targets should be-1307 
come more likely. There are, however, many scientific objectives of GRUAN that can be 1308 
achieved with current state-of-the-art capability and so in no case should a present day inability to 1309 
achieve these targets result in the exclusion of a site or a measurement programme from the 1310 
GRUAN network as long as the measurement programme is able to achieve the mandatory re-1311 
quirements detailed in Section 5.3. A GRUAN site shall use currently available equipment in a 1312 
manner ensuring optimum performance from that system. Development and improvement of sys-1313 
tems at GRUAN sites is to be encouraged, but these developments should be performed in a man-1314 
ner that does not interfere with the stability of GRUAN network observations. 1315 

The measurement ranges prescribed in Appendix 1 of GCOS-112 should cover the range of values 1316 
likely to be encountered over the vertical range of interest so that any proposed instrument, or set 1317 
of instruments, would need to be able to operate throughout that range. Measurement precision 1318 
refers to the repeatability of the measurement as measured by the standard deviation of random 1319 
errors (Section 2.1). However, measurement precision is closely tied to the frequency of observa-1320 
tions since observations are often averaged and the greater the sample size, the less stringent the 1321 
required precision in terms of the uncertainty on the mean. Measurement frequencies are not 1322 
specified because they depend on instrument type and are also likely to vary over 1323 
time. Measurement accuracy refers to the systematic error in a measurement (Section 2.1). It is 1324 
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not directly specified for many variables for which variations, and not absolute values, are needed 1325 
to understand processes. Measurement accuracy is directly related to long-term stability, the 1326 
maximum tolerable change in systematic error over time, which is a critical aspect of the refer-1327 
ence network. 1328 

4.2 Development of Climate Data Records of ECVs 1329 

Development of climate data records of ECVs within GRUAN shall be consistent with the Guide-1330 
line for the Generation of Datasets and Products Meeting GCOS Requirements (GCOS-143). En-1331 
suring transparency in the generation of climate datasets and products within GRUAN is essential 1332 
to enable users to judge the quality and fitness for purpose of climate datasets and products. In 1333 
addition to the requirements defined elsewhere in this document for GRUAN data products, the 1334 
following recommendations, consistent with those detailed in GCOS-143, are made: 1335 

i) Review of climate data records produced by GRUAN should be undertaken by an external 1336 
body to provide an independent assessment of its quality and thereby improve the confi-1337 
dence that the user community has in the product. 1338 

ii)  Provide a facility for user feedback on the quality, usefulness and applicability of the data 1339 
products. 1340 

iii)  A quantitative maturity index describing the level of scientific maturity (1=initial, 1341 
2=experimental, 3=provisional, 4=demonstrated, 5=sustained, 6=benchmark) should be 1342 
included in the description of the climate data record. 1343 

iv) A full description of the climate data record should be published in the international peer 1344 
reviewed literature.  1345 

4.3 Temperature 1346 

4.3.1. Scientific justification 1347 

Upper-air temperatures are a key dataset for the detection and attribution of tropospheric and 1348 
stratospheric climate change since they represent the first order connection between natural and 1349 
anthropogenically driven changes in radiative forcing and changes in other climate variables at the 1350 
surface. Furthermore, the vertical structure of temperature trends is important information for cli-1351 
mate change attribution since increases in atmospheric long-lived greenhouse gas (GHG) concen-1352 
trations warm the troposphere but cool the stratosphere steepening vertical temperature gradients 1353 
in extra-tropical regions. Other drivers of atmospheric temperature changes, e.g. changes in solar 1354 
output, would not have the same vertical profile fingerprint. Remaining discrepancies between 1355 
temperature trends derived from satellite-based measurements and from radiosondes weaken the 1356 
attribution of changes in temperatures to changes in climate forcing agents. High quality tempera-1357 
ture measurements within GRUAN will contribute to the resolution of these discrepancies. 1358 

Radiosondes remain a primary workhorse within the global upper-air network for the measure-1359 
ment of temperature, pressure and water vapour, it is imperative that GRUAN sites establish state-1360 
of-the-art radiosonde measurement programmes that match the optimum stability of performance 1361 
obtainable to date. In addition, efforts should continue to improve the quality of radiosonde meas-1362 
urements, where it is known there are significant limitations in performance for use in clima-1363 
tological observations (WMO, 2011). Other measurement techniques can and should be devel-1364 
oped to extend the height range of the temperature profile measurements and to reduce the ran-1365 
dom error and bias on the measurements. However, these should always be quantitatively inter-1366 
compared with collocated radiosonde measurements to provide a traceable link to the radiosonde 1367 
measurements made within GUAN. Temperatures measured by high-quality radiosondes are 1368 
needed to: 1369 

• Monitor the vertical structure of local temperature trends. 1370 
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• Correlate changes in other parameters, especially water vapour (see below), with changes in 1371 
temperature. 1372 

• Provide a reference against which satellite-based temperature measurements can be calibrated 1373 
and adjusted so that long-term changes can be estimated globally with greater confidence. 1374 

• Validate temperature trends simulated by climate models. 1375 

• Provide input to global meteorological reanalyses such as NCEP, ECMWF, NASA, JMA. 1376 

• Provide input to numerical weather prediction models if and when submitted shortly after the 1377 
measurement. Upper-air measurements of temperature and relative water vapour are two of 1378 
the basic measurements used in the initialization of numerical weather prediction models for 1379 
operational weather forecasting. In turn, feedback from the numerical analysis potentially 1380 
provides a useful meta-data element in the final GRUAN measurement (see Section 9). 1381 

The requirements for random error, bias and long-term stability are detailed below and are guided, 1382 
in part, by the needs of end-users and in particular the use of the measurements in detecting trends 1383 
in temperature time series which include natural, unforced climate variability. This becomes a 1384 
signal-to-noise ratio problem and climate models can be used to guide the measurement require-1385 
ments given expectations of future trends in temperature and natural variability (see e.g. Figure 1386 
10.7 of IPCC 4th assessment report). 1387 

It is particularly important that trends in tropical cold point tropopause temperatures are accu-1388 
rately detected since this is thought to control the flux of water vapour into the stratosphere (Get-1389 
telman et al., 2002; Fueglistaler and Haynes, 2005) and changes in stratospheric water vapour in-1390 
fluence radiative forcing and temperatures both in the lower stratosphere but also in the upper tro-1391 
posphere (Forster et al., 2007; Solomon et al., 2010). At present temperature trend uncertainties in 1392 
the lower stratosphere and upper troposphere remain large, particularly in the tropics. For this 1393 
ECV, addressing trends in tropical cold point temperatures should be a focus for GRUAN. To this 1394 
end establishing close working ties between the tropical GRUAN sites at Manus and Nauru with 1395 
the sites within the SHADOZ network (Thompson et al., 2007) and with the GUAN stations oper-1396 
ating in the tropics would be particularly advantageous. 1397 

4.3.2. Discussion of specific measurement requirements 1398 

Vertical range: The effects of elevated concentrations of greenhouse gases on atmospheric tem-1399 
peratures are seen most clearly in the upper stratosphere (Shine et al., 2003). Vertical temperature 1400 
profiles are most routinely measured using radiosondes which seldom reach above ~35 km alti-1401 
tude.  1402 

Bias: The GRUAN target for temperature bias (≤0.1 K in the troposphere and ≤0.2 K in the strato-1403 
sphere) can probably be met by several of the better operational radiosondes but not in the day-1404 
time, see WMO (2011) and the revision of Chapter 11 of the CIMO Guide, published in 2012. 1405 
The most accurate radiosonde in the day is possibly the ‘Accurate Temperature Measuring Ra-1406 
diosonde’(Schmidlin, 1991), claiming an uncertainty of 0.3 K throughout most of the upper tropo-1407 
sphere and the stratosphere, but this is not yet widely available in sufficient numbers for use 1408 
throughout GRUAN. Thus, GRUAN should proceed with the best operational radiosondes avail-1409 
able, using the methods of observation agreed with the GRUAN Lead Centre, ensuring that suffi-1410 
cient sites make a priority of temperature measurements in the dark. Development of commer-1411 
cially available new technology to achieve higher accuracy in the daytime is a priority. 1412 

Stability: Change over the satellite era is in the order of 0.1–0.2K/decade requiring long-term sta-1413 
bility to be an order of magnitude smaller to avoid ambiguity. 1414 
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4.3.3. Requirements consistent with state-of-the-art capability 1415 

Measurement range: 170 to 350 K, noting however that the range for which calibrations apply 1416 
often does not extend as low as 170 K (see table 4.1.2 of IOM-No.107). 1417 

Vertical range: 0-30 km routinely achievable with radiosondes 1418 

Vertical resolution: 100 m or better below 30 km altitude, 500 m above 30 km altitude 1419 

Random error: ≤0.2 K 1420 

Systematic error (bias): 0.5 K in the troposphere and 1 K in the stratosphere as prescribed in the 1421 
Guide to Meteorological Instruments and Methods of Observation (WMO-No. 8) 1422 

Stability: 0.05 K/decade 1423 

4.3.4. GRUAN measurement targets 1424 

As detailed in Section 7.2, a discussion of target measurement attributes should not occur outside 1425 
of a context of a particular anticipated scientific study. In the absence of the availability of rec-1426 
ommendations based on specific uses for the measurements, the following are provided as indica-1427 
tive guidelines and are taken directly from GCOS-112. 1428 

Measurement range: 170 to 350K  1429 

Vertical range: 0 to 50 km 1430 

Vertical resolution: 100 m or better below 30 km altitude, 500 m above 30 km altitude 1431 

Random error: ≤0.2 K 1432 

Systematic error (bias): ≤0.1 K in the troposphere and ≤0.2 K in the stratosphere  1433 

Stability: Better than 0.05 K/decade.  1434 

4.4 Water vapour 1435 

4.4.1. Scientific justification 1436 

Water vapour is the primary natural GHG and is central to global water and energy cycles. It acts 1437 
primarily as a feedback, amplifying the effects of increases in other GHGs. Water vapour is the 1438 
raw material for clouds and precipitation, and limited knowledge has compromised our ability to 1439 
understand and predict the hydrological cycle, and understand its effect on radiative transfer (Pe-1440 
ter et al., 2006). Water vapour is also a source of OH in the upper troposphere and stratosphere, 1441 
influencing methane, ozone and halogenated GHGs. High clouds due to water vapour in the 1442 
UT/LS affect both the planet's shortwave albedo and its longwave greenhouse effect, and both 1443 
cloud particles and water molecules are involved in chemical reactions that govern stratospheric 1444 
ozone concentrations. Fully quantifying the Earth’s radiation budget depends on an accurate as-1445 
sessment of the radiative properties of clouds and the water vapour continuum.  1446 

Changes in water vapour in the UT/LS exert a greater radiative forcing than changes elsewhere 1447 
(Solomon et al., 2010). Standard radiosonde humidity sensors have very poor response at the low 1448 
temperatures (<-50°C), pressures, and water vapour concentrations of the UT/LS (Wang et al., 1449 
2003). Although there has been significant progress since 2003 (WMO 2011), no operational ra-1450 
diosonde can be expected to measure with sufficient accuracy in the lower stratosphere for clima-1451 
tological purposes (GCOS-112).  1452 

A number of factors, many linked to changes in climate, are likely to affect the flux of water va-1453 
pour into this climatically important region of the atmosphere, viz.: 1454 

i) Changes in the cold-point tropopause temperature (Zhou et al., 2001). 1455 
ii)  Changes in convection. Convective transport of ice particles into the UT/LS can provide a 1456 

path with bypasses the limitation imposed by the cold-point tropopause temperature. 1457 
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iii)  Changes in the Brewer-Dobson circulation (Austin et al., 2006). 1458 

While most of the Earth’s water vapour is contained in the lower atmosphere where it can be 1459 
measured as absolute or relative humidity, the water vapour content of the upper atmosphere is 1460 
measured in parts per million and is difficult to measure accurately; the older generation of opera-1461 
tionally-deployed balloon-borne instruments, and the satellite data record to date did not allow the 1462 
measurement of water vapour in the upper troposphere and lower stratosphere to the required ac-1463 
curacy to be useful for climate applications (Soden et al., 2004). However, accurate water vapour 1464 
measurements in the upper atmosphere are critical, especially for radiative transfer model-1465 
ling. Understanding the water vapour budget throughout the atmosphere is also necessary for in-1466 
terpreting measurements of outgoing longwave radiation.  1467 

Satellite-based solar occultation and limb-sounding instruments can measure water vapour in the 1468 
upper troposphere and stratosphere but inter-satellite differences preclude the use of earlier data in 1469 
long-term trend analyses (Rosenlof et al., 2001). High precision measurements of water vapour 1470 
profiles will provide valuable input data to global meteorological reanalyses and data for validat-1471 
ing global climate models. 1472 

Instruments such as the Cryogenic Frostpoint Hygrometer (CFH; Vömel et al. 2007b), the Fluo-1473 
rescent Advanced Stratospheric Hygrometer for Balloon (FLASH-B) Lyman-alpha instrument can 1474 
provide water vapour measurements in the lower stratosphere, but are very expensive compared to 1475 
operational radiosondes. The Snow White chilled mirror hygrometer is able to measure reliably in 1476 
the upper troposphere at night. All of these instruments require a much higher skill level to ensure 1477 
reliable operation than an operational radiosonde. Where several GRUAN sites are in the same 1478 
climate region, e.g. western Europe, it does not appear justified to expect every GRUAN site in 1479 
that region to fly these systems once a month,. The variability of water vapour in the stratosphere 1480 
over a given climatic region is not expected to be high but, as indicated above, a priority should be 1481 
given to measurements in the tropics, when resources are available. 1482 

Modern operational radiosondes have much improved performance compared to those reported 1483 
earlier and there has been a significant improvement between the WMO Radiosonde Intercom-1484 
parison hosted in Mauritius in 2005 and that hosted in Yangjiang China in 2010 (WMO 2011). 1485 
The better sensors now start to become slow to respond at temperatures around -70ºC. A second 1486 
source of error comes from assuming the temperature of the humidity sensor in the day is the 1487 
same as that reported by the radiosonde temperature sensor. However, adjustment algorithms for 1488 
this slow response have been implemented and methods of reducing the solar heating error have 1489 
been implemented, so the relative humidity errors in the tropical upper troposphere are very much 1490 
smaller than in earlier operational radiosondes. The use of the better operational radiosondes in 1491 
GRUAN will improve the capability to monitor changes in the upper troposphere day to day, al-1492 
though further development of the systems should be encouraged. 1493 

Many sites are currently developing the capability to observe and analyze data from ground-based 1494 
GPS receiver, usually as part of a larger or international networks. These data provide continuous 1495 
high-quality estimates of column water vapour which, in addition to being useful in their own 1496 
right, can be used to partially validate the vertical water vapour profile measurements; total pre-1497 
cipitable water calculated from the radiosonde measured temperature and water vapour profiles 1498 
should compare well with that measurement by the GPS receiver. 1499 

4.4.2. Discussion of specific measurement requirements 1500 

Measurement range: The large range in values that needs to be covered by these measurements 1501 
(0.1 – 90000 ppm) over a vertical range of 0 to ~40 km presents a challenge for instrument devel-1502 
opment and operation since no single commercially available instrument is responsive over this 1503 
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range. Instrument packages may therefore need to include more than one instrument, each of 1504 
which covers a particular region of the atmosphere. 1505 

4.4.3. Requirements consistent with state-of-the-art capability 1506 

Vertical resolution: 50 m below 5 km and 100 m above 5 km altitude 1507 

Random error: 5% in mixing ratio in the troposphere and 5% in mixing ratio in the stratosphere 1508 

Systematic error (bias): 5% as recommended in WMO-No. 8. 1509 

Stability: 0.3%/decade in mixing ratio and for the total column. 1510 

4.4.4. GRUAN measurement targets 1511 

Section 7.4 uses water vapour as an example of the considerations required before GRUAN 1512 
measurement targets for an ECV can be firmly established. The measurement target characteris-1513 
tics given in 7.4 are summarized in the table below. 1514 
 1515 

Attribute 
Trend detection Satellite validation and radiation studies 

Process 
studies Upper tropo-

sphere 
Lower strato-

sphere 
Radiance compari-

sons 
Comparisons in 
retrieval space 

Vertical 
resolution 

<1 km <1 km no data < 2km 
10-100 

m 

Systematic 
error 

profile: 5-
10% 

profile: 5-10% 
or better 

column: 3% 
profile: 5% in lower 
and mid-troposphere, 
10% in upper tropo-

sphere 

column: 3% pro-
file: 10% in 2 km 

thick layers 

profile: 
10% 

Random 
error 

up to 50%2 <10% 
many comparisons: 10-20% 
individual comparison: ≤5% 

<10-25% 

Stability no data no data no data no data N/A 
Temporal 
resolution 

<1 hour no data high as possible 1 minute 

If such measurement targets can be met:  1516 
i) A fully compliant GRUAN station (see Section 5.2.1) will be capable of detecting water 1517 

vapour trends in the upper troposphere and lower stratosphere, validating satellite-based 1518 
measurements, and conducting relevant process studies. 1519 

ii)  A partially compliant GRUAN station (see Section 5.2.2) will be capable of detecting wa-1520 
ter vapour trends in the upper troposphere and lower stratosphere, and validating satellite-1521 
based measurements. 1522 

iii)  A minimum entry GRUAN station (see Section 5.2.3) will be capable of detecting water 1523 
vapour trends in the upper troposphere. 1524 

4.5 Pressure 1525 

4.5.1. Scientific justification 1526 

Measurements of upper air temperature, water vapour and other climate variables must be accom-1527 
panied by the altitude/pressure at which the measurement is made. Data used e.g. as input to NWP 1528 
primarily use standard geopotential heights, but conversion from geometric altitude to geopoten-1529 
tial height is straightforward; converting from geometric altitude as measured for instance by a 1530 

                                                
2 For measurements made 2-3 times per week and assuming that systematic errors have been randomized using ap-
propriate procedures. 
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GPS radiosonde, to geopotential height does not require knowledge of the vertical temperature 1531 
structure. 1532 

In most NWP models the observations are input at levels defined by a ratio of the pressure to the 1533 
surface pressure. The model must therefore convert geopotential height into pressure, if the sys-1534 
tem does not provide pressure observations. Deducing pressure from the geopotential height re-1535 
quires knowledge of the temperature and water vapour structure in the vertical, and if this is not 1536 
directly available from the system, the model will compute the values using its own analysis 1537 
fields.  1538 

If data from a pressure sensor are used to compute geopotential height for a radiosonde, the uncer-1539 
tainty in calculated geopotential heights will result from uncertainties in the temperature, pressure 1540 
and water vapour measurements. However, most modern radiosondes now use GPS navigation 1541 
signals to measure altitude and, when set up carefully, can meet all GRUAN requirements for 1542 
pressure/altitude observations. The uncertainty in the GPS altitude measurements has very little 1543 
variation with height in the atmosphere (WMO 2011). CIMO therefore recommends that GPS ra-1544 
diosonde are used at all GRUAN stations.  1545 

If pressure measurements drift in the presence of a steep vertical gradient in some target trace gas, 1546 
this will alias into an apparent trend in that trace gas. It is therefore essential that pressure profile 1547 
measurements maintain long-term stability. 1548 

