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Summary and Purpose of Document

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

The purpose of this manual is to establish the aifmeral philosophy under which GRUAN will
operate and to inform current and future GRUAN ssité the expecteohodus operandi for
GRUAN. It defines the requirements for GRUAN sifgemtions, including requirements on ex-
pected accuracy, long-term stability, and uncetyameasures. The description of this document
as a ‘manual’ is consistent with the WMO nomenchite. it is a document that provides higher
level directives and where underlying ‘guides’ pds/more detailed and specific information.
Therefore, rather than prescribing the method$ynigcies and processes that should be employed
in GRUAN, it provides higher level principles tharte intended to direct the development of the
methods, techniques and processes needed to atheegtated goals of GRUAN. Where possi-
ble, the document does provide more in-depth detaispecific methodologies appropriate for
incorporation into existing WMO literature.
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Executive Summary

The development and current operation of the GRU&Nvork is managed through a number of
distinct but often overlapping documents, includ@g@0S-112, GCOS-121, GCOS-134, web-
based material, reports from GRUAN Task Teams apgs published in the international peer
reviewed literature. The purpose of this manualosto supersede that documentation, but rather
to provide a vehicle for communicating and docunmgnmessages important to the operation of
GRUAN but which may not find a natural home elserghi@ the GRUAN body of documenta-
tion. As such, this document is neither complete aomprehensive in its coverage of GRUAN.
The high level messages emerging from this GRUAMumbare summarized in this executive
summary.

Goals: The primary goals of GRUAN are to:

* Provide vertical profiles of reference measuremesnttable for reliably detecting changes in
global and regional climate on decadal time scales.

* Provide a calibrated reference standard for gldadéllite-based measurements of atmos-
pheric essential climate variables.

* Fully characterize the properties of the atmosghasiumn.

* Ensure that potential gaps in satellite programo@siot invalidate the long-term climate
record.

Partner networks: GRUAN will not operate in isolation but will conctewith a number of exist-
ing networks, some of which are already making mesasents pertinent to GRUAN. Duplication
with these networks should be avoided. Wherevesipless QA/QC techniques developed within
those networks should be adopted within GRUAN.

Managing change: GRUAN will not be a static network. Change, resgitfrom the availability

of new, improved instruments, the generation of keawledge about calibration procedures, and
the adoption of more exact standards, will be irae. Such changes need to be managed care-
fully to avoid introducing discontinuities in lortgkm measurement time series.

Measurement uncertainty: A focal point for GRUAN, and one which differertga it from many
other networks, is the emphasis on deriving rolvasies for the uncertainty on each measure-
ment. This involves a process of describing andyairay all sources of uncertainty in any meas-
urement, quantifying and synthesizing the contrdoubf each source of uncertainty to the total
measurement uncertainty, and verifying that thévddrnet uncertainty is a faithful representation
of the true uncertainty.

Key requirements for GRUAN sites: Three essential climate variables have been itehtas
priority 1 measurements for GRUAN, viz.: temperafuvater vapour, and pressure. The goal is
to measure these through:

» 1 weekly production radiosonde flight using thetlheshnology currently available at the
site.

« 1 monthly radiosonde capable of measuring watepwamn the upper troposphere and
lower stratosphere and all other priority 1 varabto the best level possible with current
technology, launched together with the weekly radiale.

 Regular 00 and 12 LST (as a preference over UT@)claes of a production radiosonde
with best technology currently available.

* Dual launches of sondes with highest quality hutpidensing capability in the upper tro-
posphere and lower stratosphere.

* Periodic intercomparisons of a large range of sdyples.

4
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Only the first two criteria are deemed an initiatjuirement. Equally important as implementing
this measurement schedule is establishing and dertimy the methods used to quantify the un-
certainty on each measurement. No measurementgonogge from any site should be adopted into
GRUAN until a detailed, traceable account of theasugement uncertainty has been established.
Therefore, in additional to implementing the reqgdimeasurement programmes, sites should also
be encouraged to develop detailed documentatiaamdrthese measurement programmes which
can then also be used to trace ongoing improveniem&asurement precision and accuracy, and
in the derivation of measurement uncertainties.
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1. INTRODUCTION

1.1. A brief summary of GRUAN

The reliable detection of the vertical structurechfinges in climate variables in the atmosphere
requires very high quality atmospheric observatioith well characterised measurement uncer-
tainties. While the GCOS Upper Air Network (GUANJ)opides upper air measurements over

large regions of the globe, these are primarilydperational weather forecasting and as a result
seldom include systems to guarantee data qualitit shat the data are suitable for long-term

trend detection. For example GUAN does not incladepart of its design, regular intercompari-

sons between measurements at different sites toeehsmogeneity in data quality and traceabil-

ity. In addition GUAN does not provide global coage; in particular ocean regions are poorly

sampled.

The need for a reference upper-air network to betieet the needs of the international climate
research community has long been recognized. Tassfarmalized between 2005 and 2007 when
a reference upper-air network consisting of evdhtd®-40 sites worldwide was planned. This is
the GCOS Reference Upper-Air Network (GRUAN; GCAR1GCOS-134). In contrast to
GUAN, which is based on weather observing stati@RIJAN is specifically designed for cli-
mate research. GRUAN will provide reference obg@mna of upper-air essential climate vari-
ables (ECVs), through a combination of in situ nueasients made from balloon-borne instru-
ments and from ground-based remote sensing obsmrsaFurthermore, unlike other GOS net-
works, management decisions in GRUAN are driverthgyrequirements of long-term climate
trend detection. Nonetheless, there are aspedRfAN operations that clearly link to GUAN.
As such GRUAN has a somewhat split personality witthual-purpose nature. On one hand the
GRUAN network is a research network constantlystg to improve measurement techniques,
guantify and reduce measurement uncertaintiesimapibve precision and accuracy. On the other
hand the measurements need to be made in a stablewer decadal time scales to achieve data
homogeneity both in time and between measuremativiss. In this sense GRUAN will operate
more like a long-term monitoring network for the@®ion of climate change. These two aspects
of GRUAN operations are not mutually exclusive, biot need to be carefully balanced. This
dual-purpose nature of GRUAN has been accommodiatiis manual.

GRUAN's goals are to:

i) Provide vertical profiles of reference measuremeanttable for reliably detecting changes in
global and regional climate on decadal time scdlbs. uniformity and coherence of standard
operating procedures at GRUAN stations and theltemguhomogeneity of GRUAN data
products will provide a global reference standamd@UAN stations. In this way improved
detection of changes in the climate of the tropespland stratosphere will be achieved.

i) Provide a calibrated reference standard for glclagtllite-based measurements of atmos-
pheric ECVs. This facilitates the creation of sezss) stable, and long-term databases of sat-
ellite-based measurements suitable for detectidreafls in climate in the upper troposphere
and stratosphere.

iii) Fully characterize the properties of the atmosgheolumn. This is necessary for process
understanding and for radiative transfer modelling.

Iv) Ensure that potential gaps in satellite programadesiot invalidate the long-term climate
record.

In achieving these four goals, GRUAN will addreke turrent deficiencies of the GUAN net-
work. In the context of the WMO networks, GRUAN Madffectively be the climate reference

6



166 backbone of the existing GUAN. The envisaged cdpiasi of a fully-implemented GRUAN are
167 detailed in GCOS-112. The scientific justificatiand requirements for GRUAN are summarized
168 in Section 3 of GCOS-112 and are not repeated here.