4.5.2. Requirements consistent with state-of-the-art capability 1549 

Measurement range: 1 – 1100 hPa 1550 

Vertical range: 0 to 30 km 1551 

Vertical resolution: 0.1 hPa 1552 

Random error:  1 km altitude, 1 hPa (equivalent height error of 10m) 1553 
 16 km altitude, 0.3 hPa (equivalent height error of 20m) 1554 
 32 km altitude, 0.05 hPa (equivalent height error of 30m) 1555 
 48 km altitude, 0.01 hPa (equivalent height error of 50m) 1556 

Systematic error (bias): 1 hPa to 2 hPa in the troposphere and 2% in the stratosphere as prescribed 1557 
in WMO-No. 8. 1558 

Stability: Better that a quarter of the random error quoted above, per decade. 1559 

4.5.3. GRUAN measurement targets 1560 

As detailed in Section 7.2, a discussion of target measurement attributes should not occur outside 1561 
of a context of a particular anticipated scientific study. In the absence of the availability of rec-1562 
ommendations based on specific uses for the measurements, the following are provided as indica-1563 
tive guidelines and are taken directly from GCOS-112 1564 

Measurement range: 1 – 1100 hPa 1565 

Vertical range: 0 – 50 km 1566 

Vertical resolution: 0.1 hPa 1567 

Random error): 0.01 hPa 1568 

Systematic error (bias): 0.1 hPa 1569 

Stability: Better that a quarter of the random error quoted above, per decade. 1570 



39 
 

4.6 Moving beyond priority 1 variables 1571 

The emphasis to date within GRUAN has been on observations of priority 1 variables. This allows 1572 
testing of the guiding principles for all reference observations before expanding the measurements 1573 
at GRUAN sites to lower priority variables. A fully functioning GRUAN that serves all envisaged 1574 
purposes will require measurements of all ECVs listed in this section and in Appendix A of this 1575 
guide. This section of the guide outlines the procedures and requirements for expanding the capa-1576 
bilities of the GRUAN network by moving beyond the priority one variables of temperature, pres-1577 
sure and water vapour. These procedures and requirements recognize the heterogeneity of the 1578 
network and that not all target variables are likely to be observed at all stations. To achieve con-1579 
sistency and homogeneity of data products both at individual GRUAN sites and across the net-1580 
work as a whole, it is essential that the procedures developed to bring new ECVs online within 1581 
GRUAN provide an end-to-end solution that details the collection of raw data and associated 1582 
metadata, the processing and quality assurance of those measurements, and the provision of the 1583 
data products to the GRUAN user community. 1584 

4.6.1. Requirements 1585 

For each new variable, or set of variables (e.g. cloud properties may be treated as a single set of 1586 
variables), planned to be brought online within GRUAN, the following is required: 1587 

A task team: The goal of the task team is to provide the scientific basis and oversight required to 1588 
bring the new variable online in GRUAN. A key task is to write the technical manuals described 1589 
in Section 4.6.2 below. Membership of this task team should include one member of the GRUAN 1590 
Lead Centre, at least one member of the Ancillary Measurements Task Team, a representative of 1591 
the central processing facility for that ECV (see below), at least two members of the WG-ARO, at 1592 
least one internationally recognized instrument expert for each of the instruments likely to provide 1593 
measurements of the ECV of interest, and other members of the international community with ex-1594 
pertise in the processing, quality control and interpretation of the resultant data. In some cases, 1595 
more than one position on the task team may be filled by a single person. The task team is likely 1596 
to remain in effect only in the lead-up phase prior to those data products flowing to users through 1597 
the GRUAN data archive. The terms of reference for the task team, as with other GRUAN task 1598 
teams, are defined by the WG-ARO in consultation with the Lead Centre and is directly answer-1599 
able to the co-chairs of the WG-ARO. 1600 

A central processing facility within GRUAN: As discussed elsewhere in this guide, processing raw 1601 
data collected at GRUAN sites at a single centralized processing facility is essential to ensure ho-1602 
mogeneity of measurement time series at each GRUAN site and to ensure homogeneity of the 1603 
data product across the network. The centralized data processing facility will implement the data 1604 
collection, quality assurance, processing and dissemination protocols defined in the technical 1605 
documents developed in consultation with the task team. 1606 

4.6.2. Technical documents 1607 

The task team is responsible for writing, or for coordinating the wring of, the technical documents 1608 
described in this section. Each document forms part of the official technical document series 1609 
within GRUAN and is subject to the policies for reviews of technical documents by the WG-1610 
ARO.  1611 

For each instrument providing measurements of the ECV of interest, the following technical 1612 
documents are required: 1613 

Standard operating procedures: The development of standard operating procedures for each in-1614 
strument used in GRUAN is also key to achieving homogeneity of the GRUAN data product. 1615 
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These standard operating procedures are archived at the Lead Centre and are provided to each 1616 
GRUAN site operating that instrument. Standard operating procedures for many instruments are 1617 
likely to be available from partner networks (see Section 1.5) and if available should be adapted to 1618 
meet the needs of GRUAN. As described in Section 5.1 while implementing these operating pro-1619 
cedures is not mandatory, sites are required to document where they have deviated from the pre-1620 
scribed standard operating procedures and, when audited, are assessed for their ability and will-1621 
ingness to adhere to the standard operating procedures within GRUAN. The standard operating 1622 
procedure technical document for an instrument includes a section describing how the instrument 1623 
meets the instrument requirements in terms of information content, instrument heritage, sustain-1624 
ability, calibration, robustness of uncertainty, manufacturer support and site location, as detailed 1625 
in Section 6.1. The document describes measurement scheduling under the guidelines provided in 1626 
Section 7.2. Standard operating procedures include a detailed description of how any changes in 1627 
instrument type, operating procedures, data processing algorithms, instrument operators, location 1628 
of instruments, and operating environments for instruments, are managed (see Section 2.3). 1629 

Data and metadata capture: This technical document describes the process for capturing the raw 1630 
data from each measurement, the metadata associated with each measurement, and the metadata 1631 
associated with the measurement programme as a whole which is not measurement event specific. 1632 
The requirements for the capture of raw data and metadata for each measurement, as described in 1633 
this technical document, guide the development of the software tools that are developed by the 1634 
central processing facility (e.g. the RSLaunchClient and LidarRunClient utilities for radiosonde 1635 
and lidar data capture respectively). These requirements must be specified in complete detail in-1636 
cluding field types (scalar/vector), descriptors, units etc.. It is also essential that metadata associ-1637 
ated with the site and measurement programme as a whole, and in particular change events (see 1638 
Section 2.3) that may cause discontinuities in the measurement time series, are captured. The re-1639 
quirements for such metadata capture, as detailed in this technical document, guide the develop-1640 
ment of the necessary tools (e.g. the IGLIMP for lidar metadata capture) by the central data proc-1641 
essing facility.  1642 

Guidelines for assessment and certification: As detailed in Section 5.1, individual measurement 1643 
programmes are assessed and certification for inclusion in GRUAN. This technical document de-1644 
fines the criteria against which that assessment and verification takes place.  1645 

Central data processing: This technical document defines how level 0 and 1 data streams (see 1646 
Section 8.1), and including metadata, from individual sites are processed to generate level 2 data 1647 
products (e.g. the GLASS for lidar operation in GRUAN). It includes a description of all data 1648 
processing algorithms, calibration procedures and the mechanisms for ensuring traceability of the 1649 
measurements to fundamental calibration standards, data correction and homogenization algo-1650 
rithms, procedures for describing and/or analyzing all source of measurement uncertainty, proce-1651 
dures for quantifying and/or synthesizing all sources of measurement uncertainty, and procedures 1652 
for verifying measurement uncertainty (see Section 3.1). It also includes a description of the trig-1653 
gers that signal the need for reprocessing of historical data, either for specific sites or across the 1654 
network as a whole, and how the metadata related to the measurement programme are used in this 1655 
capacity. A thorough description of the methods for quality control and quality assurance is also 1656 
included in this technical document. 1657 

In addition to those instrument specific technical documents, the following are required: 1658 

Creation of the GRUAN data product: This technical document details any additional processing 1659 
required to create GRUAN data products from level 2 data. It also details how level 3 data prod-1660 
ucts are generated from level 2 products. In particular, the use of level 2 data to generate SASBE 1661 
level 3 data is described in this technical document. The document includes a full description of 1662 
the contents and structure of the data files used to disseminate the data to users. 1663 
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4.6.3. Procedures, role and responsibilities 1664 

The process of activating the generation of a new GRUAN data product begins with the Lead 1665 
Centre, in consultation with the WG-ARO, constituting the task team, and selecting a leader for 1666 
that group. 1667 

The Lead Centre selects the centralized GRUAN data processing facility for the ECV of interest. 1668 
Sites within GRUAN are given the opportunity to volunteer for this role. The Lead Centre may 1669 
also approach the site most suitable to act as the processing facility and request their participation 1670 
in GRUAN in this role. 1671 

The task team develops the set of technical documents required to manage the generating of data 1672 
products for this ECV in GRUAN. The development of these technical documents is done in close 1673 
consultation with the central data processing facility, and the documents are reviewed under the 1674 
GRUAN protocols for technical document review. 1675 

Once the technical documents have been finalized they are circulated to those sites within 1676 
GRUAN proposing to provide measurements of that ECV. Of particular importance are the 1677 
documents detailing the standard operating procedures for the instruments providing measure-1678 
ments of the ECV of interest. 1679 

Raw data and their associated metadata then start flowing from GRUAN sites to the central data 1680 
processing facility followed by the generation of the level 2 and 3 GRUAN data products. The 1681 
task team reviews the data products before they are disseminated to GRUAN data users through 1682 
the GRUAN data archives (see Section 8.6). 1683 

The central processing facility also processes historical data that might be available from GRUAN 1684 
sites contributing raw measurements so that the time series of GRUAN data products are extended 1685 
backward in time.  1686 
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5 GRUAN SITES 1687 

5.1 Introduction 1688 

The purpose of this chapter is to define the process by which sites are assessed for GRUAN certi-1689 
fication and the process by which that certification is maintained. Certification is essential to en-1690 
sure that the sites within GRUAN operate at a level that maintains GRUAN’s status as a premier 1691 
upper air climate monitoring network (Seidel et al., 2009). GRUAN is more than a collection of 1692 
measurements made at individual sites. Part of the scientific benefit that will accrue from 1693 
GRUAN results from the homogeneity of the reference quality standard of the measurements 1694 
made at network sites. A shortfall in maintaining that quality standard at one site reduces the us-1695 
ers’ confidence in measurements made across the network as a whole. Sites therefore need to be 1696 
sufficiently consistent and scientifically sound in their operation for the envisioned scientific 1697 
benefits to accrue. The site certification process assures that all sites operate to the same reference 1698 
quality standards to guarantee homogeneity of quality across the network. This chapter provides 1699 
pragmatic criteria for assessing and certifying existing sites and new site offers. These criteria are 1700 
designed to be as transparent as possible and to minimize the overhead involved for all parties in 1701 
the certification process.  1702 

Specifics regarding site assessment and certification include: 1703 

1. Site assessment and certification is the joint responsibility of the Working Group on At-1704 
mospheric Reference Observations (WG-ARO) and the GRUAN Lead Centre. If a 1705 
GRUAN site is operated at the Lead Centre it will be subjected to the same assessment and 1706 
certification process as all other sites in the network. Assessment and certification of sites 1707 
within GRUAN is consistent with the guidance developed with the WMO Commission for 1708 
Instruments and Methods of Observation (CIMO; WMO-No. 8), the WMO Guide to Cli-1709 
matological Practices (WMO-No. 100) and the WMO Commission for Basic Systems 1710 
(CBS; WMO-No. 488). 1711 

2. Sites seeking to become GRUAN sites will first be assessed according to their ability to 1712 
meet the mandatory operating protocols defined in Section 5.3 and then according to the 1713 
added value they bring to the network, as defined in Section 5.4.  1714 

3. Sites will propose specific measurement programmes for inclusion in GRUAN and it is 1715 
these that will be required to conform to the operating protocols defined in Section 5.3 and 1716 
which will form the basis for assessing the added value that the site brings to the network 1717 
as a whole. This will enable sites to operate some, but not necessarily all, of their meas-1718 
urement programmes to GRUAN standards.  1719 

4. Determining whether the operating procedures for proposed measurement programmes 1720 
meet the prescribed operating protocols will be done objectively against the standards out-1721 
lined in Section 5.3.  1722 

5. In assessing the value which a specific site adds to the network, the WG-ARO will base 1723 
decisions on sound scientific research while exercising its discretion in evaluating the pro-1724 
posal against the criteria defined in Section 5.4. 1725 

6. The Lead Centre and WG-ARO will provide written feedback to each site as part of the 1726 
certification process. 1727 

7. To identify potential problems early, sites will be reviewed annually based on their annual 1728 
reports (see below) which must highlight any operational anomalies, and based on reports 1729 
on data flow, site performance etc. from the Lead Centre. More complete site audits will 1730 
be undertaken every 3 to 4 years (see Section 5.6 below for more details). 1731 

If site reassessments identify measurement programmes that consistently fall short of GRUAN 1732 
operating standards, GRUAN certification of that programme will be suspended. If all measure-1733 
ment programmes at a site lose their GRUAN certification and if jointly developed recovery plans 1734 
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for the measurement programmes at the site have repeatedly failed to resolve outstanding prob-1735 
lems, the site will be suspended from the GRUAN network. The WG-ARO and Lead Centre will 1736 
work proactively with sites to remedy these problems wherever possible in a timely and cost-1737 
effective manner. 1738 

5.2 Levels of GRUAN operation 1739 

GRUAN is a heterogeneous network that includes sites from both the research community and the 1740 
operational meteorological community. Sites will vary in levels of maturity and possess varying 1741 
levels of infrastructure and financial support. Some GRUAN stations will only be able to provide 1742 
data to address some of the measurement objectives discussed in this guide while others may be 1743 
able to meet most or all of them. Listed below are the measurement capabilities and frequencies 1744 
that might be achieved by different types of GRUAN stations. Also given are the science objec-1745 
tives that such measurement frequencies would address. Following from the discussion in Section 1746 
7, the details of the timings for these measurements will be based upon the actual scientific goals 1747 
for each site operator and relevant local site information such as local atmospheric variability sta-1748 
tistics, timing of satellite overpasses, balloon drift information, etc. 1749 

While all GRUAN sites will provide routine observations, some will be able to provide data in 1750 
NRT, some will be able to conduct research and development into new measurement techniques, 1751 
and some will be able to do both. Some sites will be able to commit to a sustained multi-decade 1752 
programme of measurements while other sites will have a greater emphasis on research measure-1753 
ments. All GRUAN sites are required to meet the mandatory requirements outlined in this section 1754 
of the guide. 1755 

5.2.1. A fully compliant GRUAN site 1756 

Full achievement of GRUAN objectives will be achieved by fully compliant GRUAN sites which 1757 
shall: 1758 

1) Make at least doubly redundant measurements of all GRUAN priority 1 and 2 ECVs3 and, 1759 
specifically: 1760 

a. Four times daily radiosonde measurements of temperature, pressure and humidity, 1761 
submitted in near-real-time (NRT; within 2 hours) to the WIS sufficient to achieve 1762 
NWP-based QA/QC. Temperature profiles to ~30 km and water vapour in the tro-1763 
posphere. Flights either at 00, 06, 12 and 18 UTC or at 00, 06, 12 and 18 LST (lo-1764 
cal solar time), with a preference for LST4. In the first instance, on days when 1765 
overpasses of relevant satellites will occur, the launch times of the nominal 06 and 1766 
18 UTC flights should be shifted to maximize coincidence with satellite overpass. 1767 
With lower priority, where redundant measurements of temperature, pressure or 1768 
humidity are available at the site, e.g. a lidar temperature profile measurement, the 1769 
launch times of the nominal 06 and 18 UTC flights should be shifted to maximize 1770 
coincidence with the redundant measurements. High quality surface measurements 1771 
of these same variables are also required to provide a traceable link between the 1772 
measurements at the lowest level of each profile. Where feasible, occasional 1773 

                                                
3 Vertical profiles of temperature, pressure, water vapour, wind speed and direction, and ozone. Vertical profiles of 
aerosol attributes including optical depth, total mass concentration, chemical mass concentration, scattering, and ab-
sorption. Methane columns. Surface net radiation, incoming short-wave radiation, outgoing short-wave radiation, 
incoming long-wave radiation, outgoing long-wave radiation, and radiances. Cloud properties including cloud 
amount/frequency, base height, layer heights and thicknesses. 
4 00/12 UTC observations are no longer as important for NWP since 4D data assimilation is now more common. 
Where higher priority considerations require sites to measure at 00/12 UTC rather than 00/12 LST, this will not count 
against the site. 
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soundings at both 00/12 LST and UTC could be used to establish climatologies of 1774 
differences, including uncertainties, which could thereafter be used to relate meas-1775 
urements made at one standard time to measurements made at another; 1776 

b. Weekly ozone profile measurements; 1777 
c. At least monthly observations of the vertical water vapour profile to ~30 km. 1778 

Given that high frequency natural variability in the lower stratosphere is relatively 1779 
small, these profile measurements should be made when most practical and when 1780 
the altitude coverage can be maximized. 1781 

d. Hourly observations of integrated precipitable water vapour. 1782 
2) Periods of high temporal and spatial resolution measurements capable of revealing varia-1783 

tion of key atmospheric variables. 1784 
3) Fulfil all mandatory operating protocols defined in Section 5.3. 1785 
4) Fully compliant GRUAN sites are strongly encouraged, but not required, to measure prior-1786 

ity 3 and 4 ECVs. 1787 
5) Adhere to all operational protocols defined in the series of GRUAN technical documents. 1788 

5.2.2. A partially compliant GRUAN site 1789 

Many GRUAN sites, while meeting the minimum entry level requirements defined in Section 1790 
5.2.3 below, will not be able to be fully compliant as defined above. A partially compliant 1791 
GRUAN site shall: 1792 

1) Make at redundant measurements of all GRUAN priority 1 ECVs and, specifically: 1793 
a. Daily radiosonde measurements of temperature, pressure and humidity extending 1794 

at least into the upper troposphere and with at least 2 satellite coincidences 1795 
b. Weekly ozone profile measurements; and 1796 
c. Minimum of 1 monthly water vapour profile measurements extending into the 1797 

lower stratosphere. 1798 
2) Periods of high temporal and spatial resolution measurements capable of revealing varia-1799 

tion of key atmospheric variables. 1800 
3) Fulfil all mandatory operating protocols defined in Section 5.3. 1801 
4) Adhere to all operational protocols defined in the series of GRUAN technical documents. 1802 

5.2.3. Minimum entry requirements 1803 

As defined in GCOS-121, radiosonde observations at GRUAN sites should consist of (verbatim 1804 
quote): 1805 

1) 1 weekly production radiosonde with the best technology currently available at the site; 1806 
2) 1 monthly radiosonde capable of capturing moisture signal in the UT/LS and all other pri-1807 

ority 1 variables to the best level possible with current technology, launched together with 1808 
weekly radiosonde; 1809 

3) Regular 00 and 12 LST (as a preference over UTC) launches of a production radiosonde 1810 
with best technology currently available; 1811 

4) Dual launches of sondes with highest quality humidity sensing capability in the UT/LS 1812 
(flying the monthly radiosonde together with a second sonde also capable of measuring 1813 
water vapour in the UT/LS)5; and 1814 

5) Periodic intercomparisons of a large range of sonde types. 1815 
Based on GCOS-121, only the first two criteria were deemed an initial requirement. 1816 

                                                
5 Added by WG-ARO after formal workshop close 
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5.3 Mandatory Operating Protocols 1817 

The mandatory requirements for sites reflect GRUAN’s primary goal of providing reference qual-1818 
ity observations of the atmospheric column. Reference quality observations, as defined by Immler 1819 
et al. (2010), are characterised by: 1820 

1. Calibration traceable to an SI unit or to an internationally accepted standard. 1821 
2. A comprehensive uncertainty analysis that includes all known sources of random error, has 1822 

corrected for known systematic biases, and has documented those sources of uncertainty 1823 
which could not be quantitatively accounted for. 1824 

3. Readily accessible documentation of the measurement process and the derivation of the 1825 
measurement uncertainty with a preference for publications in the peer-reviewed literature. 1826 

4. Validation of the measurement and its uncertainty e.g. through intercomparisons with re-1827 
dundant observations. 1828 

5. Availability of complete meta-data which provides sufficient information to fully describe 1829 
the context of the measurement. This necessarily includes the raw data and sufficient de-1830 
tails of the processing chain. 1831 

The emphasis is on how the measurements are made rather than specifically on what measure-1832 
ments are made. These requirements define GRUAN’s unique nature while accommodating the 1833 
diverse capabilities of sites within the network. These protocols also recognize that GRUAN is 1834 
not the sole stakeholder at any of the sites. Therefore, sites shall: 1835 

1. Provide reference quality observations as defined above. In particular every measurement 1836 
must be traceable to fundamental standards and calibrations through well documented 1837 
routes. 1838 

2. Provide uncertainty estimates for each datum or collaborate with other sites, instrument 1839 
developers, GRUAN Task Teams and the GRUAN Lead Centre to provide these estimates 1840 
in a consistent manner for a given instrument across the network. Profile measurements 1841 
require uncertainty estimates for each measurement point on the profile. Documentation 1842 
describing the calibration methods applied to each measurement, and the sources of meas-1843 
urement uncertainty excluded and included in the uncertainty estimate, must be provided. 1844 

3. Provide access to raw data and assure long-term storage of the raw data either at the site, at 1845 
another GRUAN facility, or at another internationally accessible archive in accordance 1846 
with the GRUAN Data Policy document. 1847 

4. Provide complete meta-data for each measurement as defined in the requirements docu-1848 
ments developed by the Lead Centre6. Meta-data need to be sufficient to allow reprocess-1849 
ing of raw data by an independent party and will depend on the measurement system em-1850 
ployed. 1851 

5. Provide traceable ground/instrument checks at the time of each profile measurement, inde-1852 
pendent of the manufacturer, for any instruments which provide vertical profiles extending 1853 
from the surface. 1854 

6. Provide calibration information about the measurement systems (in-situ and remote sens-1855 
ing) on timescales sufficient to diagnose changes in measurement uncertainty arising from 1856 
changes in measurement system calibration. 1857 

7. Provide redundant reference observations of the essential climate variables (ECVs GCOS-1858 
138) selected for measurement at the site at intervals sufficient to validate the derivation of 1859 
the uncertainty on the primary measurement (noting that this validation is generally 1860 
achieved through comparison against other recognized reference observations). 1861 

8. Provide annual reports summarizing GRUAN operations at the site, the extent to which 1862 
standard operating procedures developed for the network as a whole have been adhered to, 1863 

                                                
6 http://www.wmo.int/pages/prog/gcos/index.php?name=Manualsinstruments 
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changes in instrumentation, how those changes were managed, improvements made, pro-1864 
gress towards achieving NRT data submission etc. Present these reports at the annual 1865 
GRUAN meeting. 1866 

9. Conduct measurement programmes with an operational philosophy of continually striving 1867 
to improve measurement accuracy. Actively conduct research through intercomparisons, 1868 
laboratory studies, work with other GRUAN sites and/or cooperation with manufacturers 1869 
to improve measurement accuracy. 1870 

10. Manage change proactively as defined in Section 2.3. 1871 
11. Participate actively in the work of the task team of site representatives. Have a site repre-1872 

sentative on this task team and a reserve contact for GRUAN purposes 1873 
12. Actively communicate with the Lead Centre, WG-ARO, Task Teams and/or other sites, 1874 

(e.g. through attendance of meetings, blog postings etc.). 1875 
13. GRUAN sites operating as NMHS sites are, in addition to this guide, required to adhere to 1876 

all existing WMO regulatory material. 1877 

These mandatory operating protocols do not replace the target measurement requirements (accu-1878 
racy, stability, etc.) defined in GCOS-112 and GCOS-121, which remain the targets for GRUAN. 1879 
The mandatory operating protocols detailed here rather emphasize the importance of how the 1880 
measurements are made, and in particular what is required to guarantee reference quality observa-1881 
tions, rather than what physical measurements are made.  1882 

5.4 Criteria for Assessing Added Value 1883 

Once a site has committed to operating a set of measurement programmes under the protocols de-1884 
fined in Section 5.3, the added value that a site brings to the GRUAN network will be assessed 1885 
according to: 1886 

1. The extent to which a site can fulfil the measurement programmes expected of a fully 1887 
compliant GRUAN site (Section 5.2.1). Achieving each of these measurement pro-1888 
grammes is not mandatory for the inclusion of a site in GRUAN. However, the extent to 1889 
which a site can meet these requirements will determine, in part, the additional value that 1890 
that site brings to the network. While weekly sampling significantly underestimates 1891 
monthly standard deviations in temperature, differences between detectable trends for 1892 
weekly sampling compared to twice-daily sampling may be acceptably small (Seidel and 1893 
Free, 2006). So, for example, a site that makes weekly reference quality radiosonde meas-1894 
urements of temperature, pressure and humidity in a large region of the globe containing 1895 
no other GRUAN stations might be assessed as adding as much value to the network as a 1896 
site making twice-daily reference quality measurements but located very close to another 1897 
site making the same measurements. These high priority measurement programmes will be 1898 
refined as the research which forms their basis progresses. This documentation will be up-1899 
dated to reflect these scientific advances. 1900 

2. The extent to which the site measurement programmes provide measurements in regions, 1901 
or of atmospheric phenomena, which were not previously sampled. In this case, the added 1902 
value will depend on the locations and capabilities of the sites already participating in the 1903 
network. 1904 

3. The extent to which a site brings unique observational and/or analysis capabilities aligned 1905 
with GRUAN scientific objectives to the network as a whole and the likelihood of being 1906 
able to propagate those capabilities across other sites in the network. 1907 

4. The extent to which a site is prepared to forgo locally established operating procedures and 1908 
adhere to the standard operating procedures established by the Lead Centre and adopted by 1909 
the majority of the sites already in the network. Unwillingness or inability to do this would 1910 
count against a site in the assessment of the added value it would bring to the network. 1911 



47 
 

5. The availability of historical measurements that conform to the GRUAN standard. All else 1912 
being equal, a site that extends an existing multi-decadal time series of reference quality 1913 
measurements will be assessed as adding more value to the network than a site that would 1914 
initiate the same measurement programme starting at the present. Detailed documentation 1915 
would be required describing how changes in standard operating procedures, instruments, 1916 
data processing algorithms and operators over the history of the measurement programmes 1917 
have been managed to ensure that the historical measurements are reference quality. 1918 
Where historical reference quality measurements are available, consideration will be given 1919 
by the WG-ARO and Lead Centre to providing these as GRUAN data through the 1920 
GRUAN data archives. 1921 

6. The extent to which a site can commit to a multi-decade programme of measurements. 1922 
While it is recognised that a multi-decade programme of measurements cannot be guaran-1923 
teed, a statement of intent with documented support (e.g. from the host institution or rele-1924 
vant funding agency or the PR of the country) will add to the assessment of the value that 1925 
the site brings to the network. 1926 

7. The extent to which a site can provide redundant observations of the priority 1 variables 1927 
(temperature, pressure, water vapour) or can conduct periodic intercomparisons of a large 1928 
range of instrument types. 1929 

8. The extent to which a site is capable of measuring other ECVs identified in GCOS-112 as 1930 
being desired quantities. 1931 

9. The level of institutional support for the site and commitment to maintaining long-term 1932 
reference quality measurement programmes. If, in addition, a site can demonstrate that it is 1933 
actively pursuing resources to enhance its capability, such as the addition of new meas-1934 
urement programmes, this would also enhance the added value the site would bring to the 1935 
network. It is also desirable that there is full host institution commitment to GRUAN-1936 
related activities and that this commitment is not dependent on a single individual. 1937 

10. The level of institutional support for the site (and any partner institutions) to undertake 1938 
fundamental scientific research of the measurements from the site and other GRUAN sites. 1939 
Because GRUAN includes aspects of both operational and research networks, a strong and 1940 
ongoing science programme is required to ensure that GRUAN fulfils its role as a research 1941 
network. 1942 

11. The degree of historical or planned cooperation with other sites both within and outside the 1943 
GRUAN network including other GRUAN-relevant networks e.g. NDACC, BSRN, GAW 1944 
and GUAN. 1945 

12. GRUAN will require a minimum number of sites that can maintain a sustained measure-1946 
ment programme meet GRUAN’s goals and sites that can commit to a programme of sus-1947 
tained measurements will be assessed as have higher value than sites that cannot. 1948 

Such assessments of added value rely on the expert judgement of the WG-ARO and Lead Centre, 1949 
recognize the heterogeneity of the sites within the network, and facilitate a practical approach to 1950 
expansion of the network following the 2009-2013 implementation phase for GRUAN (GCOS-1951 
134). 1952 

5.5 The Assessment and Certification Process 1953 

A schematic of the site assessment and certification process is provided in Figure 2. Proposals for 1954 
the addition of new sites to GRUAN are likely to happen through two possible routes, viz.: 1955 
• The WG-ARO and/or Lead Centre invites a site to become a GRUAN certified site. 1956 
• An external organization (e.g. a national meteorological or hydrological service) approaches 1957 

the Lead Centre or WG-ARO to propose a site. 1958 
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Once a site has been identified for possible inclusion in GRUAN, through either of the routes 1959 
listed above, the following sequence of events will be used to assess the site for potential GRUAN 1960 
certification: 1961 

1. Provision of the GRUAN manual and this document, guidelines for the operation of spe-1962 
cific instruments in widespread use in GRUAN, as well as documentation describing data 1963 
submission protocols and the procedures that must be followed when data are submitted to 1964 
the internal GRUAN archives, to the candidate site by the Lead Centre. 1965 

2. The response from the candidate site should include: 1966 
a. A list of the measurement programmes at the site proposed for inclusion in GRUAN. 1967 

This need not necessarily include all measurement programmes at the site. If a new 1968 
or existing measurement programme is later proposed for inclusion in GRUAN, a 1969 
similar procedure to that defined here will be used to include that programme in the 1970 

 
Figure 2: Schematic representation of the site assessment and certification process. 
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GRUAN certification for that site. 1971 
b. A complete description of how those measurement programmes will be conducted. 1972 

Such information would include, for example, detailed standard operating proce-1973 
dures for each of the measurement programmes, including a description of data stor-1974 
age policies, and a description of how random errors and systematic biases in the 1975 
measurements will be derived and reported. This information must be sufficient to 1976 
establish the ability of the site to meet the mandatory operating protocols detailed in 1977 
Section 5.3.  1978 

c. For measurement programmes for which a GRUAN data product has not yet been 1979 
well defined, the site must describe their intended strategy for developing the exist-1980 
ing observational product into a GRUAN data product that fulfils the mandatory op-1981 
erating protocols defined in Section 5.3. In such instances, cooperation with other 1982 
sites already in the network is highly desirable to ensure that this expertise is dis-1983 
seminated to similar measurement programmes in operation at other sites. 1984 

d. The management structure of the site and a general description of the manner in 1985 
which the site is operated. This would include a description of current and expected 1986 
future funding levels for ongoing operation of the site. 1987 

e. A description of which data centres the measurements have previously been submit-1988 
ted to and are currently being submitted to. 1989 

f. A description of how past measurements from the site have been processed. This 1990 
will be used to assess whether the time series to date meet the standards for a 1991 
GRUAN reference measurement. Particularly important in this regard will be de-1992 
tailed documentation around how changes in standard operating procedures over the 1993 
history of the measurement programmes have been managed to derive a homogene-1994 
ous time series of measurements. Since the historical database of measurements is an 1995 
important aspect for assessing the added value that a site brings to the network (see 1996 
Section 5.4), it is particularly important that the historical data can meet the stated 1997 
GRUAN requirements for long-term homogeneity. 1998 

g. A list of the scientific experts employed at the site who would likely participate in 1999 
the analyses of the data collected within GRUAN. This may include mention of ex-2000 
perts at partnering scientific organizations. 2001 

h. Any additional information required to assess the site against the requirements listed 2002 
in Sections 5.3 and 5.4. 2003 

3. There is likely to be some iteration between the Lead Centre and the candidate site to con-2004 
firm specific details, fill in information gaps, and finalize the documentation from the can-2005 
didate site. 2006 

4. Based on the documentation received from the candidate site, the Lead Centre will then 2007 
write a short recommendation. This, together with the documentation from the candidate 2008 
site, will then be submitted to the WG-ARO who will evaluate the proposal within 6 cal-2009 
endar months against the requirements listed in Sections 5.3 and 5.4. One or more visits to 2010 
the site by members of the WG and/or Lead Centre within this 6 month period may be re-2011 
quired to obtain specific additional information about the measurement programmes slated 2012 
for inclusion in GRUAN at that site. If accepted, these measurement programmes will then 2013 
be included in the GRUAN certification for the site. 2014 

5. Regardless of the outcome, the WG-ARO and Lead Centre will provide written construc-2015 
tive feedback to the candidate site outlining strengths and weaknesses of their programme 2016 
for GRUAN purposes and suggestions as to future improvements for GRUAN operational 2017 
purposes. This feedback is non-binding but rather intended to provide useful guidance and 2018 
support to site capability development and retention of current capabilities. 2019 
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Sites currently within GRUAN, including the site at the Lead Centre, will be assessed and certi-2020 
fied in a similar manner.  2021 

5.6 Site Auditing 2022 

Certification of GRUAN sites will not be a single event. Periodic (every 3-4 years) complete au-2023 
diting of the measurement programmes included in the GRUAN certification for a site will be 2024 
conducted to ensure that the programmes continue to meet GRUAN standards. Such an audit may 2025 
include:  2026 

1. A review of annual reports from sites on GRUAN activities. 2027 
2. A written report from the site – essentially an update of the original report written to initi-2028 

ate the assessment and certification process. 2029 
3. A site visit by selected members of the WG-ARO and the GRUAN Lead Centre. Such a 2030 

visit would include discussions with the scientists responsible for the measurement pro-2031 
grammes at the site. 2032 

It is important for external perceptions of GRUAN integrity that these audits are conducted by the 2033 
WG-ARO and Lead Centre and not based exclusively on annual station reports. In the eventuality 2034 
of identified site problems the following protocols will be followed: 2035 

1. Should a measurement programme at an existing GRUAN site show significantly reduced 2036 
observational capability over more than a year, as evaluated by the criteria listed above, 2037 
the WG-ARO and Lead Centre will investigate the circumstances at that site, and, if 2038 
needed, exclude that programme from the GRUAN certification for that site. The WG-2039 
ARO and Lead Centre will work proactively with sites to resurrect such programmes pro-2040 
viding technical and in-kind support as practical.  2041 

2. Should the overall contribution of a site be deemed sufficiently diminished to call into 2042 
question its continued presence in the network, the site will be informed immediately in 2043 
writing. The site will be given six months to form a capabilities recovery plan, in consulta-2044 
tion with the Lead Centre and WG-ARO. Should this plan be accepted the site will have 2045 
no more than two calendar years from its acceptance to implement agreed key aspects. In 2046 
the eventuality that this is not achieved, the site will be suspended with an invitation to 2047 
submit anew at such time as problems are remedied. 2048 

An existing GRUAN site may also request the temporary suspension of some or all of the meas-2049 
urement programmes at that site from GRUAN certification. This could occur for example in case 2050 
of unforeseen budget limitations, non-availability of personnel or some other unavoidable circum-2051 
stance affecting the measurement programmes at the site. Such a request must be submitted in 2052 
writing to the WG-ARO and the Lead Centre. At some later time, should the site request recertifi-2053 
cation of those measurement programmes previously suspended, the procedure for certification as 2054 
outlined in Figure 2 will be followed. 2055 

Along with the cooperation and goodwill of participating sites, nations, and individuals, the estab-2056 
lishment of these GRUAN site assessment and certification guidelines provides one of the main 2057 
foundations for ensuring that GRUAN meets its goals as a climate observing network. 2058 
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6 INSTRUMENTATION 2059 

6.1 Instrument selection 2060 

Periodic review of instrumentation likely to be of use within GRUAN shall be undertaken since 2061 
instrument technology is constantly evolving. It must also be recognized that not all sites within 2062 
GRUAN will operate the same instrumentation, e.g. a new site may decide to adopt the most re-2063 
cent technology while a site that has a multi-decade record using an older instrument may decide 2064 
to continue to use that instrument to potentially avoid introducing a discontinuity in the measure-2065 
ment time series. In any event, GRUAN will not prescribe the use of specific instruments in the 2066 
network since the emphasis is not on prescribing an instrument, but rather on prescribing the ca-2067 
pabilities of required an instrument and allowing individual sites to select an instrument that 2068 
achieves those capabilities. That selection is also likely to be influenced by other scientific, pro-2069 
grammatic, and practical constraints on the site. That said, the fewer the number of different types 2070 
of instruments and measurement techniques deployed within GRUAN, the more likely network 2071 
homogeneity will be achieved.  2072 

A number of factors should be considered when selecting instruments for use in the GRUAN net-2073 
work including (Immler et al., 2010): 2074 

• Information content: Are the temporal and spatial resolution, dynamic range, and other char-2075 
acteristics of the measurements made by the instrument consistent with GRUAN require-2076 
ments? 2077 

• Instrument heritage: How long has an instrument been in use by the community and for what 2078 
purpose? In what other networks is the instrument deployed? How substantial is the body of 2079 
literature documenting its performance and measurement uncertainty? How widely distrib-2080 
uted is the knowledge base that facilitates the instrument’s successful operation? 2081 

• Sustainability: Are the costs for operating the instrument and the demands on personnel for 2082 
operating the instrument consistent with the resources available at GRUAN sites? Is the 2083 
commercial demand sufficient, and the technology available, to support the production and 2084 
use of the instrument for sufficiently long for the expected multi-decade deployment within 2085 
GRUAN?  2086 

• Robustness of uncertainty: Is the underlying accuracy claim for the instrument and its resul-2087 
tant data sufficiently robust i.e. is it likely to be able to meet the accuracy, precision and sta-2088 
bility standards (see Section 4.1) required by GRUAN? 2089 