169 1.2. GRUAN Governance

170 A schematic outline of the GRUAN governance streeeia given in Figure 1. GRUAN measure-
171 ment sites are guided directly by the GRUAN Leadht€e currently hosted by the Lindenberg
172 Meteorological Observatory, Germany. The Lead @erdrresponsible for implementation of
173 GRUAN, for managing various systems that apply RUAN as a whole, and for collecting and
174 integrating best practices across the network. GR&AN Lead Centre is designated by WMO
175 who also sponsors the GCOS Steering Committee GID@S steering committee in turn guides
176 the GCOS/WCRP Atmospheric Observation Panel fan&te (AOPC). The AOPC in turn guides
177 the Working Group for Atmospheric Reference Obsona (WG-ARQO) which guides the de-
178 velopment of GRUAN, is responsible for GRUAN sitelextion (see Section 5.2), develops
179 guidelines for observations and data and ultimageiges the GRUAN Lead Centre. The GCOS
180 Secretariat provides additional support to the GGE&ring Committee, the AOPC, the WG-
181 ARO and the GRUAN Lead Centre. The GRUAN Lead Cericts as the interface between
182 GRUAN and the community of users of GRUAN produdier example, data transfer to end-
183 users is not made from GRUAN measurement sitesshiiist shared within the GRUAN com-
184 munity, subjected to the QA/QC procedures develapdudn GRUAN, and then submitted by the
185 GRUAN Lead Centre to the GRUAN data repository (NECBsee Section 8.5).

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

WMO
Technical Commissions
(CBSandCIMO)

GCOs sUppos .| GCOSSteering | sSponsors
Secretariat Committee |~

h

quideas reports
h 4
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Y
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v
Working Group on repons

Atmospheric Reference __)E WIGOS Initiative
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A N
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h 4

GRUAN Task |suppotts | guides repors
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GATNDOR
I - k 4
supports | GRUAN Lead Centre |

- E,
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h 4

GRUAN
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Figure 1: Schematic outline of the structure of GRUAN. GRUANmMents are shown in
red while external support structures are showslaok. GATNDOR=GRUAN Analysis
Team for Network Design and Operations Research.
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reporting bugs in data by the GRUAN data user conitpuTo this end a trust fund, established
in a similar manner to the GCOS Cooperation Medmnmight provide the necessary facility to
receive voluntary contributions for implementingigties across the GRUAN network for the
communal benefit of the network.

1.2.1.Internal GRUAN structure

Internally, GRUAN comprises the Lead Centre, GRUANasurement sites, GRUAN task teams,
and anad hoc GRUAN Analysis Team for Network Designd Operations Research
(GATNDOR). The Lead Centre is responsible for implementing @RUsystem management
and for collecting and integrating best practic@RUAN measurements are made at the Lead
Centre and at GRUAN measurement sites which sheyliicate the measurement practices rec-
ommended by the Lead Centre. The GRUAN Lead Cenaig also conduct targeting training
programmes for instrument operators at various GRAes to encourage uniformity of instru-
ment operation between sites.

GRUAN task teams support the WG-ARO and the Leautr€aen implementing GRUAN by con-
sidering specific issues in support of network gesand decision making, and entraining opera-
tional and other relevant expertise. The task tearafuate the appropriateness of uncertainty
estimates, the usefulness of particular measuresreerd operational procedures, synthesize the
available knowledge and develop recommendationmpvove GRUAN measurements and op-
erations. These task teams should confer regulargvaluate the current status of GRUAN ob-
servations, to identify weaknesses, and to incatgonew scientific understanding into GRUAN.
The expertise of these teams should also be usagpfmort the Lead Centre in guiding individual
stations through instrumental and operational ceangthout impacting long-term measurement
time series. Possible avenues for expansion oftesks are discussed in Section 1.3.1. Follow-
ing ICM-1, the GATNDOR team was established to utake scientific investigations (in addi-
tional to the more operational investigations utalan by the task teams) in support of GRUAN
decision making and to report at subsequent ICMtimge The team undertakes focused, short-
term research to address specific topics identtigthe GRUAN science and management com-
munity. GATNDOR activities are coordinated with t&RUAN task teams and with national
GCOS programmes when appropriate. To best servangbds of climate monitoring and re-
search, it is essential that GRUAN be informed lgoad understanding of the evolving science
issues that drive the measurements and accurathedBRUAN data. Therefore, the establish-
ment of an internal or external science advisorngepa being considered.

1.3. Links to partner networks

GRUAN will not operate in isolation of existing mairks and GRUAN is not intended to replace
in any way any existing networks. In fact many GRU#itial and candidate sites already belong
to existing networks such as GUAN, GAW, NDACC, BSBhN SHADOZ. One of the essential
characteristics of a successful GRUAN is close dioation with the user community and many
of these networks are also likely to be users ofJBR data. Similarly, complementary meas-
urements from these other networks should be eadllat a collocation database to enable cross-
calibration and to quantitatively link GRUAN measorents to similar measurements made
within other networks. As a result, close coordmatbetween the governing bodies of these net-
works and with GRUAN is required on a continuousi®a

There are a wide range of tools and methodologiashitave been developed in existing networks
that GRUAN can adopt, extend if necessary, anchléam. Similarly, existing networks will
have skills and expertise likely to be useful to ¥ and its operations. As a result, expert
teams from existing networks should be approacbesipport GRUAN operations and to avoid
duplication of effort by utilizing existing sciefit knowledge. It is especially important to note
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that establishing GRUAN is not just an exerciseadding another acronym label to existing
measurement sites. While in the charter for GRUGC(QS-92) it is stated that ‘where feasible,
these reference sites should be co-located andldeted with other climate monitoring instru-
mentation’, GRUAN will require a mode of operaticand the establishment of measurement
programmes, currently not available anywhere. Timpgse of this section is to provide, as early
as possible in this document, a context for GRUANKhe broader community of climate monitor-
ing networks.

A number of networks currently in operation makeamgements which fall within the scope of
GRUAN. Of particular interest are those statioret ttmake upper air measurements that are not
part of the typical meteorological measurementgeofperature, pressure and humidity. Many of
these networks have developed systems for assilénguality of their measurements. Where the
systems currently in place are sufficient to méet operational requirements of GRUAN they
should be used by GRUAN. Where networks are workingards QA/QC procedures, GRUAN
should partner with these networks to develop systthat meet the operational requirements of
both parties. In some cases sites within thesagrartetworks may also become GRUAN sites.
This is encouraged since it facilitates a traceéblebetween GRUAN measurements and meas-
urements made at all other sites within the partrework (assuming that the measurements
within the partner network are cross-calibrated eam be quantitatively linked).

Existing networks and potential resources from imitthose networks likely to be of value to
GRUAN are discussed below.

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

The NDACC comprises more than 70 high-quality, res¥ysensing research stations for observing
and understanding the physical and chemical sfatieecstratosphere and upper troposphere and
for assessing the impact of stratospheric changeth® underlying troposphere and on global
climate. Because GRUAN and NDACC share a numbearoaimon science goals, it has been
debated whether GRUAN is necessary and whether NDAGuId achieve the goals of GRUAN.
There are a number of key differences between NDAGE GRUAN that require GRUAN to
operate as a new and independent network, including

* The primary focus of NDACC is on ozone and the deafa responsible for ozone depletion.
The primary focus of GRUAN is on climate and thetéas driving changes in climate. This
is evidenced by the fact that NDACC does not inelatkasurements of incoming and outgo-
ing longwave and shortwave radiation, nor measunésnef various cloud parameters such as
cloud amount/frequency, base height, layer heights thicknesses, cloud top height, cloud
top pressure, cloud top temperature, and cloudcpasize. While GRUAN does include
measurements of a few trace gases (0zone, methrachearbon dioxide) it excludes the wide
range of trace gases measured within NDACC.

e NDACC aims to observe and understand the chemamalposition of the stratosphere and
upper troposphere. For GRUAN the highest prioribgervations are the atmospheric state
variables of temperature, pressure and humidity.