• Manufacturer support: Is the manufacturer committed to a process of improving the perform-2090 
ance of the instrument? Is the manufacturer prepared to actively participate in instrument in-2091 
tercomparisons? Is the manufacturer willing to disclose the necessary information required to 2092 
form a fully traceable chain of sources of measurement uncertainty given that in some cases 2093 
this information may have to be kept from public display by GRUAN lay so as not to under-2094 
mine the competitive advantage of the manufacturer? For a consistent uncertainty analysis it 2095 
is imperative that the algorithms used for corrections within the data processing software are 2096 
made available by the instrument manufacturers to those conducting the uncertainty analysis. 2097 
This may be a small group of people who have signed a non-disclosure agreement with the 2098 
manufacturer to protect their intellectual property. The fundamental requirement is that the 2099 
information required to reprocess the data at any time in the future must be made available 2100 
(though not necessarily publically available). 2101 

• Site location: Instrumentation may have to differ by climate region. For example, high-2102 
latitude sites exhibit extremely low water vapour contents in winter compared to equatorial 2103 
sites. Therefore, instruments such as water vapour radiometers operating at 23.8 and 31.4 2104 
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GHz, which have limited sensitivity for integrated water vapour amounts below 5 mm, would 2105 
need to be augmented with more sensitive microwave radiometers operating near 183 GHz. 2106 

6.2 Measurement redundancy 2107 

Having different instruments at GRUAN sites measuring the same atmospheric parameters will be 2108 
invaluable for identifying, understanding and reducing systematic errors in measurements. One of 2109 
the goals of GATNDOR is to quantifying the value of redundant measurements and assess opti-2110 
mal combinations of measurements. If successive reductions in measurement uncertainty with the 2111 
addition of each coincident measurement from a different instrument can be quantified in a scien-2112 
tifically robust way, this provides a powerful justification for measurement redundancy at 2113 
GRUAN sites. It should also be noted however that not all instances of measurement redundancy 2114 
are equal. Some combinations of instruments may be more useful than others both in terms of re-2115 
ducing measurement uncertainty but also for generating a more complete or valuable representa-2116 
tion of the vertical resolved time evolution of the ECV of interest. 2117 

A case study underway within GATNDOR is using vertical profile measurements of temperature 2118 
and water vapour at the GRUAN sites at ARM, Beltsville, Potenza and Payerne to quantify the 2119 
error reduction resulting from increasing redundancy of measurements. This requires an assess-2120 
ment of the uncertainty of the temperature and water vapour vertical profiles retrieved using each 2121 
of the considered techniques and then the investigation of possible sensors’ synergies to reduce 2122 
the uncertainty. The investigation will be carried out focusing on the most common instruments at 2123 
the considered GRUAN sites: for temperature, radiosonde soundings and microwave profilers; for 2124 
water vapour, radiosonde soundings, Raman lidars, microwave profilers, and GPS receivers. The 2125 
quantification of the value added by complementary observations should be assessed with respect 2126 
to: 2127 

• Sensor calibration/inter-calibration (here the ARM Value Added Products could be consid-2128 
ered as a model) 2129 

• Identification of possible biases 2130 

• Representativeness of measurements i.e. which horizontal and vertical region of the atmos-2131 
phere does the measurement represent. 2132 

• Quality control/assurance with a focus on instrument performance in different meteorological 2133 
conditions. 2134 

The final goal of the investigation is to provide recommendations for an optimal observation strat-2135 
egy, increasing accuracy of measured parameters and reducing uncertainties through redundancy. 2136 
Moreover, recommendations for the equipment to operate/acquire at the GRUAN sites will be 2137 
also provided. 2138 

As for much of the other research underway to support the operational framework for GRUAN, 2139 
this is work in progress and the true value of having multiple measurements of the same climate 2140 
variables at GRUAN stations will become clear in time. 2141 

One important factor for GRUAN is that redundant measurements of the same (or related) vari-2142 
ables should be reported in a consistent way. The cross-checking of redundant measurements for 2143 
consistency should be an essential part of the GRUAN quality assurance procedures. Since all 2144 
data are to be reported with uncertainties, a consistency check is, in principle, a straight for-2145 
ward task.  2146 
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6.3 Surface measurements 2147 

While GRUAN is, by definition, an upper-air network, surface measurements at sites should also 2148 
be made in such a way that: 2149 
• They are made according to WMO guidelines (WMO-no. 8), including traceability to SI 2150 

standards. The CIMO classification for stations should be applied. 2151 

• The surface measurements provide ground-truthing for vertical profile measurements. For 2152 
example, comparisons between ozonesonde measurements of ozone at the surface against a 2153 
high precision standard provides essential information for quantifying uncertainties in the 2154 
ozonesonde measurement. 2155 

• The measurements can, where relevant, constrain retrievals applied to remotely sensed profile 2156 
data. Some remote sensing instruments that derive vertical profile data from e.g. optimal es-2157 
timation techniques (Rodgers, 2000), are better constrained when a high precision surface 2158 
measurement is included as input to the forward model used in the retrieval. In some cases 2159 
remote sensing of column amounts of a trace gas can benefit from having collocated surface 2160 
measurements of that trace gas e.g. as is done in TCCON. 2161 

While there are no formal requirements for GRUAN stations to include surface measurements, 2162 
the guideline is that where such measurements would significantly add to the quality or utility of 2163 
the GRUAN measurements, these surface measurements should be made. 2164 

6.4 Upper-air measurements 2165 

6.4.1. In-situ instruments 2166 

A discussed in Section 4.3.1, radiosondes will remain the primary workhorse within GUAN for 2167 
the measurement of vertical profiles of temperature, pressure and humidity. The fact that these 2168 
instruments are not recovered has important implications for GRUAN operations, viz.: 2169 

• The temperature sensors are not usually the limiting expense in the cost of a modern opera-2170 
tional radiosonde and good sensors can be obtained relatively cheaply. High quality humidity 2171 
sensors, on the other hand, may incur additional cost. The exposure/mounting of the sensors 2172 
on the radiosonde is a limiting factor on the performance of many radiosondes, so there is still 2173 
scope for improvement with the current systems without investment in very expensive re-2174 
placement technology. 2175 

• Maintaining long-term stability in a radiosonde measurement time series is challenging when 2176 
the instrument being used to make the measurement is discarded after each measurement. 2177 
Each instrument must be individually calibrated and tied to common calibration standards to 2178 
ensure long-term stability. It must also be able to retain its performance throughout an ascent, 2179 
and currently this is probably one of the limitations of the best operational radiosondes where 2180 
do the systematic bias does not appear stable to 0.1 K during an ascent (WMO 2011). The 2181 
better manufacturers have managed to eliminate most faults that occur required by production 2182 
engineering, but any given radiosonde type has shown small fluctuations in performance with 2183 
time, when checked on the ground, although these variations in performance during flight 2184 
may have been minimised by the ground check procedures used. 2185 

6.4.2. Remote sensing instruments 2186 

Most remote sensing instruments currently available for the measurement of priority 1 and 2 2187 
ECVs in the troposphere and lower stratosphere can be considered to be ‘research grade’ instru-2188 
ments. Remote sensing instrument types shall be selected for use in GRUAN based on either one, 2189 
or both, of the following criteria: 2190 
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1) They are recognized to be providing quality measurements of priority 1 or 2 ECV in the tropo-2191 
sphere and/or lower stratosphere to the extent that these measurements may be considered refer-2192 
ence measurements. 2193 

2) They are recognized to be providing valuable complementary contributions to the priority 1 or 2194 
2 ECV GRUAN in-situ measurements (including measurement redundancy). 2195 

The ground-based remote sensing techniques currently identified as meeting one or both the 2196 
above criteria are: lidars, microwave radiometers and spectrometers (MWR), and Fourier-2197 
Transform spectrometers (FTS). All three techniques have shown significant, complementary con-2198 
tributions to in-situ measurements as they all can provide continuous (and/or integrated) meas-2199 
urements over extended periods of time. Balloon-borne in-situ measurements are usually regarded 2200 
as instantaneous at one given altitude and time, while the lidar, MWR and FTS instruments can 2201 
provide several, uninterrupted hours of measurement at one given location. They therefore repre-2202 
sent useful complements to balloon-borne in situ measurements since they can bridge sampling 2203 
intervals between consecutive balloon launches. They are ideal instruments for process studies of 2204 
timescales ranging from minutes to hours, i.e., timescales that cannot be resolved by individual 2205 
balloon-borne in-situ measurements. Furthermore, same instrument can be operated for a long pe-2206 
riods up to several decades to produce long-term homogeneous time series. Hence, ground-based 2207 
remote sensing instruments provide useful information for the homogenization of time series 2208 
measured by other techniques by different sensor versions, e.g. different and improved in-situ 2209 
humidity sensors for radiosondes or consecutive satellite missions. 2210 

Due to the large variety of techniques and species involved, it is not possible to enumerate all pos-2211 
sible combinations of in-situ and remote sensing instruments that would be suitable for GRUAN. 2212 
Generally speaking, the lidars provide high vertical resolution profiles (a few tens of metres) 2213 
while MWR and FTS provide lower vertical resolution profiles (typically 3 to 6 km), but lidars 2214 
usually require more maintenance and operational overhead than MWR and FTIR. The strengths 2215 
and weaknesses of each technique are described in their respective individual Best Measurement 2216 
Practices and Guidelines technical documents. An overview of the characteristics of these tech-2217 
niques is provided below. 2218 

Lidars: Rayleigh lidars currently provide night-time measurements of ozone (Differential absorp-2219 
tion lidars or DIAL) and temperature in the stratosphere and night-time and daytime measure-2220 
ments of ozone (DIAL) in the troposphere. Vibrational-rotational Raman lidars and DIALs pro-2221 
vide night-time and daytime measurements of water vapour in the troposphere and occasionally 2222 
the lower stratosphere, and pure-rotational Raman lidars provide temperature measurements in the 2223 
troposphere and lower stratosphere. In all cases, daytime lidar signals will contain significantly 2224 
more noise than night-time lidar signals due to the background solar radiation, and their vertical 2225 
range during daytime will therefore be much reduced (e.g., 3-4 km instead of 10-12 km for water 2226 
vapour). Lidars can provide best quality measurements in clear-sky conditions. Measurements are 2227 
still possible in the presence of thin clouds, but are precluded above any moderately-thick cloud 2228 
layer. With instrumental sampling of the order of a few meters, lidars can resolve very fine verti-2229 
cal structures as for in-situ measurements. At short integration times (i.e., a few minutes at most) 2230 
they provide a purely Eulerian view of the atmosphere not available with any other in-situ or re-2231 
mote sensing techniques. Raman lidar measurements need to be calibrated, which for all cases ex-2232 
cept the so-called “first-principle” calibration, is performed on level 2 data. If the instrumentation 2233 
is not interfered with, re-calibration may only be needed on a monthly or possibly yearly basis. If 2234 
the instrumentation has been interfered with, re-calibration will be likely needed just after the 2235 
modifications. Details on the lidar technique can be found in the GRUAN lidar Guidelines techni-2236 
cal document.  2237 

 Microwave radiometers 2238 
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Microwave radiometers are passive instruments measuring the down-welling natural emission 2239 
from the Earth’s atmosphere. The microwave receivers are calibrated to measure atmospheric ra-2240 
diance (often converted to brightness temperature) from which estimates of some atmospheric 2241 
thermodynamic properties are retrieved. 2242 

The atmospheric parameters that can be retrieved depend upon the channel specifications of the 2243 
operating unit. Channels in the 22-35 GHz band provide observations for retrieving information 2244 
on vapour and cloud liquid water. Two channels (usually 23.8 and 30-31 GHz) are enough to re-2245 
trieve the column integrated water vapour (IWV) and integrated liquid water (ILW) simultane-2246 
ously. More channels provide information on the vertical distribution of water vapour content, 2247 
though at low resolution (~2-3 pieces of information in the troposphere) due to heavy information 2248 
redundancy. 2249 

Channels in the 50-60 GHz band provide observations for retrieving information on atmospheric 2250 
temperature profiles in the troposphere. Temperature profiles can be estimated either by single-2251 
channel observations at several elevation angles or by multi-channel observations at one or more 2252 
elevation angles. Most of the information on the vertical temperature structure is in the lower 1-2 2253 
km. Elevation scanning is useful for increasing the vertical resolution of temperature profiles in 2254 
the planetary boundary layer.  2255 

The most common retrieval types are: statistical regression, where brightness temperatures are 2256 
correlated with the parameter under study (IWV, ILW, water vapour or temperature profile), the 2257 
neural network based on a set of radiosonde measurements and corresponding calculated bright-2258 
ness temperatures, and optimal estimation where a cost function is minimized. In each case a pri-2259 
ori knowledge is required. The retrievals are reported together with the a priori information as 2260 
well as the averaging kernel functions which characterize the vertical resolution and the sensitiv-2261 
ity of the retrieval. 2262 

Finally, units with channels in both the 22-30 and the 50-60 GHz bands are often called micro-2263 
wave radiometer (humidity and temperature) profilers. Units operating in the 20-60 GHz range 2264 
can perform under all-weather conditions, though the quality of retrieved atmospheric parameters 2265 
degrades under conditions of precipitation. 2266 

Microwave spectro-radiometers  2267 

Microwave spectro-radiometers are microwave radiometers equipped with a spectrometer that is 2268 
capable of spectrally resolving the pressure broadened emission line of water vapour (e.g. 22.2 2269 
GHz, 183.3 GHz). Most instruments are equipped with digital FFT-spectrometers that have a total 2270 
bandwidth of up to 1 GHz and spectral resolutions as good as 10 kHz. Being a passive technique, 2271 
observations can be performed day and night except under conditions of precipitation. By combin-2272 
ing information from the measurement and a-priori information, it is possible to us an optimal es-2273 
timation technique to retrieve water vapour profiles from ~25km up to the mesopause. The upper 2274 
limit is given by the altitude where Doppler broadening begins to dominate pressure broadening 2275 
whereas the lower limit results from instrumental artefacts and restrictions given by tropospheric 2276 
humidity. Altitude resolution of this technique is of the order of 5 - 10 km. Essential for a proper 2277 
interpretation of humidity profiles by microwave spectro-radiometers are the averaging kernels 2278 
that should be provided for all instruments used within GRUAN. 2279 

 Fourier-Transform spectrometers: 2280 

Ground-based Fourier-Transform Infrared (FTIR) spectrometers record infrared solar absorption 2281 
spectra at a high spectral resolution (up to 0.002 cm-1). The observational line of sight (LOS) 2282 
through the atmosphere follows the path of the sun. Observations are limited to clear-sky condi-2283 
tions. The technique can simultaneously measure many different trace gases since it can produce 2284 
broadband spectra in the mid to near infrared region where many atmospheric species are ener-2285 
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getically active. The retrievals apply the differential absorption principle, i.e. there is no need for 2286 
an absolute calibration of the measured radiances. Furthermore, the spectra are measured at high 2287 
signal-to-noise ratio (up to 2000). As a consequence, total column amounts can be detected with a 2288 
very high precision. For water vapour the precision is better than 1-2% (this is a result from theo-2289 
retical as well as empirical error assessment studies).  2290 

For profile retrievals, an accurate knowledge of the instrumental line shape (ILS) is required. The 2291 
ILS is estimated every few months by measuring the transmittance spectrum of a standard low 2292 
pressure cell. The profile retrievals are accompanied by an averaging kernel documenting the ver-2293 
tical resolution and sensitivity of the system. Typically, 3-4 independent atmospheric layers can 2294 
be resolved. The vertical resolution of the profiles depends on the total water vapour column. It is 2295 
slightly higher for lower water vapour columns. Typically it is 3 km close to observation site, 6 2296 
km in the middle troposphere, and 10 km in the upper troposphere. Initial theoretical and empiri-2297 
cal error assessment studies indicate that the precision of the profiles is better than 20%. The spec-2298 
troscopic line parameters (HITRAN) applied in the forward model are the dominant systematic 2299 
error sources. 2300 

Retrieval of other gases of interest are performed with similar techniques (e.g. CO2, CH4, N2O, O3 2301 
and other trace species). Characteristics of the retrieved data (uncertainties, vertical resolution) are 2302 
dependent on each species unique infrared spectrum. 2303 

6.5 Instrument co-location 2304 

Some of the current GRUAN sites, and many potential sites, consist of instrument clusters spread 2305 
over some region rather than single compact sites. Some of them are in geographical locations that 2306 
have complex orography and/or heterogeneous surface characteristics. There remain open ques-2307 
tions about how physically far apart measurements can be made and still represent a GRUAN site 2308 
measurement of a single column. Co-location requirements for different variables and instruments 2309 
are developed by GATNDOR, based on sounds scientific analyses, and them form the basis for 2310 
deciding, as part of the site assessment and certification process (Section 5.5) whether instrument 2311 
clusters meet the co-location requirements for GRUAN. 2312 

6.6 Calibration, validation and maintenance 2313 

6.6.1. Instrument calibration 2314 

Establishing reliable calibration procedures for the instruments being used within GRUAN, and 2315 
applying these uniformly across the network, is an absolute prerequisite for achieving the 2316 
GRUAN goals. In addition to establishing calibration procedures at individual sites that minimize 2317 
the uncertainty introduced into the measurement chain (see Section 2.3) and avoid introducing 2318 
discontinuities into the time series, it is equally important that calibration procedures do not com-2319 
promise the goal of achieving homogeneity across the GRUAN network as a whole so that a 2320 
measurement of a given parameter at one site is directly comparable to a measurement of the same 2321 
variable at a different site. A guiding principal that will achieve this goal is that when two identi-2322 
cal instruments are deployed at two different sites, they shall also use the same calibration proce-2323 
dures, preferably tied to the same absolute standards, and should also employ identical data proc-2324 
essing algorithms. While achieving a common data processing for each instrument will be facili-2325 
tated through processing the raw data at a single central data processing facility (see Section 8.1), 2326 
the same approach cannot be used for calibration procedures. To this end achieving inter-site ho-2327 
mogeneity would be improved for some measurement systems by developing travelling calibra-2328 
tion standards, where possible, which can be taken to different GRUAN stations to be used in on-2329 
site calibration or inter-comparisons, as advised by the relevant task team. This is one option, but 2330 
task teams should explore the best method. A current example of this would be Dobson Spectro-2331 
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photometer #83 which is used in the NDACC and WMO/GAW networks to achieve homogeneity 2332 
across the global Dobson network (see Sections 1.5.3 and 1.5.5). 2333 

Traceability to recognized measurement standards (e.g. SI standards) that can be reproduced glob-2334 
ally and over long periods of time will be the key component enabling GRUAN to provide refer-2335 
ence measurements useful for long-term climate observations. Traceability is a property of a 2336 
measurement that is manifest by an unbroken chain of measurements back to a recognized stan-2337 
dard, with fully documented uncertainty at each step. This then allows a robust calculation of the 2338 
propagation of uncertainties from the fundamental standard to the final measurement. If common 2339 
fundamental standards are available across the GRUAN network this will support the goal of 2340 
achieving coherence across the network.  2341 