* NDACC operates as a federation of independent mermnt sites. While NDACC does
have in place stringent standards which must befeneheasurement programmes to become
part of the network, unlike GRUAN, the NDACC netkas not controlled by a Lead Centre
that aims to implement standard operating procesdaceoss the network as a whole.

* One of the primary goals of GRUAN is to detect ldagn climate trends above the Earth's
surface. NDACC does aim to make long-term measun&sref changes in chemical compo-
sition in the upper troposphere and stratosphetehiiis not the primary focus of the net-
work.



283
284
285

286
287
288

289
290
201
292
293
294
295
296
297
298
299
300
301
302

303
304
305

306
307
308
309
310
311
312

313
314
315
316

317
318
319

320

321
322
323
324
325
326
327
328

* Because NDACC does not operate under the contrdd@DS, it does not have the institu-
tional mandate to act as the reference standardth®GUAN which is a key purpose of
GRUAN.

There are, however, a number of measurements ardtamal procedures common to both net-
works and every effort should be made to avoididapbn of effort and to ensure that the lessons
learned within NDACC are assimilated into GRUANTr Egample:

« The NDACC has established 'working groups' thatpahearily centred on specific instru-
ments used within the NDACC. GRUAN task teams autyeinclude a mix of teams focus-
sing on specific measurements systems (radiosantprecipitable water) and on network
wide operational issues. Some consideration shailgiven to later expanding the ‘Ancillary
Measurements’ Task Team to include specific measemeé systems, and then to have ‘cross-
cutting' teams that focus on issues common to étwark as a whole. This could be achieved
through assigning ‘instrument mentors’ as recomradnd GCOS-112. Task teams focus-
sing on specific measurement systems or on spdeffi¥'s would better link to advisory
groups within partner networks e.g. the Scien#favisory Groups within GAW (see Section
1.3.4). SCOPE-CM (see Section 1.4) intends to kskabne or two centres to lead the gen-
eration and provision of fundamental climate da&eords for each ECV and so establishing
task teams within GRUAN focussed on specific ECYgmups of ECVs would mirror the
structure within SCOPE-CM and thereby facilitateeractions with the satellite-based meas-
urement community (one of the key clients of GRUAN)

 Measurements of vertical ozone and water vapoutlgsanade within the NDACC will be
common to measurements made within GRUAN. Thisushes both balloon-sonde and lidar
measurements.

* Techniques have been developed within NDACC to m@anezhanges in instrumentation.
GRUAN should build off the expertise developedhistcommunity over the past two dec-
ades e.g.

i) The JOSIE ozonesonde intercomparisons (Smit 2G07).

i) Regional ozone profile intercomparisons from mugtimstruments (McDermid et al.,
1998a; McDermid et al., 1998b).

iii) Intercomparisons of vertical water vapour profileasurements.

* Measurement redundancy in the NDACC network sites een a strength of the network
since it allows intercomparisons of supposedly iidah measurements by different instru-
ments which often highlight previously unknown defncies in the measurements (Brinksma
et al., 2000). GRUAN will include similar measurarheedundancy (see Section 6.2).

In light of the commonalities between the GRUAN @IDACC networks, consideration should
be given to including an NDACC representative oa @RUAN steering committee to ensure
close cooperation and coordination between thesenatworks.

1.3.2.BSRN (Baseline Station Radiation Network)

The BSRN provides a worldwide network to contindguseasure radiative fluxes at the Earth's
surface. The network comprises about 40 statiohsdss 80°N and 90°S many of which began
operation in 1992 and each year more stations gadecdato the network. These stations provide
data for the calibration of the GEWEX Surface RadimBudget (SRB) Project and other satel-
lite-based measurements of radiative fluxes. BSRM @re also used to validate radiative flux
models. BSRN data are archived at the Alfred Wegémsitute (AWI) in Bremerhaven, Ger-
many. In 2004, BSRN was designated as the globtdciradiation network for the GCOS. The
BSRN stations also contribute to GAW (see Secti@m).
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The primary goal of BSRN is to monitor the backgrdshortwave and longwave radiative com-
ponents and their changes with the best methodsently available. Therefore the measurements
of longwave and shortwave incoming and outgoindatazh within GRUAN will overlap with
the measurements made within BSRN. Access to tHeNB&alibration facilities at the Physi-
kalisch-Meteorologisches Observatorium Davos (PM@yld Radiation Centre (WRC) would
be highly advantageous to GRUAN. The BSRN inclual@srking group on measurement uncer-
tainties (currently led by Bruce Forgan of the Aakan Bureau of Meteorology) that should pro-
vide guidance for establishing the radiation meas@nt uncertainties within GRUAN.

1.3.3.WOUDC (World Ozone and UV Data Centre)

The WOUDC is one of the World Data Centres whioh art of the GAW (see Section 1.3.4)
programme of WMO. The WOUDC, operated by the Expental Studies Section of Environ-
ment Canada in Toronto, is not so much a networ&rasiternational repository for ozone and
UV data. There are many practices employed withendzone measurement community that are
likely to be useful to GRUAN. For example, the mgement of the Dobson Spectrophotometer
and Brewer Spectroradiometer networks, both of wpiovide data to the WOUDC, demonstrate
many of the principles that form the foundation ®RUAN. These include:

* Undertaking regular regional intercomparisons struiments which always include a travel-
ling standard which facilitates standardizationnstrument performance between regions.

* Archiving of raw data to permit later reprocesssigpuld new improved ancillary data be-
come available e.g. the shift to the Bass and Baome absorption cross-sections in the late
1980s. A similar process is now underway to eval@apossible change from the Bass and
Paur cross-sections.

e Careful QA/QC of data before archiving and strietsion control of data submitted to inter-
national archives.

These principles have resulted in ground-based ¢cotamn ozone time series of sufficient qual-
ity to allow multi-decadal trend detection.

1.3.4.GAW (Global Atmospheric Watch)

The GAW programme of WMO is a partnership involvB@ countries, providing reliable scien-
tific data and information on the chemical compositof the atmosphere, and the natural and
anthropogenic drivers of changes in chemical comtipas As such, GAW improves understand-
ing of the interactions between the atmosphere,dteans and the biosphere. As with the
NDACC, the primary focus of GAW is on changes imaspheric composition. GAW has strong
linkages to GCOS and as such is likely to havdsskihd resources that could be used to support
GRUAN.

1.3.5.SHADOZ (Southern Hemisphere Additional Ozonesondes)

The SHADOZ project was initiated to remedy the latkonsistent tropical ozonesonde observa-
tions by augmenting ozonesonde launches at opeahtozone observing stations (Thompson et
al., 2003). Rather than establishing an entirely network, SHADOZ aims to enhance ozone-
sonde launches at existing facilities on a costestiasis with international partners. The geo-
graphical coverage of the network was specificdtgigned to address target research questions
such as quantifying the wave-one pattern in eqigteertically resolved ozone.

1.3.6.AERONET

AERONET (AErosol RObotic NETwork) is a federatiohground-based remote sensing aerosol
networks with contributions from national agenciestitutes, universities, individual scientists,
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373 and partners. The programme provides a long-teomtjriious and publically accessible database
374 of aerosol optical, microphysical and radiative gaxties. The standardization of instruments,
375 calibration procedures, and data processing andibdison is well aligned with the needs of
376 GRUAN.

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

384 1.3.7.Atmospheric Radiation Measurement (ARM) Programme

385 The goal of the Department of Energy ARM programsn® study alterations in climate, land
386 productivity, oceans or other water resources, aftheric chemistry, and ecological systems that
387 may alter the capacity of the Earth to sustain Tileis includes improving the atmospheric data
388 sets used in regional and global climate modelstidary objective of the ARM user facility is
389 improved scientific understanding of the fundamkpleysics related to interactions between

390 clouds and radiative feedback processes in thesgineoe.