GRUAN stations shall maintain a “GRUAN site working standard” for each basis unit, e.g. a 2342 
thermometer periodically calibrated to a National Metrology Institute or other accredited agency 2343 
standard since this ensures traceability to an SI standard. A mechanism shall be implemented to 2344 
address the compatibility of those systems with the rest of the network that may not be traceable 2345 
to SI standards. 2346 

Use of traceable calibration standards will also aid operators to detect and quantify systematic er-2347 
rors in GRUAN measurements (see Section 3.2). Where the final data product of a reference ob-2348 
servation depends on ancillary measurements, these measurements must again be traceable to 2349 
standards. Traceability will also permit the network to incorporate new scientific insights and new 2350 
technological developments, while maintaining the integrity of the long-term climate record. To 2351 
achieve traceability, meta-data on all aspects relating to a measurement and its associated uncer-2352 
tainty shall be collected. Each station shall maintain accurate meta-data records and provide these 2353 
to the GRUAN archives. Copies of calibration certificates shall be submitted to the GRUAN 2354 
meta-database. 2355 

The schedule of field recalibration and validation procedures should be drawn initially from ex-2356 
perience with a given sensor type, then refined according to the results of laboratory tests and in-2357 
tercomparisons. The date and nature of field recalibrations should be included in meta-data, so 2358 
that if future experiments reveal shortcomings in schedules or methods that were in use, uncer-2359 
tainty estimates can be adjusted after the fact to reflect those newly-discovered issues. 2360 

6.6.2. Instrument validation 2361 

Validation of the instruments used within GRUAN should include well documented and traceable 2362 
calibration procedures, participation in regular intercomparisons with similar instruments used at 2363 
other sites and/or intercomparisons with a travelling standard, and operational comparison of un-2364 
certainty estimates on the resultant measurements with those from other instruments (see Section 2365 
3.1.3). Most sites will likely not have identical instrumentation, with the result that instrument 2366 
validation will likely be site specific. A standard recommendation for the use of redundant in-2367 
strumentation and remote sensing instrumentation should be developed by the Lead Centre (in 2368 
consultation with GATNDOR and task teams) to aid site specific, regularly scheduled, instrument 2369 
validation. The purpose is to make sharing and communication of best practices across sites seam-2370 
less and continuous. 2371 

6.6.3. Instrument and site maintenance 2372 

GRUAN sites are equipped with sophisticated, state-of-the-art instrumentation and should comply 2373 
with strict requirements of station maintenance, exposure of instruments and calibration perform-2374 
ance to avoid degradation of the quality of the measurements. To ensure that the goal of long-term 2375 
high quality climate records is reached, site scientists who are leading experts for the instruments 2376 
used at the respective GRUAN sites shall take responsibility for individual instruments operated 2377 
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at the GRUAN site. However, because all maintenance of an instrument can also introduce dis-2378 
continuities in measurement series, maintenance shall not be conducted more frequently than is 2379 
necessary. Maintenance schedules must be developed for all instruments. All maintenance actions 2380 
on instruments shall be documented as part of the meta-data associated with the measurements 2381 
made by that instrument. 2382 

Maintenance of supporting infrastructure at GRUAN sites is also essential, particularly in regards 2383 
to maintaining those aspects of the environment that may affect measurements, such as the paint-2384 
ing of Stevenson screens, controlling the growth of trees which may impinge upon the field of 2385 
view of optical instruments, and maintaining environmentally controlled facilities for those in-2386 
struments that require it.   2387 
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7 MEASUREMENT SCHEDULING 2388 

7.1 Responsibilities 2389 

The WG-ARO shall work with the appropriate task team (in the first instance the Measurement 2390 
schedules and associated instrument-type requirements task team, hereafter referred to as ‘the 2391 
task team’) to define measurement schedules that allow the resultant data products to capture all 2392 
important scales of temporal variability, both for trend analysis and for process understanding. 2393 
These schedules should be conservative in the early stages of GRUAN, to allow the appropriate 2394 
task teams to refine their studies, since currently there is a range of opinions on what is necessary. 2395 

When GRUAN operations have been implemented, the core measurement schedules and associ-2396 
ated instrument-type requirements shall be agreed by the Lead Centre with individual sites, sub-2397 
ject to the agreement of WG-ARO. Subsequent changes to the GRUAN operations at a site must 2398 
be notified to the Lead Centre and then implemented, as far as possible, by negotiation between 2399 
the Lead Centre and the GRUAN sites. 2400 

Measurement scheduling shall remain stable unless there is a clear requirement for change, which 2401 
would then have to be agreed with the relevant GRUAN sites. Amendments to the GRUAN 2402 
measurement scheduling protocol shall be submitted by the task team to the WG-ARO before be-2403 
ing distributed to GRUAN sites for implementation. Measurements programmes at GRUAN sites 2404 
are likely to be constrained by more than just the requirements of GRUAN. In recognition of the 2405 
heterogeneity of the network, the scheduling protocols defined in this document may not apply at 2406 
every GRUAN site, but any deviation from the measurement schedule must be agreed by the 2407 
GRUAN Lead centre and then accepted by WG-ARO. Individual GRUAN sites will agree which 2408 
measurements and measurement schedule they can sustain as part of the certification and assess-2409 
ment process (Section 5.5).  2410 

For designing measurement schedules for process understanding, it will be necessary for the task 2411 
team to work closely with individual sites since scheduling in support of process understanding is 2412 
more likely to be site specific. For example, some sites are more likely to experience specific syn-2413 
optic conditions related to the understanding of associated processes compared to other sites. The 2414 
primary responsibility of the task team is to determine what understanding of mesoscale processes 2415 
is required for climate purposes but the primary responsibility for ensuring that measurement 2416 
schedules lead to such understanding lies with the sites. 2417 

Given that task teams have a finite operating life, should the task team no longer be in existence, 2418 
this responsibility will fall to selected members of the WG-ARO who may co-opt participants 2419 
from the wider GRUAN community to assist with revising measurement scheduling protocols. 2420 

7.2 Guiding principles 2421 

Where available, scientific and statistical studies shall inform the process of establishing meas-2422 
urement schedules. These shall be published in the peer reviewed literature wherever possible. 2423 
However, a sound scientific basis for the measurement schedules discussed in this document is 2424 
not always available and until they become available, the measurement schedules must be consid-2425 
ered to be preliminary. 2426 

Some evolution of measurement schedules can be expected in the longer term when performance 2427 
requirements from the network for climate studies become clearer, but changes must be limited in 2428 
time and agreed by the WG-ARO, and the GRUAN sites. 2429 

In cases where oversampling would allow averaging of measurements to reduce the net random 2430 
error, and where this is technically feasible, measurement schedules should be set accordingly. 2431 
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The highest priority is that measurement schedules are established to meet the needs of the four 2432 
primary communities of users of GRUAN data products, viz.: the climate detection and attribution 2433 
community, the satellite community, the atmospheric process studies community, and the numeri-2434 
cal weather prediction (NWP) community. Where perturbations to schedules would increase the 2435 
utility of the measurements without compromising the primary goals of GRUAN, measurement 2436 
schedules should be adapted to meet the needs of other end-users e.g. the timing of a daily meas-2437 
urement may be shifted to coincide with a satellite overpass and in this way provide valuable high 2438 
quality data for satellite validation.  2439 

Where possible, measurements schedules for redundant systems should be synchronized so as to 2440 
avoid sampling biases when combining the measurements into a single data product. 2441 

Required measurement schedules may vary regionally and seasonally. In places and seasons 2442 
where the parameter being measured is more variable, measurements should be made more fre-2443 
quently so that the effects of that variability can be accounted for. 2444 

Where, for example, regression models might be used to statistically attribute observed changes in 2445 
some climate variable to a number of different drivers of those changes, measurement schedules 2446 
will have been set in such a way that the attribution can be conducted in a statistically robust 2447 
manner. For example, if the effect of some forcing varies diurnally, and that diurnal effect is to be 2448 
captured, the sampling regime must sample the full diurnal cycle. 2449 

A first step is to ensure that the sampling does not introduce biases into derived monthly means, 2450 
followed by a second step which determines how those monthly mean uncertainties affect the sta-2451 
tistical robustness of trends derived from those monthly means. For example, over Antarctica 2452 
ozone changes rapidly during the month of October. At high latitudes sites ground-based meas-2453 
urements making use of the Sun as a light source are often concentrated towards the latter half of 2454 
the month since the solar elevation is to small early in the month. Monthly means calculated from 2455 
such sampling would be biased. Similar caveats apply for sampling of constituents which show 2456 
strong diurnal variations (Wang and Zhang, 2008). 2457 

Meteorological reanalyses and/or models, such as atmosphere-ocean general circulation models or 2458 
coupled chemistry-climate models, will have a useful role to play in guiding measurement sched-2459 
uling. They can be used to provide initial estimates of the autocorrelation, the magnitude of vari-2460 
ability, and the trend in climate variables and the composition of the atmosphere as a function of 2461 
location and season. Simulating the effects of a measurement schedule by sampling reanalyses or 2462 
model output on the same schedule as the measurements can provide an indication of how the 2463 
proposed measurement schedule is likely to affect the determination of variability on a range of 2464 
timescales as well as long-term trends. Where data for a specific atmospheric variable is not avail-2465 
able, analysis of temperatures can often serve as a valid proxy for other climate variables since 2466 
temperature responds to climate variability in a similar way to many other climate variables. It 2467 
must be recognized, however, that both models and reanalyses may not provide a completely ac-2468 
curate representation of atmospheric means and variability. As this work develops it is possible 2469 
that the initial GRUAN network measurement protocols may change.  2470 

For some measurements, scheduling with respect to UTC or LST may be important and may re-2471 
sult in conflicting requirements regarding different intended uses of the measurements. For exam-2472 
ple, scientifically it may be advantageous to have all GRUAN sites making measurements at the 2473 
same LST (especially for variables that show strong diurnal variations or for instruments that have 2474 
diurnally dependent biases that we wish to minimize), while for ensuring coincidence with GUAN 2475 
stations having all measurements made at the same UTC might be more appropriate. 2476 

Current assimilation schemes used in NWP and reanalysis centres, e.g. 4D-var assimilation, are 2477 
more able to make use of measurements made at different times of day than earlier assimilation 2478 
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schemes. Therefore, consistent timing of measurements is not an issue for assimilation into NWP 2479 
or for reanalysis. If, however, the variable being measured shows a strong diurnal cycle, or if the 2480 
instrument being used to make a measurement has diurnally varying biases, changing measure-2481 
ment times would introduce additional variability which would need to be accounted for in any 2482 
analysis in order to avoid sampling bias. 2483 

A discussion of frequency of measurements cannot occur outside of a context of a particular an-2484 
ticipated scientific study. The characteristics of a measurement that are deemed sufficient for a 2485 
particular science study will change depending on what analysis is intended to be done. Thus, in 2486 
order to specify the required frequency of measurement and its accuracy, precision, temporal and 2487 
spatial resolution, one must also specify what analysis will be done with the measurements. 2488 

7.3 Factors affecting measurement scheduling for trend detection 2489 

For trend detection the following factors should guide the development of measurement schedules 2490 
(Weatherhead et al., 1998): 2491 

7.3.1. The magnitude of the variability 2492 

In most cases this will vary as a function of season. Where measurements through a month are 2493 
sparse, and where monthly means of those measurements will be used in trend analysis, the day-2494 
to-day variability within the month will determine the representativeness of the sparse measure-2495 
ments in quantifying the true monthly mean. The variability in the monthly means themselves, or, 2496 
more precisely, the variability in the monthly residuals after a regression model fit, will also de-2497 
termine the statistical robustness of derived trends. 2498 

7.3.2. Autocorrelation 2499 

This is a measure of the ‘momentum’ or ‘latency’ in the system. When autocorrelation is high, 2500 
measurements in consecutive time periods are highly correlated. When autocorrelation is low, the 2501 
signal is very noisy and consecutive measurements are largely independent of each other. Auto-2502 
correlation is also likely to vary through the year. If monthly means of measurements are being 2503 
used in trend detection, the auto-correlation between those monthly means constitutes an impor-2504 
tant source of uncertainty in the trend estimate (Tiao et al., 1990) – when autocorrelation is high, 2505 
the uncertainty on the estimated trend increases. One advantage of using monthly means for the 2506 
calculation of long-term trends is that the uniform temporal sampling simplifies the calculation of 2507 
the autocorrelation in the signal. However, individual measurements may also be used in trend 2508 
detection and methods are available for determining the autocorrelation in such potentially un-2509 
equally spaced measurement time series (Bodeker et al., 1998). A clear distinction must be made 2510 
between: 2511 

i) Day-to-day autocorrelation which determines, in part, the likelihood of over-sampling,  2512 

ii)  Day-to-day variability which determines the robustness of the monthly mean when it is 2513 
calculated from sparse, isolated measurements through the month, 2514 

iii)  Autocorrelation in the monthly means which determines, in part, the uncertainty on calcu-2515 
lated trends, 2516 

iv) Variability in the monthly means which also contributes to the uncertainty on calculated 2517 
trends. 2518 

All four of the above are likely to vary spatially and seasonally with the result that optimal meas-2519 
urement schedules are likely to vary between sites and with season. On initiation of a measure-2520 
ment programme, and where the autocorrelation is not known a priori, measurements should be 2521 
made at the highest possible frequency so that a robust seasonal pattern of the autocorrelation can 2522 
be established. Thereafter, measurement frequency can be relaxed during periods of expected high 2523 
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autocorrelation since momentum in the system being sampled will result in nearby measurements 2524 
not being independent. 2525 

7.3.3. The random error on the measurement 2526 

When measurements with small random error can be made, measurement frequencies can poten-2527 
tially be reduced, depending on the extent to which random error is a factor in trend detection or 2528 
in analyses of specific atmospheric phenomena. When random errors are large, high frequency 2529 
sampling is required to reduce their effects of the random errors on the measurements. Random 2530 
errors and systematic biases can also vary with season as a result of confounding factors (such as 2531 
surface albedo, humidity and temperature) which vary through the year. The derivation of meas-2532 
urement uncertainties within GRUAN, and how these might vary with season, must therefore play 2533 
a role in determining measurement scheduling.  2534 

7.3.4. The size of the expected trend to be resolved 2535 

For large trends, the signal to noise ratio will be high and measurement frequencies can be re-2536 
duced (all else being equal).  2537 

7.3.5. The seasonality in the trend 2538 

The magnitude of the trend is likely to be a function of season. Measurement schedules must 2539 
therefore be set so that statistically robust monthly means, with well characterized uncertainties, 2540 
can be derived for each month of the year. 2541 

7.3.6. Discussion 2542 

Where the random error on the measurement is a significantly smaller contributor to the uncer-2543 
tainty in the trend estimate than autocorrelation and natural variability, for most mid-latitude loca-2544 
tions and for most climate variables, the autocorrelation in the system results in diminishing re-2545 
turns for measurements made at a frequency of higher than every 3 days. On the other hand, for 2546 
most climate variables measured at mid-latitudes, sampling less frequently than every 10 days 2547 
significantly increases the uncertainty on derived monthly means.  2548 

The interplay between the four factors discussed above must be accounted for when planning 2549 
measurement schedules. It may be that the uncertainty on derived trends is limited by natural vari-2550 
ability rather than by the random error on the instrument, in which case more resources should be 2551 
invested in increasing measurement frequency rather than reducing the random errors. In some 2552 
cases this may require a cost-benefit analysis where the cost to detect a putative trend of 2553 
X%/decade (perhaps based on projections from models) over N years is minimized. A cheaper 2554 
instrument making a less precise but more frequent measurement might be selected over a more 2555 
expensive instrument making a more precise but less frequent measurement, since the greater fre-2556 
quency leads to detection of the expected trend either in fewer years or at a lower cost. A meas-2557 
urement strategy might have a greater cost per year than any alternative, but if that strategy can 2558 
detect a statistically robust trend in fewer years, the net cost may be reduced. However, the detec-2559 
tion of statistically robust trends in upper air ECVs is not the only purpose of GRUAN sites and 2560 
the cost-benefit analysis for any measurement scheduling protocol remain cognizant of all in-2561 
tended uses of GRUAN data and the multi-decade measurement programmes expected of 2562 
GRUAN sites. 2563 

7.4 Interplay of science goals and scheduling frequency 2564 

Three primary uses of GRUAN data products will include trend detection, satellite validation and 2565 
process studies. As an example, this section considers the needs for water vapour measurements 2566 
within each of these applications areas. This example highlights the different issues that need to 2567 
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be considered when developing the measurement schedule to meet a set of scientific objective at 2568 
any particular site, and provides some general scheduling guidelines.  2569 

7.4.1. Trend detection 2570 

In considering the needs for trend detection, two atmospheric regimes of greatly differing charac-2571 
teristics are considered. 2572 

Upper troposphere 2573 

Recent work (Soden et al., 2005, Boers and Meirgaard, 2009, Whiteman et al., 2011) indicates 2574 
that the largest anticipated trends in atmospheric water vapour amount may occur in the upper 2575 
troposphere with increases of up to 1% or more per year on average over the coming century. The 2576 
large variability in upper tropospheric water vapour implies that even using the most accurate sen-2577 
sors possible, time to detect trends in the upper troposphere will likely take 20 to 30 years or more 2578 
depending on what uncertainties in the calculated trend values are tolerable. This large variability, 2579 
however, also implies that the trend calculations are relatively insensitive to random error in the 2580 
water vapour measurements themselves. The greatest decrease in time to detect trends is realized 2581 
by increasing the measurement frequency as opposed to decreasing the random error of the meas-2582 
urements. For example, random errors of up to 50% and greater are tolerable for measurements of 2583 
water vapour in the upper troposphere without significantly impacting the time to detect trends. 2584 
However, relatively large random errors in a measurement can make the presence of small sys-2585 
tematic errors more difficult to detect. Therefore, if time series are to be developed from instru-2586 
ments with inherently higher random uncertainty in the upper troposphere (e.g. Raman lidar), pro-2587 
cedures should be implemented that tend to randomize sources of systematic error. An example of 2588 
such a procedure would be frequent re-calibration of the instrument with respect to an external 2589 
reference. The study of Whiteman et al., 2011 found that measurements acquired approximately 2590 
twice per week offered perhaps an optimum trade-off between time to detect trend and cost of 2591 
measurements. The vertical resolution required for upper tropospheric measurements has not been 2592 
directly studied but a mean value in a layer of 1 km thickness in the upper troposphere would 2593 
likely have adequate vertical resolution for the purposes of trend detection. The accuracy and sta-2594 
bility needs for these measurements have also not been directly studied but if techniques can be 2595 
devised that tend to merge both of these parameters into the random error budget, their influence 2596 
will be decreased.  2597 

i) Systematic error: not yet studied but 5-10% would seem adequate. Accuracy becomes less 2598 
important if recalibrations randomize this component of the error budget over time. 2599 

ii)  Random error: up to 50% with the caveat that large random uncertainties can mask small 2600 
systematic uncertainties 2601 

iii)  Stability: not yet studied although changes in calibration are known to increase the time to 2602 
detect trend. Stability becomes less important if procedures randomize this component of 2603 
the error budget over time. 2604 

iv) Temporal and spatial resolution: not yet studied but vertical resolution of 1 km or less 2605 
would seem adequate. Temporal resolution on the order of an hour or less would appear 2606 
adequate.  2607 

v) Time of day to sample: not yet studied, but the lack of a causal connection between upper 2608 
tropospheric humidity and time of day would imply that day or night sampling or a combi-2609 
nation of the two should be equally effective at revealing trends. 2610 