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

399 Another ARM organizational structure that is liketybe relevant for GRUAN is the assignment
400 of instrument mentors. Because GRUAN task teamsatestructured by instrument (as is the
401 case for NDACC where each working group focuse®ma instrument), having ARM-type in-
402 strument mentors that advise on instrument operatiaintenance and calibration across the
403 network as a whole may be beneficial. Instrumenttors have an excellent understandingnof
404 situ and remote-sensing instrumentation theory andadiparand have comprehensive knowledge
405 of the scientific questions being addressed with itileasurements made. They also possess the
406 technical and analytical skills to develop new da&taievals that provide innovative approaches
407 for creating research-quality data sets.

408 1.3.8.Meteorological agencies

409 Meteorological agencies producing global reanalygeg. NCEP/NCAR, ECMWF, JMA and
410 NASA) are likely to be users of the high qualityal@roduced by GRUAN. Reference sites will
411 prove essential for helping to characterize obgmmwal biases and the impact of observing sys-
412 tem changes, as well as to understand model e, which are important aspects in creating
413 high-quality reanalyses (Schubert et al., 2006)e &dditional value provided by the GRUAN
414 measurements in such data assimilations shouldidetified since this would provide additional
415 scientific justification for GRUAN operations. Onee sufficiently large database of GRUAN
416 measurements has been accumulated, such a stulty wndertaken through collaboration
417 between the GATNDOR group within GRUAN and perhtps SPARC data assimilation activ-
418 ity. Because GRUAN will make profile measurementwertical resolutions much higher than
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can be retrieved from satellites, it will providelwable insights into the potential limitations of
satellite-based measurements for the analysesecffgpatmospheric phenomena. Care will need
to be taken when comparing satellite-based measmsnagainst the GRUAN reference e.g. by
smoothing the GRUAN vertical profile measurementsnatch the intrinsic resolution of the sat-
ellite-based measurements (Rodgers and Connor).2003

1.4. Link to satellite-based measurement programmes

GRUAN will provide data sets, not currently avaligbthat will be useful to the satellite meas-
urement community for calibrating and validatingedide-based sensors, and for removing off-
sets and drifts between satellite-based data dets wreating merged data products. Because the
GRUAN measurements are likely to serve a wide rarigend-users within the satellite measure-
ment community, this manual recommends that a teek/working group be established within
GRUAN to liaise with key clients within the satédicommunity, and with other data providers,
to ensure that GRUAN data products are tailorecervipossible, to best meet the needs of this
community. Once GRUAN datasets are available, @otlies on enhanced datasets using these
reference measurements need to be undertaken.

1.4.1.Calibration and validation of satellite-based senss

To be useful for climate monitoring, satellite r@ates require calibration against a ground truth
to unambiguously remove non-climatic influences i@ et al., 2005). GRUAN and the GSICS
(Global Space-Based Intercalibration System) areptementary in meeting this need. The data
products derived from the satellite-based radianeasurements also require validation and this is
usually achieved through comparison of the derdaiz products with independent ground-based
measurements. Vomel et al. (2007a) demonstrate redevence-quality in situ water vapour
measurements can be used to validate currentisatelsed observations.

New satellite missions have higher resolution aetlelb station-keeping, resulting in better con-

trol of diurnal sampling. Global Positioning Systéadio Occultation (GPS RO) measurements
are also highly promising, at least for upper-tsgweric and lower-stratospheric temperature.
Even though they represent a significant step fotgiathese more recent satellite observing sys-
tems will not be adequate for climate purposesasthey can be suitably validated. To this end
GRUAN will also provide shorter-term quality asslinmeasurements for the validation of satel-

lite-based retrievals.

The need for inter-station homogeneity within GRUABAS special significance for validation of
satellite-based measurements. If satellite-basedsanements agree well with ground-based
measurements made at one GRUAN station but disagteeneasurements made at another, this
will significantly weaken the utility of GRUAN meagements for satellite instrument validation.

The issue of measurement scheduling within GRUANdocommodate satellite validation activi-
ties is discussed further in Section 7.1.

1.4.2.Creating global homogeneous trace gas data bases

While satellite-based measurements have the adyamiaproviding global or near-global geo-
graphical coverage, the quality and usefulnest®iteasurements is compromised by an inabil-
ity to conduct regular calibrations, limited vedicresolution, difficulties in continuity due to
drifting orbits (which, for species showing strogigrnal variation can alias into apparent trends),
and limited instrument lifetimes which require daties from multiple instruments to be spliced
together to form long-term data records. Discontiesl between satellite-based measurements of
climate variables, while not important for weatfeecasting purposes, can be ruinous for detect-
ing long-term changes in climate. The referencesmesments that GRUAN will produce can be
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used to remove offsets and drifts between thesaraepsatellite-based measurement series i.e.
GRUAN will provide a 'gold-standard' that will seras a common baseline when splicing satel-
lite-based measurement time series. Specificaifierdnces between a given satellite-based data
set and the GRUAN gold standard can be analyzey tise algorithms detailed in Alexandersson
et al. (1997) and Khaliq et al. (2007) to autonaljcdetect steps and drifts in the differences.
The underlying systematic structure in such difiees can then be used to homogenize the satel-
lite-based measurements with the GRUAN gold stahd&milar approaches using the global
ground-based Dosbon and Brewer spectrophotometaories to create long-term global total
column ozone records from multiple satellite-baseghsurements have been developed (Bodeker
et al., 2001).

By contributing to the creation of global homogemetrace gas data bases, GRUAN will connect
to the WMO SCOPE-CM (Sustained, Co-Ordinated Psingsof Environmental Satellite Data
for Climate Monitoring) programme. The aim of SCOEH is to establish a network of facilities
ensuring continuous and sustained provision of-aigdlity satellite products related to ECVs, on
a global scale, responding to the requirements@®S. GRUAN and SCOPE-CM can collabora-
tively contribute to Action C10 defined in the GC@8plementation plan (GCOS-92) viz. 'En-
sure continuity and over-lap of key satellite seasoundertaking reprocessing of all data relevant
to climate for inclusion in integrated climate ays@s and reanalyses'.
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2. REFERENCE MEASUREMENTS

2.1. The concept of a reference measurement

As denoted by its title, GRUAN will provide refemnquality measurements for a range of upper-
air climate variables. Reference quality atmosghehservations are based on key concepts in
metrology, in particular traceability. Metrologicebceability is the process whereby a measure-
ment result, i.e. a measurement and its uncertasaty be related to a reference through a docu-
mented, unbroken chain of calibrations, each ofctvicontributes to the measurement uncer-
tainty.

A reference measurement does not refer to a measuatahat is perfect, nor to a measurement
that will never change. Rather it refers to ourent best estimate of the value for some atmos-
pheric parameter, as well as a best estimate &letrel of confidence that is associated with this
value, recognising that future improvements in meawent techniques and/or reprocessing fol-
lowing new knowledge may lead to refinements irt tleference value. Reference measurement
accommodate the unavoidable sources of uncertairttye compilation of the net measurement
error while excluding those source of uncertaitgttcan be avoided. For example, in the pre-
deployment calibration of a sensor, there will bene unavoidable uncertainty in the accepted
measurement standard and hence some unavoidalgdainty in the calibration which must then
be included in the net measurement uncertainty. é¥ew contributions to measurement uncer-
tainty from e.g. an improperly documented tracegbithain, proprietary methods, appeal to
physical principles without experimental verificati or the use of an improper calibration stan-
dard must be avoided. Similarly, when the instrumenater deployed, there will be numerous,
unavoidable, contributions to the total measurem@gcertainty from e.g. uncertainty in the input
data, data processing constants, the data retadéyalithm, and in the physical/chemical model of
the measurement system used to convert raw measuotemto data. However, contributions to
measurement uncertainty from the use of ‘black benftware, undocumented or unvalidated
measurement adjustments, or the disregard of sgsitesources of uncertainty must be avoided.