Lower stratosphere 2611 

Detailed studies of the time to detect water vapour trends in the lower stratosphere have yet to be 2612 
completed. The modelling work that has been done indicates that anticipated trends in the lower 2613 
stratosphere can be expected to be smaller than in the upper troposphere although stratospheric 2614 
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modelling may have larger uncertainties associated with it than comparable work in the upper tro-2615 
posphere. Despite this relative lack of knowledge, certain general statements can still be made re-2616 
garding measurement needs in the lower stratosphere. First, lower stratospheric water vapour 2617 
variability is dramatically lower than in the upper troposphere. This almost certainty implies that 2618 
the calculations of trends in the lower stratosphere will require measurements of much higher ac-2619 
curacy and precision than in the upper troposphere. We expect that, even with high accuracy and 2620 
precision measurements, increased measurement frequency will still be desired to decrease the 2621 
time to detect trends although specific guidelines for measurement frequency in the lower strato-2622 
sphere are not yet available. Regarding vertical resolution, recent work (Hurst et al., 2011b) shows 2623 
that trends in vertical layers of 1 to 2 km thickness need to be resolved so the measurement sys-2624 
tems providing useful time series in the lower stratosphere should provide high accuracy/precision 2625 
measurements in layers of approximately 1 to 2 km in thickness if these ‘sub-trends’ are to be re-2626 
vealed. Given that high accuracy/precision measurements are likely required for revealing trends 2627 
in the lower stratosphere, high stability is likely also required. Still the same recommendation ap-2628 
plies as in the upper troposphere – procedures that tend to randomize sources of systematic error 2629 
will create a higher quality data set over time. 2630 

i) Systematic error: not yet studied, but detecting trends in the lower stratosphere will be 2631 
much more sensitive to sources of uncertainty than in the upper troposphere. However, 2632 
practical issues currently limit the potential performance to 5-10% calibration uncertainty. 2633 
Instrumental developments to improve this would be of value, and procedures that ran-2634 
domize this uncertainty in the long-term would also be beneficial.  2635 

ii)  Systematic error: not yet studied, but detecting trends in the LS will be much more sensi-2636 
tive to sources of uncertainty than in the UT. So recommend 10% random uncertainty 2637 
maximum.  2638 

iii)  Stability: not yet studied, but detecting trends in the LS will be much more sensitive to 2639 
changes in calibration and other errors in stability. So procedures that randomize this un-2640 
certainty are beneficial.  2641 

iv) Temporal and spatial resolution: recommend 1 km vertical resolution or less in order to 2642 
reveal sub-trends as discuss in Hurst et al., 2011b. 2643 

v) Time of day to sample: not yet studied, but the lack of a causal connection between lower 2644 
stratospheric humidity and time of day would imply that day or night sampling or a com-2645 
bination of the two should be equally effective at revealing trends. 2646 

7.4.2. Satellite validation and radiation studies 2647 

The discussion concerning the measurement needs for the purposes of satellite validation will be 2648 
broken into the needs for comparisons to be done either in radiance space or in retrieval space. 2649 
The discussion on radiance space comparisons will also discuss errors in determining outgoing 2650 
longwave radiation (OLR) since these also provide some guidance for satellite radiance validation 2651 
studies. 2652 

Radiance comparisons using a forward model and considerations of OLR errors 2653 

The brightness temperatures measured by passive space borne sensors are calibrated with high 2654 
accuracy. For example, the Atmospheric Emitted Radiance sensor frequency-dependent bright-2655 
ness temperature uncertainties (V3.0 validation report) were specified to range from 0.1 – 0.5 K 2656 
with biases typically much less than 0.1 K. Considering the upper troposphere and using the rule 2657 
of thumb from Soden et. al, 2000 that a 1 K difference in brightness temperature corresponds to a 2658 
change in upper tropospheric water vapour amount of about 12%, the biases in the AIRS radi-2659 
ances, themselves, translate into negligible errors in upper tropospheric water vapour amounts. 2660 
However, to quantify the water vapour amount from brightness temperature requires the use of a 2661 
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forward model which may have substantially larger errors in spectroscopy. Past efforts have 2662 
shown that absolute accuracy of water vapour measurements in the upper troposphere of ap-2663 
proximately 5% were sufficient to reveal small spectroscopic errors in forward model studies. 2664 
Given that 5% accuracy in the upper troposphere water vapour measurements is unlikely to be 2665 
achieved with current technology on a routines basis, this is an area where technology improve-2666 
ment can have significant impact. It is possible that only specially processed datasets from cam-2667 
paign mode periods will possess the accuracy required for this type of stringent study.  2668 

It is also useful to consider the data requirements for radiation closure studies within the context 2669 
of the satellite validation topic since this area of research is something that a well-characterize 2670 
column will permit and the measurement needs are in some ways similar to those for satellite ra-2671 
diance validation. Ferrare et al., 2004 consider the OLR consequences of errors in water vapour 2672 
concentration as a function of altitude. They show, for example, that a 3% error in total column 2673 
water vapour amount results in an error of 0.5 W/m2 in the outgoing longwave radiation. A 10% 2674 
error in the upper 0.1 mm of total column water (typical column amounts in the upper tropo-2675 
sphere) results in the same error in OLR. We can take these numbers then as additional guidelines 2676 
for accuracy needs for total column water and upper tropospheric water vapour measurements.  2677 

i) Systematic error: total column water vapour amount 3%, 5% profile accuracy in lower and 2678 
mid-troposphere, 10% in upper troposphere. 2679 

ii)  Random error: needs depend on the statistics of the investigation being done. If there are 2680 
many comparisons, relatively large random uncertainties are tolerable (guideline of 10 – 2681 
20%). If individual comparison case studies are attempted, random uncertainties must be 2682 
low (guideline <= 5%) 2683 

iii)  Stability: not explicitly studied but if studies are done over a short period of time, most of 2684 
the concern regarding data quality can be directed to the determination of accuracy and pre-2685 
cision of the measurements.  2686 

iv) Temporal and spatial resolution: given that passive satellites measure typically in a fraction 2687 
of a second for a given scene, high temporal resolution is desirable. Where this is not feasi-2688 
ble, comparisons made under conditions of low atmospheric variability are desired. Data 2689 
handling procedures that reduce the influence of atmospheric variability on the processed 2690 
results are desired.  2691 

v) Time of day to sample: at time of satellite overpass. A radiosonde launch should precede the 2692 
actual overpass so that the sonde is approximately in the mid-troposphere at the time of the 2693 
overpass. Lidar measurement that are averaged over time can make use of variable temporal 2694 
integration as a function of altitude. Knowledge of the local atmospheric variability would 2695 
enable the additional uncertainty introduced by the spatial and temporal separation between 2696 
the measurement and the satellite footprint. 2697 

Satellite comparisons in retrieval space 2698 

Guidelines for water vapour measurement needs for the validation of hyper-spectral sounders such 2699 
as AIRS can be obtained from the table of validation requirements and goals for the instrument. 2700 
Here the desire for AIRS retrievals was 5% in total column water and 15% accuracy in 2 km thick 2701 
layers. Taking this as a guideline for retrieval validation yields the following guidelines for water 2702 
vapour measurements intended for satellite retrieval comparisons.  2703 

i) Systematic error: 3% total column, 10% in 2-km layers. 2704 

ii)  Random error: needs depend on the statistics of the investigation being done. If there are 2705 
many comparisons, relatively large random uncertainties are tolerable (guideline of 10 – 2706 
20%). If individual comparison case studies are attempted, random uncertainties must be 2707 
low (guideline <= 5%) 2708 
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iii)  Stability: not explicitly studied but if studies are done over a short period of time, most of 2709 
the concern regarding data quality can be directed by the determination of accuracy and 2710 
precision of the measurements.  2711 

iv) Temporal and spatial resolution: given that passive satellites measure typically in a frac-2712 
tion of a second for a given scene, high temporal resolution is desirable. Where this is not 2713 
feasible, comparisons made under conditions of low atmospheric variability are desired. 2714 
Data handling procedures that reduce the influence of atmospheric variability on the proc-2715 
essed results are desired.  2716 

v) Time of day to sample: at time of satellite overpass. A radiosonde launch should precede 2717 
the actual overpass so that the sonde is approximately in the mid-troposphere at the time of 2718 
the overpass. Lidar measurement that are averaged over time can make use of variable 2719 
temporal integration as a function of altitude. Knowledge of the local atmospheric variabil-2720 
ity would enable the additional uncertainty introduced by the spatial and temporal separa-2721 
tion between the measurement and the satellite footprint. 2722 

7.4.3. Process studies 2723 

Investigations of various atmospheric phenomena such as frontal passages, drylines and convec-2724 
tion initiation have been performed using data from balloon-borne and ground-based remote sens-2725 
ing instruments (Melfi et al., 1989; Demoz et al. 2006; Koch et al., 2008; Bennett et al., 2010). 2726 
Revealing the details of these atmospheric phenomena are supported by high frequency ra-2727 
diosonde launching but the fine details are missed even with the most frequent radiosonde sam-2728 
pling schedules. Remote sensing systems such as lidars and radars have been found to be a great 2729 
aid to understanding in these kinds of process studies. Of most benefit are those instruments that 2730 
provide measurements of key atmospheric parameters (e.g. boundary layer height, aerosol and 2731 
cloud structures, winds, water vapour content) at high temporal and spatial resolution. Ideally 2732 
these high resolution measurements start at the ground, extend at least to the mid-troposphere and 2733 
are available continuously during periods of peak interest. The challenges to be met with such a 2734 
remote sensing system for GRUAN is for it to demonstrate the capability to make reference qual-2735 
ity measurements, provide useful data from the ground upwards, be able to operate day and night 2736 
and have sufficient sensitivity to be able to probe the convective boundary layer with good statis-2737 
tics in 5 minutes or less throughout the day and night.  2738 

i) Systematic error: high accuracy is not necessarily needed to support process studies. Often 2739 
it is variations in the water vapour state that are the most important. Given that, a guideline 2740 
of 10% accuracy would seem adequate. 2741 

ii)  Random error: in general, process studies are not areas where multiple comparisons can be 2742 
accumulated to improve the statistics. It is more likely that each case being studied is 2743 
unique. Therefore precision requirements need to be more stringent, but the tolerance for 2744 
random error will depend on the exact process under study. General guidelines might be 2745 
less than 10-25% but precision requirements will more likely need to be set by the individ-2746 
ual investigators based on their individual needs.  2747 

iii)  Stability: process studies are generally short term in nature and stability of measurement 2748 
systems should not be a large concern.  2749 

iv) Temporal and spatial resolution: high temporal and spatial resolution are useful. This is an 2750 
area of particular strength for remote sensing systems. For the case of water vapour, the 2751 
most highly variable atmospheric state parameter, temporal and spatial resolution of ap-2752 
proximately 1 minute and 10 – 100 meters are desirable. Frequent and, if possible as in the 2753 
case of an automated system, continuous measurements desired.  2754 

v) Time of day to sample: Before and during the event of interest. To be determined by the 2755 
scientific goals of the experiment, but day and night-time measurement capability desired. 2756 



67 
 

7.5 Instrument specific measurement schedules 2757 

Ideally an assessment, as presented for water vapour in Section 7.4, would be available for each of 2758 
the ECVs targeted by GRUAN. However, these are not yet available. This section provides some 2759 
interim instrument specific measurement schedules that can guide operations at GRUAN sites un-2760 
til a sound scientific assessment has been developed for each ECV. 2761 

7.5.1. Generic measurement schedules 2762 

Once a station has selected the frequency with which measurements will be made, this section 2763 
provides guidelines on appropriate timing of those measurements. The frequency of measure-2764 
ments at sites will determine, in part, the added value that a site brings to the network (see Section 2765 
5.4). This section defines a set of generic measurement schedules which can then be applied and 2766 
adapted in various circumstances 2767 

Schedule A 2768 

This schedule is designed for instruments making one or more measurements per week. Where the 2769 
seasonal cycle in natural variability is not yet known, intervals between measurements should be 2770 
constrained by (4/N) < t < (10/N) where t is the interval in days and N is the number of measure-2771 
ments being made each week. Under such a schedule, on average, 52×N measurements will be 2772 
made each year. Once a climatology of the seasonal cycle in natural variability has been deter-2773 
mined, during the 5 months of the year exhibiting highest natural variability, intervals between 2774 
measurements should be constrained by (3.5/N) < t < (6.5/N) where t is the interval in days; this 2775 
should result in a total of N×30 measurements through those 5 months. For the remaining 7 2776 
months of the year intervals between measurements should be constrained by (7/N) < t < (13/N); 2777 
this should result in a total of N×22 flights through those 7 months. On average, this will result in 2778 
52×N measurements being made each year but with a higher frequency (~N×6/month) in the 2779 
months of higher natural variability and a lower frequency (~3×N/month) during months of lower 2780 
natural variability. Within the measurement windows defined above, measurement times should 2781 
be selected to maximize coincidence with relevant satellite overpasses and to minimize factors 2782 
that may contribute to measurement uncertainty e.g. making flights at night rather than during day 2783 
for instruments requiring corrections for solar heating. 2784 

Schedule B 2785 

This schedule is designed for instruments making one or more measurements per month. Where 2786 
the seasonal cycle in natural variability is not yet known, intervals between measurements should 2787 
be constrained by (20/N) < t < (40/N) where t is the interval in days and N is the number of meas-2788 
urements being made each month. Once a climatology of the seasonal cycle in natural variability 2789 
has been determined, during the 4 months of the year exhibiting highest natural variability, inter-2790 
vals between flights should be constrained by (15/N) < t < (25/N) where t is the interval in days; 2791 
this should result in a total of N×6 flights through those 4 months. For the remaining 8 months of 2792 
the year, intervals between flights should be constrained by (35/N) < t < (45/N); this should result 2793 
in a total of N×6 flights through those 8 months. As with Schedule B, within the measurement 2794 
windows defined above, measurement times should be selected to maximize coincidence with 2795 
relevant satellite overpasses and to minimize factors that may contribute to measurement uncer-2796 
tainty e.g. making flights at night rather than during day for instruments requiring corrections for 2797 
solar heating. 2798 

7.5.2. Radiosondes 2799 

For sites performing four radiosonde flights daily: As for a fully compliant GRUAN site (see 2800 
Section 5.2.1). 2801 
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For sites performing twice daily radiosonde flights: One flight at 00LST and one flight between 2802 
06LST and 18LST timed to maximize coincidence with any satellite overpass measuring the same 2803 
variables or with a redundant measurement made by another instrument at the site. Since satellite-2804 
based measurements are more likely to be daytime measurements, the daytime radiosonde launch 2805 
time is the one which is varied. 2806 

For sites performing daily radiosonde flights: One flight at 00LST. 2807 

For sites performing weekly radiosonde flights: Nominal launch times should be 00LST on the 2808 
same day of the week, but allowed to vary by up to 48 hours either side to match satellite over-2809 
passes or to match the timing of redundant measurements. 2810 

For sites performing monthly radiosonde flights: Nominal launch times should be 00LST on the 2811 
same day of the month, but allowed to vary by up to 5 days either side to match satellite over-2812 
passes. It would be expected that these would be high quality sondes and launch times should also 2813 
be selected so that conditions most likely to lead to measurements as high in altitude as possible 2814 
are achieved. 2815 

7.5.3. Frost point hygrometers, ozonesondes and aerosol sondes 2816 

Schedule A for sites making one or more flights per week and Schedule B for sites making one or 2817 
more flights per month. 2818 

7.5.4. GPS integrated precipitable water 2819 

The GNSS receivers at GRUAN sites shall track GNSS satellites with a sampling interval of 30 2820 
seconds or less. The minimum requirement for GNSS raw data submission is daily (24 hour) files 2821 
with a 30 second sampling interval. 2822 

Surface meteorological observations shall be made at GNSS sites at intervals of no more than 60 2823 
minutes. An observation interval of 10 minutes is preferred. 2824 

An hourly sampling interval is required for GNSS tropospheric products and associated supple-2825 
mental data, including zenith tropospheric delay, zenith wet delay, precipitable water, surface 2826 
pressure and atmospheric water-vapour-weighted mean temperature. 2827 

7.5.5. Raman lidars 2828 

Continuous measurements 24 hours a day, 7 days a week is technically possible for lidar. In prac-2829 
tice, and considering the instrumental and human constraints, only a limited number of lidar sys-2830 
tems can achieve sustainable continuous 24/7 operations. Lidars can measure in clear sky as well 2831 
as thin clouds. If logistical and financial supports allow it, GRUAN lidar instruments having a 2832 
24/7 capability should adopt the 24/7 schedule as their default schedule. When logistical and/or 2833 
financial supports do not allow a 24/7 operation, default schedules must be chosen to address one 2834 
or several of the following questions: long-term variability studies, process studies, satellite vali-2835 
dation, and GRUAN measurement redundancy. A minimum of 6 hours per week spread over 2 to 2836 
4 nights of operation may be suitable to long term monitoring. Additional details can be found in 2837 
Section 3.1 of the GRUAN Lidar Guidelines document, which applies to lidar in particular the 2838 
general scheduling guidelines described in Section 7.5. 2839 

When redundancy between programmes at the same GRUAN site can be identified, the lidar 2840 
should be operated according to the following recommendations:  2841 

• For sites performing at least daily radiosonde flights: the lidar does not need to be operated 2842 
every night, but when operated, its running time should be coincident with the first night-2843 
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time flight of the day. The first half-hour of the radiosonde flight must fully encompass the 2844 
lidar data acquisition period, i.e., must be included between lidar start and end times.  2845 

• For sites performing weekly or monthly radiosonde flights: the lidar must be operated at 2846 
least on the nights (days) of the radiosonde flights. The first half-hour of the radiosonde 2847 
flight must fully encompass the lidar data acquisition period, i.e., must be included between 2848 
lidar start and end times 2849 

• For sites performing Frost-point hygrometer (FPH) flights: the lidar must be operating at 2850 
least on the nights (days) of the FPH flights. Extended hours of lidar operation (e.g. all night 2851 
or at least 4-5 hours) are recommended in an attempt to extend and/or optimize the profiles 2852 
in the UT/LS. The first full hour of the FP flight must fully encompass the lidar data acqui-2853 
sition period, i.e., must be included between lidar start and end times. 2854 

7.5.6. Microwave radiometers 2855 

Off-the-shelf commercial microwave radiometers are robust and unattended instruments provid-2856 
ing real time accurate atmospheric observations 24 hours a day, 7 days a week. These units can 2857 
perform under all-weather conditions, though the quality of retrieved atmospheric parameters de-2858 
grade in case of precipitation. The level of degradation depends upon precipitation intensity and 2859 
the level of effect mitigation solutions adopted, including rain sensor, hydrophobic coating, tan-2860 
gent blower, shutter, and side-view. 2861 