A reference measurement may not necessarily beutemme of a measurement by a single in-
strument but may be an average of measurementsdrarinstrument or an average of results
from multiple instruments. This highlights the inm@mce of measurement redundancy (see Sec-
tion 6.2) in that access to coincident multiple suwaments of the same quantity often leads to a
more robust estimate of the true value and a bestitmate of the uncertainty on that value.

The estimate for the level of confidence is exprdsss measurement uncertainty and is a property
of the measurement that combines instrumental dsaseoperational uncertainties. The meas-
urement uncertainty describes the current best ladge of instrument performance under the
conditions encountered during an observation,stdbees the factors impacting a measurement as
a result of operational procedures, and it makefsetiors that contribute to a measurement trace-
able. An important point is that within GRUAN thiscertainty will be vertically resolved and
each measurement in a profile will be treated asigle measurement result requiring both the
measurement and its uncertainty. To provide theé éstgmate for the instrumental uncertainty, a
detailed understanding of the instrumentation guied for the conditions under which it is
used. Specific requirements that an observationt iuld to serve as a reference for calibrat-
ing or validating other systems, have been defindchmler et al. (2010).

A reference measurement typically results from asueement procedure that provides sufficient
confidence in its results by relating to well-fo@adphysical or chemical principles, or a meas-
urement standard that is calibrated to a recogrstaadard, in general a standard provided by a
National Metrological Institute (NMI). For GRUAN, i@ference measurement is one where the
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uncertainty of the calibration and the measureniseif is carefully assessed. This includes
the requirement that all known systematic errokehaeen identified and corrected, and that the
uncertainty of these corrections has also beenrdeted and reported. An addi-
tional requirement for a reference measuremenhas the measurement method and associated
uncertainties should be accepted by the user cortyragibeing appropriate for the application.

Another important requirement is that the methoglsvbich the measurements are obtained and
the data products derived must be reproducible oy end-user at any time in the future. It

should be kept in mind that these end-users amdyliko use GRAUN data for decades to

come. They should be able to reproduce how measuntsnwere made, which corrections were
applied, and be informed as to what changes oatudwing the observation and post-

observation periods to the instruments and therigihgos.

In brief, reference within GRUAN means that, at a minimum, the obseoves are tied to a trace-
able standard, that the uncertainty of the measemem(including corrections) has
been determined, and that the entire measuremeoceguire and set of processing algorithms are
properly documented and accessible.

2.2. Managing Change

GRUAN recognizes that change is inevitable — changenstrumentation, changes in operating
procedures, changes in data processing algoritmechsl@anges in operators. Such changes intro-
duce sources of operational uncertainty into GRUdth products. Rather than designing a sys-
tem that is resistant to change, GRUAN apprecidigiswithout change, improvement is impossi-
ble. Therefore, the goal is to manage change imytat does not compromise the integrity of
the long-term climate records being measured. T é¢hd the GRUAN network must develop
detailed guidelines for managing change. One otthre tasks for GATNDOR is to develop that
guidance.

The first focus in managing change is to ensuré wheen transitioning from older to newer in-
strumentation, that a sample of coincident measeinésn sufficient to quantify any biases be-
tween the two systems, is obtained before the dgstem is retired. For example flying dual
ozonesondes has proven to be useful when shiftomg bne ozonesonde system to another or
from one standard operating procedure to anotheydBet al., 1998). The length of time for
which the older and newer systems should be ryarallel, and the frequency with which coin-
cident measurements should be made, will depenth@nnstruments used and on an in-depth
understanding of the measurement technique. Sugbiales should be informed by robust scien-
tific investigations (e.g. by GATNDOR). Until thesults of such research are available, sites
should err on the side of caution and undertakgparssaturation approach to overlap so that sub-
sampling can be undertaken later to determine animim safe level of overlap required to pre-
serve the record. Where it may not always be fémad operate older and newer instruments
side-by-side for extended periods of time e.g. Wwaloon-borne instruments, alternating between
the newer and older instruments is particularlyfulsien diagnosing and correcting systematic
inter-instrument differences; regression analysthniques including a basis function that is set to
1 for one measurement system and to O for anotrebe used to extract biases between the two
systems. These biases can be derived as functfoother state variables such as air pressure,
temperature, time of day, solar zenith angle etc.

As new and more in-depth knowledge of various messant systems is gained, reprocessing of
historical data will be necessary. Data reductioocesses and data archiving within GRUAN
need to be designed with this in mind i.e. thatdhginal raw data (which must always be ar-
chived) can be easily and regularly reprocessede@sred, to form a single homogeneous time
series that is then provided to end-users. Eachgeha instrumentation, operating procedure or
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data processing algorithm is likely to require oap@ssing of historical raw data. Protocols need to
be established to indicate when reprocessing offuttlenmeasurement record is justified. Every
reprocessing generating a new homogeneous timessaever the complete measurement period
should be reflected in a change in the data vemiwhsuch updates need to be communicated to
users who have accessed earlier versions of tlze(daé Section 8.5). For this reason it is also
important that all older versions of any data setaways made available through the GRUAN
archives.

A discussion of specific sources of changes isgmtesl below but in general this requires dealing
with breakpoints in the measurement time series. fiar more preferable that these changes are
identifieda priori through the available meta-data that identifiehsthanges. However, it is also
possible to identify breakpoints in measuremenetsaries based on the statistical behaviour of
the data themselves. Significant resources ancdhigeds have already been developed within the
surface climate community around this issue (sgehétp://www.homogenization.org).

These techniques must be grounded in quantitatidkenstanding of the causes of offsets and
drifts between two different measurement systemshe reliance should not be on the implemen-
tation of signal processing techniques that idgratiid correct for offsets and drifts in time series
This gquantitative understanding in turn should egadirom the meta-data associated with each
measurement and from in-depth knowledge of eaclsunement system.

2.2.1. Changes in instrumentation

Changes in instrumentation are both inevitable @eglrable if they lead to more precise meas-
urements of the true atmospheric state. Instrurieanges will also often be driven by the neces-
sities of production engineering (when instrumesrtnponents become unavailable or too expen-
sive) and decisions will have to be made as to \vwati of component change requires additional
change testing. Formal instrument intercompariseiisbe essential for developing the in-depth
understanding required to manage changes fromr@teiment to another and for informing de-
cisions on the relative advantages and disadvasi@igehanging instrumentation. For this reason,
participation in formal intercomparisons shouldabpre-requisite for the adoption of any instru-
ment within the GRUAN network. Outcomes from suetercomparisons would form an impor-
tant component of the meta-data archived at GRUBRUAN need not necessarily organise
these intercomparisons themselves. WMO and pan@tsvorks (e.g. NDACC) often run instru-
ment intercomparison campaigns and GRUAN shoultigizeite in these where possible. Such
participation would be mutually beneficial to batbmmunities. GRUAN needs to work closely
with CBS and CIMO to gain maximum benefit for adlrpes from these intercomparisons. In ad-
dition to intercomparisons of similar instrumenésg( radiosondes), intercomparisons between
different instruments measuring the same ECV vd@bde highly informative (e.g. comparisons
of ozonesondes, ozone lidars and ozone microwaliematers at a single site). A number of case
studies exist which can be used as examples oftbawanage changes in instrumentation. For
example the impacts of changes from the Meisei BBB4pe radiosonde to the Vaisala RS92-
SGPJ type GPS sonde at Tateno were quantified bgiucting dual sonde flights during four
intensive observation periods in December 2009, iantarch, June and September/October
2010.

Following a scientifically robust replacement stgt that maximises the maintenance of long-
term climate records will be important for ensurthg integrity of the GRUAN data products in
the face of change. GATNDOR has been tasked wikldping such scientifically robust strate-
gies. Specifically a goal within the 'ManagementGifange' research topic of the GATNDOR
team is to provide scientific bases to develop afp@nal practices to better manage instrument
changes at GRUAN sites and to accurately mergeadisp data segments to create a homogene-
ous time series (led by June Wang). Consideratidinneed to be given to the desired strategy
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when more than one station in the network is makingdentical (or very similar) change with
respect to timing, sharing of data, and whethetagesites will act as pioneers. This will be espe-
cially important where the change is forced by ppdpissue.

Measurement redundancy (see Section 6.2) has is@mtifbenefits for managing instrument
change as a second instrument measuring the saec&® be used as a common reference
against which both old and new instruments can dmpared. The same advantages could be
achieved through the use of a travelling standasttument. Fom situ balloon-borne instruments
consistent ground-check routines between new aththstruments will minimize changes in pro-
cedural uncertainty contributions.

Dealing with changes in instrumentation will requERUAN to establish close two-way links to
instrument manufacturers. Inclusion of the Assommbf Hydro-Meteorological Equipment In-
dustry (HMEI) in discussions of instrument changéhivn GRUAN would be advantageous. A
productive point of interaction with the differevendors and manufacturers will be the periodic
GRUAN patrticipation in the CIMO multi-sensor fiedmpaigns. Engaging the manufacturers in
these field campaigns will assist GRUAN not onleiraluating the different sensors but also as a
point of interaction with the vendors apart frone timited HMEI attendance at GRUAN meet-
ings. A close cooperation between GRUAN and insaninsuppliers will also help GRUAN to
better understand industry capabilities and toebeftiantify instrumental uncertainties. This co-
operation will also help suppliers to better untherd GRUAN requirements, and the industry
would be able to advise GRUAN of its current andspective abilities to meet these require-
ments. For many of the parameters of interestnstsuments of required accuracy do not yet ex-
ist), GRUAN aims to further their development inoperation with instrument manufacturers.
HMEI has suggested that a workshop specificallynfi@nufacturers and open to all HMEI mem-
bers would be helpful.

Detailed archiving of instrument meta-data will\o&l to managing changes in instrumentation.
This will allow later reprocessing of the raw dats 'deep’ as possible. Since it is not always
known in advance which meta-data are likely to égquired for reprocessing at a later date,
GRUAN operators should err on the side of collatssgnuch meta-data as possible about meas-
urement systems even if no immediate use for tdase can be envisaged. In all cases sufficient
meta-data must be available to tie the new instnimi@ a comparable traceability chain back to
the same recognized standard as the old instrument.

2.2.2. Changes in operating procedures

Even if instruments themselves do not change, dwsimgthe operating procedures for an instru-
ment may also introduce breakpoints in a measuretimea series. For the most part, changes in
operating procedures should be dealt with in aifeskimilar to changes in instrumentation e.g.

reprocessing of historical data to homogenizeithe series and redistribution of the data with an
updated version number will almost certainly beures. The expectation is that standard operat-
ing procedures for all instrument types within GRWAvill be archived at the Lead Centre and

changes in standard operating procedures at indiVstations will be managed through the Lead
Centre.

2.2.3. Changes in data processing algorithms

New knowledge and resultant improvements in redaotif raw data to useful measurements are
likely to lead to changes in data processing allgors. As for changes in operating procedures,
such changes in data processing algorithms shauttehlt with in a fashion similar to changes in
instrumentation. At the very least every changdata processing algorithm must be reflected in a
change in version number of the final data prodBetause raw data from various GRUAN sites

18



670
671
672
673
674
675
676
677
678
679
680
681

682
683
684
685
686
687

688

689
690
691
692
693

will be processed at one location and one locatioly (either the Lead Centre or some other
GRUAN site with particular expertise in that mea&suaent), changes in data processing algo-
rithms should be implemented uniformly across tegvork. To achieve homogeneity across the
network it is important that individual sites dotmedependently implement changes in data proc-
essing algorithms even if those changes are walment and follow the prescriptions listed

above. This more central, 'top-down' approach ta geocessing is different to the more decen-
tralized approach employed in other networks. Whileh enforced conformity incurs an opera-
tional cost, the advantage is that end-users oGIREJAN data products will see data homogene-
ity not only in time for single stations, but alsetween stations. In support of maintaining consis-
tency in the use of data processing algorithmsiwi@RUAN, the Lead Centre should be tasked
with maintaining an archive of data processing allgms which then also comprise an important
part of the meta-data archive for GRUAN.

Tension may arise where a site may wish to impléraemon-standard (at least non-standard for
GRUAN) data processing algorithms for some purpogeto create a data product that is tailored
for a specific need. Such eventualities can beraocwadated by having a central processing facil-
ity for each GRUAN product (see above) where a commuata processing procedure is applied
to the ‘rawest’ form of data collected. This wouldt preclude a site from implementing non-

standard processing of the raw data.

2.2.4. Change in operators

Ideally the quality of the measurements should romune from changes in operators. This is

more likely achievable if standard operating praced are developed where there is reduced op-
portunity for idiosyncrasies of operators to afftieé measurements. Meta-data should include
codes (not names to protect the privacy of opesatior denote where different operators have

been responsible for measurements.
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3 MEASUREMENT UNCERTAINTY

3.1 Estimating measurement uncertainty

No measurement can be made perfectly and estimaigagurement uncertainty is a central tenet
in GRUAN’s operations. A common GRUAN definition mfeasurement uncertainty and a com-
mon procedure to establish measurement uncerwiistieequired to homogenize uncertainty es-
timates across the network. It is also needed tkentlae steps leading to the determination of
measurement uncertainty traceable. This commomitlefi should, ideally, be adopted by in-
strument providers as well.

Achieving a useful estimate of measurement uncegytamay require as much, if not more, effort
than making the measurement itself. However, sufdrtas necessary to achieve the goal of
GRUAN to provide reference quality measurementsftbe surface to the upper stratosphere.
The availability of an estimate of the measuremamtertainty for every measurement made
within GRUAN will significantly improve the utilityof the measurements and will elevate the
GRUAN measurements above what is currently availabl

The availability of sufficiently detailed meta-dagvital to quantifying random and systematic
errors in measurements. The more detailed the dattg-the 'deeper' the measurement uncer-
tainty can be traced. The approach that shouldbl@afed is that where some calibration, refer-
ence standard, application of an operating proeeduruse of a data processing algorithm intro-
duces a source of uncertainty into a measurementplete details about that uncertainty source
must be available through the meta-data taggetiabmeasurement. Such sources of meta-data
may include (Immler et al., 2010) previous meas@@naata, experience with or general knowl-
edge of the behaviour and properties of relevarienads and instruments, manufacturer’s speci-
fications, data provided in calibration and othertificates, and uncertainties assigned to refer-
ence data taken from handbooks. It is vital thes@lirces of measurement uncertainty are made
transparently available to end-users of GRUAN mesasents.

A particular challenge for GRUAN in estimating me@snent uncertainty is that for

situ measurements of upper-air ECVs, the instrumentatpmrates in conditions that are difficult
to replicate in a controlled environment (e.g.est thamber). Calibration of the instrument in its
operating environment where e.g. transient inflesnaf changes in solar radiation and/or clouds
are likely to affect sensor characteristics is gaihenot possible. Furthermore, the staple instru-
ments for much of GRUAN, viz. balloon-borne sonde®, used for measurements of single pro-
files. The well calibrated instruments with quaetif measurement errors are discarded after each
profile measurement and re-calibration or re-charaation after a measurement is often not
possible even if the instrument is recovered. Timpleasis is then on employing standards that
ensure stability, traceability, and uniformity beew instruments and across the GRUAN network
as a whole.