Accurate observations are subject to instrument integrity and proper signal calibration. Commer-2862 
cial units consist in robust hardware exhibiting long life-time (years) even in extreme conditions. 2863 
However, the dome protecting the antenna aperture must be kept clean, requiring services every 2864 
once in a while and replacement every few months depending upon environment conditions (pres-2865 
ence of dirt, sand, dust, etcetera). The current technology is such that calibration is stable over 2866 
long periods (months). For avoiding long periods of mis-calibration, an operational protocol (in-2867 
cluding severe quality criteria and a testing period) shall be adopted before accepting the calibra-2868 
tion coefficient updates. 2869 

Commercial units may be equipped with azimuth- and elevation-angle scanning capabilities. Ele-2870 
vation scanning is useful for increasing the vertical resolution of temperature profiles in the plane-2871 
tary boundary layer. When both azimuth and elevation scanning are available, hemispheric obser-2872 
vations of IWV, ILW, and temperature can be performed, at the expenses of the time observing 2873 
zenith direction. 2874 

7.5.7. Microwave spectroradiometers 2875 

Microwave radiometers equipped with a spectrometer to spectrally resolve the line shape of the 2876 
emission line of water vapour are operated in the frame of NDACC at a handful of stations 2877 
worldwide. Such instruments are operated continuously 24 hours a day, 7 days a week and nor-2878 
mally are controlled remotely. During precipitation observations are not meaningful.  2879 

To achieve a reasonable signal to noise ratio of the measured spectrum an integration of individ-2880 
ual spectra has to be performed. Integration time typically is a few hours depending on instrumen-2881 
tal parameters and atmospheric opacity. The lower the water content of the troposphere the better. 2882 
For this reason observations in humid environments resp. in summer tend to have a lower tempo-2883 
ral resolution than in very dry arctic conditions. Under optimum conditions a time resolution as 2884 
good as two hours can be achieved whereas under less favourable conditions daily profiles are 2885 
realistic for the stratosphere.  2886 
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It has been shown that such instruments can retrieve water vapour profiles down to ~25 km alti-2887 
tude under very dry conditions whereas 30 to 35 km is the lower boundary for humidity profiles 2888 
by such instruments. 2889 

7.5.8. Fourier Transform Spectrometers 2890 

Ground-based Fourier-Transform Spectrometer experiments need a clear field of view towards the 2891 
solar disc. They cannot be performed under complete to moderate cloudy conditions. In the event 2892 
of mild cloudiness e.g. thin high cirrus, measurements can be made but signal-to-noise (SNR) and 2893 
consequent data precision will suffer. The infrared region is covered by six or more different spec-2894 
tral filter regions, which assures an optimal SNR. The measurement of each filter region takes be-2895 
tween two to ten minutes. This measurement integration time is a function of the spectral resolu-2896 
tion and the required SNR. On a clear day spectra can be recorded continuously for solar eleva-2897 
tions above about five degrees (at lower elevations the uncertainty might increase). For an instru-2898 
ment dedicated to measuring only water, measurements could be made approximately every 3-5 2899 
minutes. Conversely a more versatile configuration observing the entire mid-infrared would make 2900 
a repeatable series of measurements in approximately one hour. Due to the clear sky constraint 2901 
routine or regularly scheduled measurements are not strictly made. A typical automatic system 2902 
might attempt observations daily, taking the opportunities that weather conditions provide. This 2903 
could be one to many per day.  2904 

The instrumental line shape ILS is calculated every few months by measuring the transmittance 2905 
spectrum of a standard low pressure cell. This also provides a standard of performance to the op-2906 
erators. This can be performed automatically or manually. The infrared detectors require liquid 2907 
nitrogen (LN2) daily. 2908 

7.6 Operation and maintenance, quality standards 2909 

Standards of operation and maintenance for each instrument used in GRUAN should be devel-2910 
oped to ensure that minimum quality standards are achieved. This will be necessary to minimize 2911 
sources of error when measurements are being made using sophisticated instruments that may not 2912 
always be completely familiar to the operator. This will be more likely the case when measure-2913 
ments are being made under operational conditions. Operation and maintenance protocols should 2914 
be such that collection of detailed meta-data is mandatory as these meta-data will be vital to estab-2915 
lishing measurement uncertainties.  2916 
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8 DATA MANAGEMENT 2917 

8.1 Overview of GRUAN data flow 2918 

A schematic representation of the flow of data within GRUAN and from GRUAN to the user 2919 
community is shown in Figure 3. 2920 

In addition to the 4 data levels defined in the GRUAN Data Management Manual7, in this guide 2921 
an additional level is defined to accommodate a NRT GRUAN data product. To avoid ambiguity 2922 
with numbered satellite data levels, this guide uses the following nomenclature: 2923 

Primary Raw Data (PRD): This is the ‘rawest’ form of data available e.g. measured voltages 2924 
before any processing has been applied. Even for the same instrument, formats of PRD data 2925 
files are likely to differ between sites. PRD are expected to be archived in perpetuity at the site 2926 
where the measurements took place, at the internal GRUAN data archive at the Lead Centre, 2927 
and at the nominated GRUAN central data processing facility for that product. 2928 

Converted Raw Data (CRD): These data are stored in a common well-described file format in-2929 
tended for long-term storage. They are pre-processed raw data and might already represent pa-2930 
rameters to be used in end-user’s application, e.g. brightness temperature for microwaves or 2931 

                                                
7 GRUAN technical document #1 

 
Figure 3: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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zenith total delay for GPS. CRD are expected to be stored at the site where the measurements 2932 
took place, at the internal GRUAN data archive at the Lead Centre, and at the nominated 2933 
GRUAN central data processing facility for that product. 2934 

Near-real-time Data (NRTD): This is a GRUAN data product resulting from preliminary proc-2935 
essing of the GRUAN data subject to as many of the additional GRUAN processing steps as 2936 
can be achieved in the nominal 2 hour NRT window (Figure 4). Increasing efficiencies and 2937 
streamlining of data processing with time is expected to lead to more of the additional GRUAN 2938 
processing steps being incorporated into the NRTD. When NRTD are submitted on the WIS to 2939 
analysis centres, they must be flagged as having originated at a GRUAN site so that they can 2940 
be treated appropriately. NRTD are expected to be stored at the site where the measurements 2941 
took place, at the nominated GRUAN central data processing facility for that product, at the in-2942 
ternal GRUAN data archive at the Lead Centre, and at the analysis centres to which the data 2943 
are submitted. 2944 

Standard GRUAN Product Data (SGPD): The GRUAN product resulting from all processing 2945 
steps associated with a single instrument. SGPD are expected to be stored at the nominated 2946 
GRUAN central data processing facility for that product, at the internal GRUAN data archive 2947 
at the Lead Centre, and at NCDC. 2948 

Integrated GRUAN Product Data (IGPD): This is a product that results from the combination 2949 
of measurements from multiple instruments e.g. a SASBE product (Tobin et al., 2006). IGPD 2950 
are expected to be stored at the nominated GRUAN central data processing facility for that 2951 
product at the internal GRUAN data archive at the Lead Centre, and at NCDC. 2952 

A technical document associated with each instrument will define what data constitutes each of 2953 
these levels.  2954 

Measurements and meta-data are bound together in each of these data levels. PRD are in-2955 
gested from all GRUAN sites into the internal GRUAN data archive hosted at the Lead Centre 2956 
(see Section 8.5). Direct exchange of PRD between sites is discouraged since this circumvents 2957 
the data versioning protocols and reduction of the raw data to a common CRD file format. Simi-2958 
larly, direct exchange of CRD between sites is discouraged since this circumvents network wide 2959 
application of calibration techniques, and other algorithms applied to convert PRD to CRD that 2960 
would be implemented either at the Lead Centre or at a centralized GRUAN data processing site 2961 
(see below). 2962 

Where GRUAN sites have 2963 
agreed to the NRT release of 2964 
their data, these data will be 2965 
made immediately available via 2966 
the WIS. This will require some 2967 
local site-based processing to 2968 
create NRTD suitable for sub-2969 
mission to the WIS. 2970 

Processing of the CRD held in 2971 
the GRUAN internal data ar-2972 
chive to produce SGPD and 2973 
IGPD will occur either at the 2974 
Lead Centre or at a GRUAN sta-2975 
tion that specializes in process-2976 
ing data for a particular instru-2977 
ment. This processing would in-2978 
clude applying the necessary re-2979 

 
Figure 4: Schematic of NRTD production within GRUAN. 
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calibrations, corrections, and the uncertainty analysis in a consistent and traceable manner across 2980 
identical instruments from different sites. The SGPD and IGPD, including their meta-data and 2981 
documentation, are provided to the user community through the external GRUAN data archive 2982 
hosted at NCDC. A performance monitoring process (see Section 9), implemented at the Lead 2983 
Centre, will provide feedback on performance to individual sites. 2984 

8.2 GRUAN data policy 2985 

This section summarizes and expands on the GRUAN data policy document prepared by the 2986 
GCOS secretariat8. Since GRUAN is co-sponsored by WMO it is appropriate that any policy for 2987 
release and dissemination of GRUAN data complies with WMO policy, practice and guidelines 2988 
for the exchange of meteorological and related data and products. Specifically GRUAN data dis-2989 
semination and use should comply with WMO Resolution 40 (Cg-XII) which calls for free and 2990 
unrestricted international exchange of meteorological data and related data and products. Because 2991 
most GRUAN measurements are considered ‘essential’ in the context of Resolution 40, they are 2992 
required to be exchanged without charge and with no conditions on their use. GRUAN stations are 2993 
likely to be providing data to other networks which may have policies in place to protect the rights 2994 
of the data providers to their own data. No conflict arises here since the data being provided 2995 
through other networks are not ‘GRUAN’ data and are therefore not subject to the requirements of 2996 
Resolution 40. 2997 

Three levels of exchange of GRUAN data should be recognised: 2998 
i) Exchange of data within the GRUAN community. This should always occur through the 2999 

GRUAN Lead Centre so that the exchange can be controlled by data policies developed spe-3000 
cifically for internal exchange of GRUAN data. 3001 

ii)  Dissemination of GRUAN products to end-users. This should always occur through the offi-3002 
cial GRUAN data centre (see Section 8.6). A different policy should be implemented to con-3003 
trol the dissemination of GRUAN data at this level. 3004 

iii)  Dissemination of NRTD on the WMO GTS/WIS for assimilation in NWP simulations which 3005 
occurs via the WMO GTS/WIS rather than through the Lead Centre.  3006 

A distinction should be made between 'standard data' and 'enhanced or experimental data' ob-3007 
tained at GRUAN sites: 3008 

• Standard data (e.g., near surface synoptic observations, radiosonde observations) have general 3009 
exploitation value, common measurement technology, generally well understood, and few 3010 
problems with data interpretation. 3011 

• Enhanced or experimental data (e.g., Raman LIDAR, microwave radiometer, surface radia-3012 
tion, GPS precipitable water) have high exploitation value, sophisticated measurement tech-3013 
nology and/or of experimental nature, would recommend contact to site scientist for correct 3014 
interpretation of data, and would require considerable efforts to maintain continuous meas-3015 
urements and high quality of the data. 3016 

Enhanced or experimental data are more likely to be subject to limitations on dissemination than 3017 
standard data. 3018 

The primary goals of GRUAN (see Section 1.2) are not consistent with near real-time dissemina-3019 
tion of measurements made at GRUAN sites. Generating high precision, high quality measure-3020 
ments with well characterized uncertainties takes a significant investment of time and effort. In 3021 
GRUAN the emphasis is clearly on providing reference quality measurements rather than provid-3022 
                                                
8 Available from 
http://www.dwd.de/bvbw/generator/DWDWWW/Content/Projekte/Gruan/Downloads/GRUAN__LC/gruan__data__p
olicy,templateId=raw,property=publicationFile.pdf/gruan_data_policy.pdf 



74 
 

ing near real-time measurements. However, it is recognized that measurements at GRUAN sites 3023 
are likely to be very useful to a number of users requiring data in near real-time e.g. for initializ-3024 
ing NWP models. Therefore, where possible, and where it does not detract from achieving the 3025 
primary goals of GRUAN, GRUAN sites should submit NRTD to end-users via the 3026 
GTS/WIS. The measurements for which near real-time submission may be valuable are also more 3027 
likely to be 'standard data' as described above. The WIS requirements, e.g. on meta-data, and the 3028 
transmission of near-real time data via the GTS is strongly encouraged but is not considered a 3029 
mandatory requirement for GRUAN sites (see Section 5.3). This decision to exclude near real-3030 
time submission of GRUAN data from the list of mandatory requirements for a GRUAN site is 3031 
consistent with the recommendation of the AOPC who at their XIVth session stated in recommen-3032 
dation #29 ‘AOPC recommended that GRUAN data policy should request sites to provide all data 3033 
in a free and unrestricted manner (in accordance with WMO Resolution 40 (Cg-XII)), and if pos-3034 
sible in real time, in order to be of maximum value for all applications’. Where sites do not cur-3035 
rently have the infrastructure or expertise in making such submissions, assistance from WMO 3036 
should be obtained in the form of hardware and/or training. There may be advantages to submit-3037 
ting data in near real-time since data assimilation algorithms are able to flag data that appear to be 3038 
statistically anomalous. If such two way communication can be established between GRUAN and 3039 
the NWP/data assimilation community, such information could form an important part of the 3040 
measurement meta-data (Section 0). Submission of NRTD will also facilitate the quality control 3041 
link between GRUAN and GUAN.  3042 

When GRUAN data are used in a scientific publication, the origin of the data must be acknowl-3043 
edged and referenced. A minimum requirement is to reference GRUAN as a reference network of 3044 
GCOS and to acknowledge the GRUAN data archive at NCDC as the source. If data from only 3045 
one GRUAN site (or a limited number of sites) have been used, additional acknowledgement of 3046 
those site(s) and their sponsoring institutions or organizations must be given, as specified in the 3047 
meta-data associated with the data files. 3048 

Inclusion of GRUAN scientists as co-authors on papers making extensive use of GRUAN data 3049 
(and in particular enhanced or experimental data) is justifiable and highly recommended, in par-3050 
ticular if a site scientist has responded to questions raised about data quality and/or suitability for 3051 
the specific study in question, or has been directly involved in contributing to the paper in other 3052 
ways. Co-authorship should not be a pre-condition for release of GRUAN data. However, for en-3053 
hanced or experimental data it is highly recommended that data users invite site scientists to be-3054 
come co-authors on resultant publications, or determine whether an acknowledgement would be 3055 
sufficient. Users of enhanced or experimental GRUAN data should be encouraged to establish di-3056 
rect contact with site scientists for the purpose of complete interpretation and analysis of data for 3057 
publication purposes. GRUAN meta-data should include all information related to acknowledge-3058 
ments and/or co-authorship on publications making use of the data.  3059 

8.3 Collation of meta-data  3060 

Two different types of meta-data need to be accommodated within the GRUAN data management 3061 
facilities, viz.: 3062 

i) Meta-data describing the context in which the measurement was made i.e. the calibration pro-3063 
cedures, data processing algorithms employed, traceability to SI standards, log books, etc.. 3064 
This information will be relevant to a set of data and not specific to any particular datum. 3065 

ii)  Meta-data associated with each datum. For example, for point source measurements, as op-3066 
posed to column or partial column measurements, in addition to the measurement uncertainty 3067 
associated with that datum, meta-data such as the exact date and time associated with the da-3068 
tum, as well as the exact altitude, latitude and longitude must be directly available or easily 3069 
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derivable from other meta-data. The provision of such meta-data recognises the fact that e.g. 3070 
balloon-borne instruments drift in latitude and longitude during a flight. These data can only 3071 
be used in 4D-Var assimilation if they are tagged with their 4D (time, latitude, longitude, alti-3072 
tude) coordinates. 3073 

All changes to the site, such as site exposure, instrument changes including height above ground, 3074 
calibrations, inspection visits, data adjustments, and quality control applications are all essential 3075 
for proper scientific decisions and judgments related to the use of the resultant measurements. 3076 
Meta-data should not preclude information derived from historical documents such as observing 3077 
practices manuals, station inspection reports, government policies, resource and funding pro-3078 
grams, even local newspapers. 3079 

Management and maintenance of meta-data requires the investment of resources. Present day 3080 
technology for database warehousing of digitized meta-data has the added benefit that meta-data 3081 
can be accessed, linked to measurements, and easily transferred. To facilitate meta-data collation, 3082 
applications to directly ingest or derive as much meta-data as possible from routine operations, 3083 
such as station inspections, into the GRUAN database need to be developed. Network-wide ob-3084 
servation policies and practices, processing algorithms, quality control procedures, data adjust-3085 
ments, units, data formats, etc. should also be maintained to supplement the database management 3086 
system. Documents related to historical operations at GRUAN stations and to historical data ar-3087 
chives should be inventoried and properly conserved until such time as their information content 3088 
can be transferred to a medium which supports multiple users access. 3089 

Meta-data needs to have the same level of commitment as observed data. Incomplete, outdated, or 3090 
inaccurate meta-data can be as detrimental, indeed in some cases worse, than no meta-data at all. 3091 
Regular reviews of meta-data content for confirmation and accuracy should be part of regular 3092 
GRUAN operations. Support to investigate new meta-data sources, information management 3093 
technologies and information sharing capabilities should be ongoing in an effort to make accessi-3094 
ble and preserve the historical investment in the data collected. 3095 

8.4 Data format 3096 

In the same way that a distinction should be made between the distribution of data within the 3097 
GRUAN community and the dissemination of GRUAN data to end-users, a distinction should be 3098 
made with regard to prescribed data formats for these two different aspects of data distribution, 3099 
viz.: 3100 
i) For distribution of data within GRUAN the emphasis should be on expediency. Different data 3101 

formats for different instruments should be permitted and not discouraged. Whatever format 3102 
facilitates quick and automated processing of data and its associated meta-data should be 3103 
used. 3104 

ii)  For dissemination of GRUAN data to clients, a format should be selected that is flexible 3105 
enough to allow a common format across all GRUAN products, should have an existing large 3106 
user-base in the client community, should easily allow the inclusion of meta-data in each data 3107 
file, should be an open format/standard that requires no licensing, should be self-describing, 3108 
and should have a large suite of readily available tools for manipulating the data files. Per-3109 
haps the most suitable format would be NetCDF and better still CF (Climate and Forecast) 3110 
compliant NetCDF. Tools such as NCO9 (NetCDF operator) should then be made available 3111 
for manipulating these files. 3112 

                                                
9 http://nco.sourceforge.net/ 
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8.5 Data submission 3113 

If sites elect to submit NRTD to end-users, this should be done directly through the WIS or 3114 
through their own portals, without a GRUAN label attached but designated as having originated at 3115 
a GRUAN site. Otherwise all data from GRUAN sites should flow through the Lead Centre. The 3116 
expectation might be that GRUAN sites submit their raw data to the GRUAN Lead Centre as soon 3117 
as possible after the measurement but with the policy in place that these data will not be made 3118 
available outside of the GRUAN community at this time. A facility for imposing time limits on 3119 
making the data available to the end-user community for different stations should be implemented 3120 
as this does not contravene WMO Resolution 40 (Cg-XII). In this way stations are more likely to 3121 
be willing to make their raw data immediately available within the GRUAN community without 3122 
compromising their rights to first publication of the data (some funding agencies may even insist 3123 
that such a data policy is in place). 3124 