Because one of GRUAN’s primary goals is to deteagiterm climate trends in the upper atmos-
phere, the primary consideration might be to wankards reducing the random error in meas-
urements i.e. to emphasize reproducibility. Howgbecause GRUAN data are likely to be used
for other purposes such as satellite validatiotingcas a reference for GUAN, or as input to
global meteorological reanalyses, reducing systensators to achieve the best possible accuracy
also needs to be a priority. Therefore the aim khbe to identify and minimize both random and
systematic errors, and to include the effects ¢l lpdhen calculating measurement uncertainties.

The GRUAN mantra for dealing with measurement uagety should be:
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i) Describe/Analyze all sources of measurement uncertainty.

i) Quantify/Synthesize the contribution of each source of uncertaintyhe total measurement
uncertainty.

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

3.1.1. Describe/Analyze sources of measurement uncertainty

The first step in the process of deriving an uraety associated with any measurement is to first
fully explore and describe each source of uncdsgtamthe form of systematic and random errors.
Contributions to the net measurement uncertaingyligely to include sensor calibration, sensor
integration, sensor performance and external infltee to operational routines such as sensor
preparation and sensor ground-checks. While a fpaansor might perform well, if its value
depends in some way on another sensor that pertesssvell, this source of uncertainty needs to
be accounted for. For example, if a very precisg atcurate temperature measurement is made
but the vertical coordinate for that measuremerd less precise pressure measurement, in the
presence of larg@T/dp, the uncertainty in pressure can introduce spnt uncertainty in the
temperature measurement. Therefore uncertaintyergéo-location and time coordinates associ-
ated with each measurement should also be condigdren identifying and describing sources of
measurement uncertainty. A full list of sourcesrefasurement uncertainty will be defined in the
GRUAN common definition of measurement uncertaitgygns. Every GRUAN station should
measure, collect, and provide all information neaeg to establish an uncertainty budget for
every measurement.

3.1.2. Quantify/Synthesize sources of uncertainty

The second step is, where possible, to quantifycangbct for any systematic biases. Uncertainty
in such bias corrections, which must also be diagdpdocumented and quantified, then contrib-
utes to the random error on the measurement. Qhsgséematic biases have been corrected for,
and assuming all remaining random errors are ndyndatributed about the mean, the resultant
net error on the measurement can be reported iag)la salue i.e. the first standard deviation of
the distribution (& errors). Where systematic biases cannot be detednor perhaps can be de-
termined but cannot be corrected for, or when reamgirandom errors are not normally distrib-
uted about the mean, a different approach willdgpiired for quantifying the net uncertainty on
the measurement. In such cases because the neisemmlonger represented by a Gaussian dis-
tribution, it cannot be reported as a single vallechniques to fully describe the shape of the
error distribution must then be developed and higitder moments of the distribution (e.g. the
skewness or kurtosis) would need to be reportguhdasof the measurement uncertainty descrip-
tion. If a measurement process can be simulatedl,ifathe probability distribution functions
(PDFs) of the various sources of uncertainty ark kmewn, a Monte Carlo approach can be used
to generate a large ensemble of ‘virtual’ measurgsn#om which measurement uncertainty sta-
tistics can be calculated. This approach can beé nsematter how structured or asymmetrical the
individual PDFs might be. This approach has beed s estimate asymmetric errors in ozone-
sonde measurements (Bodeker et al., 1998).

3.1.3. Verify measurement uncertainties

The uncertainty budget for every GRUAN measurenstiauld be verified at regular intervals
using redundant observations from complementaryrunmegents (see Section 6.2). If coincident
observations of the same ECV are available anduected to the same uncertainty analysis, the
degree to which the measurements agree within skeied uncertainties is indicative of the valid-
ity of the measurement uncertainties. If measurésnagree within their uncertainties, the error
estimates on the measurements are more likely toolrect. Formal methods have been devel-
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oped to achieve this (Immler et al., 2010). Fomepk, if two large sets of data are compared and
more than 4.5% of the data are statistically sigaiftly different within their error bars, then ei-
ther a systematic effect in either or both measerdgrsets has been overlooked, or the uncertain-
ties have been under-estimated. On the other hiamdich less that 32% of measurement differ-
ences are smaller than the RMS of the uncertajntie=h the measurement uncertainties have
probably been over-estimated. This verificationitsglf does not provide a statement about the
usefulness of a measurement; it only provides métion about the completeness of an uncer-
tainty analysis. Including such comparisons in apenal data processing can act as a flag for
where error analysis within the processing maylb®otomplete.

GRUAN includes both in situ and remote sensing wagh In the case of in situ methods, the
instrument is generally calibrated directly to tpophysical quantity of interest. In the case of
remote sensing methods, the calibrated data aphysical units of radiance and/or frequency,
which are then analyzed to provide estimates oltigerlying climate variable of interest. Vali-
dation of data products, which is equivalent tafygrg measurement uncertainties, is therefore a
two-step process whereby the accuracy of bothrikeument calibration and the analysis algo-
rithm, are validated.

3.2 Reporting measurement uncertainty

An overarching principle for the operation of GRUAS\that no measurement should be provided
without also providing an estimate of the measurgmaecertainty. Where all sources of system-
atic error in the measurement have been ident#reticorrected for, the measurement uncertainty
can be quoted as the standard deviation of theoraretror. As discussed above, where system-
atic biases remain in the measurement, or wheredheandom error in the measurement does not
follow a Gaussian distribution, alternative methdds reporting the measurement uncertainty
should be considered. This may be in the form tdb#shing & upper and lower bounds on the

measurement uncertainty to denote that the unogrtai asymmetric — generally reported 43"

whereX is the measurement,is the b uncertainty in the positive direction ah the & uncer-
tainty in the negative direction. For more comptgtributions of measurement uncertainty it
may be necessary to quote the most likely valugheepeak in the PDF for the measurement and
parameters that detail the shape of the PDF (oirdqy to the PDF itself).

3.3 Reducing measurement uncertainty

Changes in instrumentation or standard operatinggatures may lead to reductions in measure-
ment uncertainty. In such circumstances it is irtgparthat the same detail of uncertainty analysis
iIs conducted for the new instrument/operating pilace as has been done for the instru-
ment/operating procedure to be replaced.

In some circumstances, e.g. in the presences of madural variability, reducing measurement
uncertainty has little impact on derived trendscsithe primary source of the variability in the
trend estimate might be the noise on the signalgoanalyzed. It is therefore important that scien-
tific analyses guide where reducing measuremergrtaioties is most likely to lead to reductions
in uncertainties in trend estimates.

3.4 Reducing operational uncertainty

Operational uncertainty includes uncertaintiesteeldo instrument set-up, sampling rates and the
application of algorithms for data analysis. Thatdbution of operational uncertainty to the total
measurement uncertainty in GRUAN is likely to bgngicantly reduced if the ‘rawest’ form of
measurement data is submitted to a central GRUAd deocessing facility (see Section 8.1)
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where a single verified, validated and well desadildlata processing algorithm is applied to the
raw data. Similarly, the adoption of an identidanglard operating procedure for each instrument
type across the network, would reduce the operaitioncertainties related to instrument set-up.
To this end, optimal standard operating procedstesild be developed at the GRUAN Lead

Centre and then disseminated to all sites makiaggérticular measurement.