Procedures for submitting data and meta-data from GRUAN sites to the GRUAN archive should 3125 
be developed in such a way as to minimize the effort required at the GRUAN sites and to harmo-3126 
nize the process of data collection and data quality control across the network as a whole. For ex-3127 
ample, submission of data to the GRUAN archives can be easily automated if the mode of sub-3128 
mission is through FTP to a server based at the Lead Centre, whereas if submission must be done 3129 
through a web portal this cannot be easily automated and is likely to be very time consuming for 3130 
individual GRUAN sites. 3131 

Where data submission tools can be developed centrally (e.g. at the Lead Centre) and distributed 3132 
for use to GRUAN sites to facilitate data submission to the GRUAN archives, this is preferable to 3133 
each site independently developing such tools. The ability for sites to jointly contribute to sup-3134 
porting such network wide activities would be desirable. 3135 

8.6 Data dissemination 3136 

Dissemination of GRUAN data products to end-users/customers shall occur through an official 3137 
GRUAN data centre hosted at NCDC. Access to GRUAN data through a single source will rein-3138 
force the model that GRUAN data are homogeneous both in time and across GRUAN stations.  3139 

For climate research in particular it is important that users of climate data can, if required, obtain 3140 
complete information on how the data they are using were acquired. Therefore, users of GRUAN 3141 
data shall have access not only to the measurements and their uncertainties, but also to the instru-3142 
ment, operating procedures, data reduction algorithms used, and to when changes to any of these 3143 
occurred through the complete time period of the data set. 3144 

A facility should be established whereby users of GRUAN data products can voluntarily register 3145 
their use of the data. This would: 3146 

• Allow the Lead Centre to maintain statistics on data usage. This would be useful when apply-3147 
ing for funding to support GRUAN operations. 3148 

• Allow users of data to be informed if and when newer versions of the data become available. 3149 

• Facilitate reporting of potential errors/anomalies in the data by end-users. 3150 

Such a facility might need to exist independently of the GRUAN NCDC archives to avoid legal 3151 
issues related to data retention by US government agencies. 3152 

As discussed above, GRUAN sites are likely to also be members of other networks and are likely 3153 
to submit data to end-users through other network's archives. Data submitted through a non-3154 
GRUAN networks may be subject to different data processing, different QA/QC procedures, and 3155 
different calibrations resulting in a data product that is different to the GRUAN product. This is 3156 
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not seen as a problem since the product delivered through other networks is not identified as 3157 
‘GRUAN’ data. 3158 

Users of GRUAN data need to know the version of any dataset they are using and whether newer 3159 
versions might be available. The names of data files must therefore include the data version iden-3160 
tifier to facilitate easy identification of the data version. An application to periodically check for 3161 
updates of GRUAN data files found on a client computer with the database at NCDC needs to be 3162 
developed. 3163 

8.7 Data archiving 3164 

GRUAN does not necessarily need to build its own data archive and user interface. This is a rather 3165 
costly operation for any large network and partnering with an established data archive such as 3166 
NCDC with a user-friendly interface should be preferred. Because data cannot be quality assured 3167 
or corrected in near real-time, additional processing steps and uncertainty estimate assignment 3168 
will be required. This key processing will be allowed to grow, and thus, data versioning will be 3169 
required. It is important that the GRUAN archive includes all previous versions of any given data 3170 
set so that analyses using previous versions of data can be repeated if required. 3171 

8.8 Quality control at the instrument/site level 3172 

Part of the data management within GRUAN includes feedback to the sites in the form of reports 3173 
on data submission, data quality, and comprehensiveness of meta-data submitted. Existing algo-3174 
rithms, potentially supplemented by future algorithms to be developed, shall be used operationally 3175 
to identify systematic errors, anomalies or instrumental issues. Results of such tests shall be com-3176 
municated back to GRUAN sites on short timescales so that remedial action can be taken if re-3177 
quired. Following the example of the ARM Data Quality Office10, communicating quality control 3178 
results to GRUAN site operators and engineers will facilitate improved instrument performance 3179 
and thereby minimize the amount of unacceptable data collected.  3180 

                                                
10 http://dq.arm.gov/ 
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9 POST-PROCESSING ANALYSIS AND FEEDBACK 3181 

Analysis of GRUAN data products by end-users will need to be sensitive to data versioning. As 3182 
new knowledge becomes available and data are reprocessed as a result, newer versions of data 3183 
sets will be provided through the GRUAN archives and end-users need to be aware of such up-3184 
dates and, if necessary, repeat their own analyses. Users of GRUAN data must always document 3185 
the version of data used to ensure that the analyses can be independently replicated. Key to this 3186 
process will be the ability to make users aware of updated versions of data sets that they previ-3187 
ously accessed, now becoming available. The data processing centre, either the Lead Centre or the 3188 
designated GRUAN site specializing in processing of that particular data set, should be tasked 3189 
with data version control and ensuring that the necessary meta-data on data versions are made 3190 
available to end-users. 3191 

Inevitably, algorithms change and errors in data processing occur that are not necessarily apparent 3192 
until the data are used. Therefore, a facility that allows data users to report potential bugs or 3193 
anomalies found in data during analyses of the data needs to be designed and implemented. This 3194 
might be modelled on the ARM Program Climate Research Facility bug reporting system. 3195 

A quality system should include procedures for feeding back into the measurement and quality 3196 
control process to prevent the errors from recurring. Quality assurance can be applied in real-time 3197 
post measurement, and can feed into the quality control process for the next process of a quality 3198 
system, but in general it tends to operate in non-real time.  3199 
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10 QUALITY MANAGEMENT 3200 

This chapter defines the principles and the methodological framework for GRUAN operations, 3201 
and details how activities will be coordinated to manage and control data quality within GRUAN. 3202 
Quality management within GRUAN consists of quality assurance and quality control. Quality 3203 
management comprises quality assurance and quality control. 3204 
Quality assurance (QA): The purpose of quality assurance is to provide confidence that the re-3205 
quirements for achieving quality will be fulfilled. QA includes all the planned and systematic ac-3206 
tivities that will be implemented such that quality requirements for a product or service will be 3207 
fulfilled.  3208 

Quality control (QC): The purpose of quality control is to ensure that the expectations created by 3209 
QA are fulfilled. QC is associated with those operational methods, techniques and activities used 3210 
to ensure that the quality requirements (as defined by QA) are fulfilled.  3211 

The GRUAN quality management policy is to achieve a level of data quality that allows the pri-3212 
mary goals of GRUAN (see Section 1.2) to be met for all potential users of GRUAN data prod-3213 
ucts. Assuring the quality of the GRUAN data begins with a robust process of describing, quanti-3214 
fying and validating all sources of uncertainty in all GRUAN measurements and by providing rich 3215 
meta-data that describe all facets of the measurement process. Where total measurement uncer-3216 
tainties lie below some prescribed threshold this increases confidence in the quality of the 3217 
GRUAN data. The use of redundant measurements, as described in Section 3.1.3, also serves to 3218 
assure the quality of the GRUAN data products. Agreement of two independent measurements, 3219 
preferably based in different measurement principles, provides a high degree of confidence that no 3220 
significant systematic effect was disregarded and uncertainties were not under-estimated. Labora-3221 
tory tests and intercomparisons are fundamental methods for establishing and confirming uncer-3222 
tainty estimates for GRUAN data products. Laboratory tests provide an opportunity to investigate 3223 
in detail the performance of instruments under controlled conditions and to measure differences 3224 
against certified references or other standards. Data from these experiments can be used to detect 3225 
biases that may be corrected for and to determine calibration uncertainties. Field intercomparisons 3226 
allow multiple in situ sensors and remote sensing data to be directly compared under the actual 3227 
atmospheric conditions of the required measurement, including the complex environmental condi-3228 
tions (temperature, humidity, pressure, wind/flow rate, radiation, and chemical composition) that 3229 
cannot be fully reproduced in the laboratory. These complementary activities increase confi-3230 
dence that measurements are subject to neither unanticipated effects nor undiscovered systematic 3231 
uncertainties. Therefore field experiments are particularly useful for assuring the quality 3232 
of GRUAN data products. The use of GRUAN data in meteorological reanalyses also adds to the 3233 
assurance of GRUAN data quality since the measurements, with their uncertainties, can be tested 3234 
for comparability with the data assimilation model values in an assimilation setting within the 3235 
known internal variability of the system. 3236 

Quality control will be achieved through the application of the various measurement protocols 3237 
defined in this guide and in related measurement system guides. Visual inspection of all data by 3238 
science/instrument experts will be required for all instruments to minimize issues that slip through 3239 
automated routines. The Lead Centre shall coordinate this effort, which shall be distributed across 3240 
different GRUAN sites. As outlined in Section 3.1.3, vertically resolved uncertainty estimates, 3241 
prepared independently for each site, will be used as a metric to compare the site-to-site quality of 3242 
the observations. 3243 

Section 4 of this guide provides explicit requirements regarding random errors, bias, stability, 3244 
resolution and representativeness for measurements made within GRUAN. Minimizing cost with-3245 
out compromising quality is also an implied or explicit requirement for measurements made 3246 
within GRUAN. The purpose of quality management is to ensure that GRUAN data meet the re-3247 
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quirements in terms of uncertainty, resolution, continuity, homogeneity, representativeness, time-3248 
liness, format etc. for their intended use, at a minimum practicable cost. GRUAN recognizes that 3249 
all measurements are imperfect, but, if their quality is known and demonstrable, they can be used 3250 
appropriately. 3251 

Quality management is required at all points in the measurement process from network planning 3252 
and training, through installation and station operations to data transmission and archiving. This 3253 
quality management must include feedback and follow-up provisions across a range of timescales 3254 
from near real-time to annual reviews. Because of the emphasis on the provision of robust meas-3255 
urement uncertainties and the associated requirement for in-depth quality management, the re-3256 
sources required with GRUAN will likely be a significant proportion of the cost of operating the 3257 
network, and very likely more than the few percent overall costs typical of many observational 3258 
networks. However, without this expenditure, the quality of the data will be unknown, and their 3259 
usefulness diminished. 3260 

A key aspect of quality management within GRUAN will be fulfilling customer requirements. To 3261 
this end systems shall be developed to: 3262 

1. Inform users of GRUAN products of changes in measurements systems at specific sta-3263 
tions. 3264 

2. Provide an incident reporting system that can flag data anomalies to users. 3265 

3. Inform users of the availability of updates to previously accessed data products. 3266 

4. Provide ‘help desk’ support to users of GRUAN data products. 3267 

Establishing close working relationships with instrument manufacturers will also be central to 3268 
quality assurance within GRUAN. 3269 

A common component of quality assurance is quality monitoring or performance monitoring, a 3270 
non-real-time activity in which the performance of the network or observing system is examined 3271 
for trends and systematic deficiencies. Performance monitoring within GRUAN will primarily be 3272 
the responsibility of the Lead Centre, but where other specialists may be co-opted to assist in per-3273 
formance assessments. The outcomes of recertification of GRUAN sites (see Section 5.5) and 3274 
GRUAN site audits (see Section 5.6) will be an essential component of performance monitoring. 3275 
Requests for external, independent assessments of GRUAN performance from key user groups of 3276 
GRUAN data products might also serve a useful performance monitoring function. The develop-3277 
ment of quantitative performance indicators such as: 3278 

1. Data downloads, 3279 

2. The number of peer reviewed publications in which GRUAN data have been used, 3280 

3. Scientific case studies of the added value resulting from the use of GRUAN data products, 3281 

4. The number of GRUAN projects funded through national or international funding agen-3282 
cies. 3283 

may serve to provide year-to-year traceability of GRUAN’s impact within the climate community. 3284 
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ACRONYMS 3285 

ARM: Atmospheric Radiation Measurement programme 3286 

ACRF: ARM Program Climate Research Facility 3287 

AOD: Aerosol Optical Depth 3288 

AOPC: Atmospheric Observation Panel for Climate 3289 

CBS: WMO Commission for Basic Systems 3290 

CDR: Climate Data Record 3291 

CIMO: WMO Commission for Instruments and Methods of Observation 3292 

GATNDOR: GRUAN Analysis Team for Network Design and Operations Research 3293 

GCOS: Global Climate Observing System 3294 

GHG: Well-mixed greenhouse gas (CO2, CH4, N2O, CFCs, HFCs, PFCs, SF6, etc.) 3295 

GLASS: GRUAN Lidar Analysis Software System 3296 

GNSS: Global Navigation Satellite System 3297 

GOS: Global Observing System 3298 

GRUAN: GCOS reference upper air network 3299 

GSICS: Global Space-Based Intercalibration System 3300 

GTS: Global Telecommunication System 3301 

GUAN: GCOS upper air network 3302 

ICM: Implementation - Coordination Meeting (GRUAN) 3303 

ISCCP: International Satellite Cloud Climatology Project 3304 

LST: Local Solar Time 3305 

NCDC: NOAA National Climate Data Centre 3306 

NMS: National Meteorological Service  3307 

NMHS: National Hydrological and Hydrometeorological Services 3308 

NOAA: National Oceanic and Atmospheric Administration 3309 

NRT: Near real time (within 2 hours of a measurement) 3310 

NWP: Numerical Weather Prediction 3311 

OLR: Out-going Longwave Radiation 3312 

PDF: Probability Distribution Function 3313 

RMS: Root Mean Square 3314 

PR: Permanent Representative (of WMO to a member country) 3315 

SASBE: Site Atmospheric State Best Estimate 3316 

TCCON: Total Carbon Column Observing Network 3317 

UT/LS: Upper troposphere/lower stratosphere 3318 

WCDMP: World Climate Data and Monitoring Programme 3319 
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WDAC: WCRP Data Advisory Council 3320 

WIS: WMO Information System 3321 

WWW: World Weather Watch  3322 
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Appendix A – Expanded details on additional GRUAN Essential 3323 

Climate Variables 3324 

A.1. Wind speed (priority 2) 3325 

The high accuracy of 0.5 m/s prescribed for wind speed is needed to delineate calm conditions 3326 
from light winds. 3327 

A.2. Wind direction (priority 2) 3328 

No supplementary comments yet. 3329 

A.3. Ozone (priority 2) 3330 

During a discussion at the ICM-2 meeting, it was suggested that ozone should develop into a pri-3331 
ority 1 variable for GRUAN. The consensus appears to be that it remains a priority 2 variable. 3332 

A.4. Methane (priority 2) 3333 

No supplementary comments yet. 3334 

A.5. Net radiation (priority 2) 3335 

The prescribed precision and accuracy values of 5 W/m2 match the requirements for the BSRN 3336 
network. 3337 

A.6. Incoming short-wave radiation (priority 2) 3338 

The stated measurement range of 0 to 2000 W/m2 exceeds the solar constant (1366 W/m2) but is 3339 
required since in the presence of partly cloudy skies and when the sub is not obscured by cloud, 3340 
reflections off clouds can enhance surface short-wave radiation significantly. The prescribed pre-3341 
cision and accuracy values of 3 and 5 W/m2 respectively, match the requirements for the BSRN 3342 
network. 3343 

A.7. Outgoing short-wave radiation (priority 2) 3344 

The prescribed precision of 2 W/m2 and accuracy of 3% match the requirements for the BSRN 3345 
network. 3346 

A.8. Incoming long-wave radiation (priority 2) 3347 

The prescribed precision and accuracy values of 1 and 3 W/m2 respectively, match the require-3348 
ments for the BSRN network. 3349 

A.9. Outgoing long-wave radiation (priority 2) 3350 

The prescribed precision and accuracy values of 1 and 3 W/m2 respectively, match the require-3351 
ments for the BSRN network. 3352 

A.10. Radiances (priority 2) 3353 

The stated stability requirement of 0.03%/decade is achievable through SI traceability. The preci-3354 
sion and accuracy requirements of 0.01% and 0.15% respectively are applicable for mean sea-3355 
sonal radiances at ~1000 km spatial scale. 3356 
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A.11. Aerosol optical depth (priority 2) 3357 

Measurements of all aerosol parameters should be spectrally resolved. The aerosol optical depth is 3358 
the most important of the aerosol parameters. While the other aerosol parameters will scientifi-3359 
cally useful if the aerosol optical depth is large, when the aerosol optical depth is small, measure-3360 
ments of other aerosol parameters become less valuable. 3361 

A.12. Aerosol total mass concentration (priority 2) 3362 

Size-fractionated measurements are required. 3363 

A.13. Aerosol chemical mass concentration (priority 2) 3364 

Size-fractionated measurements are required. 3365 

A.14. Aerosol light scattering (priority 2) 3366 

Size-fractionated and spectral measurements are required. 3367 

A.15. Aerosol light absorption (priority 2) 3368 

Size-fractionated and spectral measurements are required. 3369 

A.16. Cloud amount/frequency (priority 2) 3370 

The prescribed precision and accuracy ranges of 0.1%-0.3% result from cloud variations of 1-3% 3371 
found in the ISCCP database. The prescribed long-term stability requirement of 0.1%-0.2% re-3372 
sults from the 1-2%/decade trends found by Norris (2005). 3373 

A.17. Cloud base height (priority 2) 3374 

The prescribed measurement range of 0-20 km (1000-50 hPa) is consistent with the vertical cloud 3375 
range found in Rossow and Schiffer (1999). The prescribed precision and accuracy of 100 m (10-3376 
40 hPa) is consistent with variations derived from the ISCCP database. The long-term stability 3377 
requirement of 20m/decade is what would be required to detect the trend in global mean cloud 3378 
base height of 44 m/decade reported by Chernykh et al. (2001)11. 3379 

A.18. Cloud layer heights and thicknesses (priority 2) 3380 

The prescribed vertical resolution of 50 m is required to resolve cloud layer thickness of ~30 m 3381 
for cirrus clouds and is easily achievable with a lidar based system (Winker and Vaughan, 1994). 3382 

A.19. Carbon Dioxide (priority 3) 3383 

This ECV was not included in Appendix 1 of GCOS-112 but is key to understanding trends in 3384 
tropospheric stratospheric temperatures and so is included here. 3385 

A.20. Cloud top height (priority 3) 3386 

Cloud top height measurements are also important for radiosonde temperature uncertainty analy-3387 
sis. When a radiosonde emerges into dryer air above a cloud ,evaporation of the condensed water 3388 
cools the sensor and creates a cool bias in this region. This effect can lead to deviations up to 1K 3389 
above a cloud and the data need to be flagged appropriately, e.g., by assigning a correspondingly 3390 
increased uncertainty to data in such regions. 3391 

                                                
11 Trends reported in Chernykh have been questioned by Seidel and Durre (2003) 
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A.21. Cloud top pressure (priority 3) 3392 

No supplementary comments yet. 3393 

A.22. Cloud top temperature (priority 3) 3394 

No supplementary comments yet. 3395 

A.23. Cloud particle size (priority 4) 3396 

No supplementary comments yet. 3397 

A.24. Cloud optical depth (priority 4) 3398 

No supplementary comments yet. 3399 

A.25. Cloud liquid water/ice (priority 4) 3400 

No supplementary comments yet.  3401 
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