3.5 Validating measurement uncertainty

Once the uncertainty on a measurement has bearlatalt, the question then becomes: how well
does this measure of uncertainty represent theedegfrconfidence we should have in this meas-
urement? Two approaches are available for valigatme derived uncertainty on any measure-
ment, viz.:

3.5.1. Comparison of redundant measurements

A traditional way of validating measurement undetiais to measure the quantity of interest

through two (or more) techniques, based on phygid#ferent measurement principles. Because
the different techniques are subject to unique omeasent uncertainties, comparisons yield a
robust and continuous demonstration of measuremeruracy. Where simultaneous measure-
ments of the same quantity are made using twordiftetechniques, and disagree within their

stated measurement uncertainties it suggestsithat ene or both of the measurements are erro-
neous, or that the measurement uncertainties aterwstimated. In this way, complementary

measurement techniques with different susceptaslito local conditions can be chosen to maxi-
mize the accuracy of the data record. Additionallygertainty budgets validated in this way may

help identify other error sources that cannot bemmensated for by complementary sensors, but
may be monitoreth situ.

3.5.2. Laboratory analysis of the measurement system

The ability to simulate a specific measurementim laboratory can permit an in-depth investiga-
tion of the various sources of uncertainty in theasurement. For example, the environmental
simulation facility at the Research Centre Jue(8mit et al., 2007) has provided information to
validate measurement uncertainty in ozonesondes.
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4 ESSENTIAL CLIMATE VARIABLES MEASURED IN GRUAN

Since GRUAN's goal is not only to provide long-temgh quality climate records, but also the
ancillary data required to interpret those recoedaumber of parameters in addition to the fun-
damental atmospheric state variables of tempergboessure, humidity and wind will need to be
measured. High quality measurements of atmosphtie variables, trace gas concentrations, the
atmospheric radiation environment, and cloud arrdsa properties will be required. Many of
these parameters have been identified by GCOS senfial Climate Variables (ECVs; GCOS-
92). A subset of ECVs has been selected as the sowsttifically important and most tractable
for GRUAN (see Appendix 1 of GCOS-112). As scigatiesearch into the underlying causes of
observed changes in upper-air climate advancesasile capabilities of GRUAN sites expand,
this list is likely to grow.

4.1 Justification and context for Essential Climate Varables

The complete list of ECVs targeted by GRUAN isdistin Appendix 1 of GCOS-112. The pur-
pose of this section is to provide additional stfenjustification and context, and more general
guidelines for the measurement requirements faehleCVs listed as priority 1 for GRUAN, viz.
temperature, pressure, and water vapour. Simildenmafor the priority 2, 3 and 4 variables is
provided in Appendix B. As such this section pr@dclear expectations for the measurement of
priority 1 ECVs for GRUAN sites. However, this mahwecognizes the heterogeneity of the net-
work and its state of development. Therefore, gguirements imposed on current and putative
GRUAN sitesas detailed in GCOS-112, may not be immediatelyea@alble. In such cases the
‘Site assessment, certification and expansion’ Teskm (see Appendix A) will provide possi-
ble incremental approaches to achieving the taatiebutes for each measurement. Because the
desired operations parameters for each of the ESC&/based on the scientific requirements of the
data and not on current instrument performance, iy not be currently achievable. Therefore,
as stated in GCOS-112, these GRUAN requirementsidhie interpreted as eventual measure-
ment goals of any given network site. Setting them@meters ambitiously high may discourage
potential sites from joining GRUAN since they magt e able to immediately achieve these
standards. On the other hand setting the parameterns likely to result in stagnation since once
achieved there will be little incentive to advanEer this reason the tables below are different to
classical WMO/CBS requirement tables and shouldinberpreted in a different manner to
WMO/CBS requirement tables. The values in Apperidof GCOS-112 describe what is required
of the measurements to meet specific research gods distinction needs to be made between
what is desirable and what is feasible. While theay not be currently achievable, as measure-
ment technology advances, attaining such targetsldlibecome more likely. In no case should an
inability to achieve these targets result in thel@sion of a site or a measurement programme
from the GRUAN network. This manual recognizes (BRIUAN is less about meeting prescribed
measurement standards and more about establishiag@oach that continually strives to im-
prove measurement precision and accuracy, extemdathge of coverage, and achieve higher
sampling.

The measurement ranges prescribed in AppendixXdGsdS-112 should cover the range of values
likely to be encountered over the vertical rangentdrest so that any proposed instrument, or set
of instruments, would need to be able to operateutihout that range. Measurement precision
refers to the repeatability of the measurement easored by the standard deviation of random
errors. However, measurement precision is closely to the frequency of observations since

observations are often averaged and the greatesaimple size, the less stringent the required
precision. Measurement frequencies are not spdcifieecause they may vary over
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time. Measurement accuracy refers to the systemeator of a measurement (the difference be-
tween the measured or derived value, and the taliee) It is not directly specified for many
variables for which variations, and not absolutdues, are needed to understand proc-
esses. Measurement accuracy is directly relateldrig-term stability, the maximum tolerable
change in systematic error over time, which isiticat aspect of the reference network. To ensure
that realistic climate trends can be derived frow dataset, the effect of any intervention to the
measurement system on measurement error, suckhasge in instrument, should be smaller or
quantified to a much greater degree than the \giken for long-term stability. Long-term stabil-
ity is a measure of the acceptable systematic @satmthe measurements on multi-decadal time-
scales. The requirements stated in Appendix 1 oD6Q12 are largely consistent with the
GCOS ECV observation requirements, as detaileden¥MO/CEOS database.

4.2 Priority 1 ECVs

4.2.1. Temperature

Scientific justification: Upper-air temperatures are a key dataset for thextien and attribution

of tropospheric and stratospheric climate changeesthey represent the first order connection
between natural and anthropogenically driven chanmgeadiative forcing and changes in other
climate variables at the surface. Furthermorey#récal structure of temperature trends is impor-
tant information for climate change attribution @nincreases in atmospheric long-lived green-
house gas (GHG) concentrations warm the troposghereool the stratosphere steepening verti-
cal temperature gradients. Other drivers of atmesphemperature changes, e.g. changes in solar
output, would not have the same vertical profilegérprint. Remaining discrepancies between
temperature trends derived from satellite-basedsoreanents and from radiosondes weaken the
attribution of changes in temperatures to changeSHGs. High quality temperature measure-
ments within GRUAN will contribute to the resolutiof these discrepancies.

Because radiosondes will remain the primary workbawithin GUAN for the measurement of
temperature, pressure and humidity, it is impeeathat GRUAN sites establish state-of-the-art
radiosonde measurement programmes that continstailye to improve the quality of radiosonde
measurements. Other measurement techniques cashaaldl be developed to extend the height
range of the temperature profile measurements @mufgrove the precision and accuracy of the
measurements. However, these should always be itpiaely inter-compared with collocated
radiosonde measurements to provide a traceabléditile radiosonde measurements made within
GUAN. Temperatures measured by high-quality radides are needed to:

* Monitor the vertical structure of local temperattnends.

* Correlate changes in other parameters, especiatgrwapour (see below), with changes in
temperature.

* Provide a reference against which satellite-basegherature measurements can be calibrated
and adjusted to that long-term changes can be a&stthglobally with greater confidence.

* Validate temperature trends simulated by climate@is
* Provide input to global meteorological reanalyseshsas NCEP/NCAR and ECMWF.

* Provide input to numerical weather prediction medehnd when submitted shortly after the
measurement. Upper-air measurements of temperatuteelative humidity are two of the
basic measurements used in the initialization ohenical weather prediction models for op-
erational weather forecasting.

Satellite-based measurements of this ECV will bevigled by MSU (Microwave Sounding Unit)
instruments and by GPS radio occultation (RO) messants. However, these measurements are
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unlikely to extend deep into the troposphere anGBY&N radiosonde measurements are likely to
remain the primary data set for trend detectiothis region. Recent research has shown that the
RO technique has the potential to provide highlwgsm profiles of atmospheric refractive index
in the middle to lower troposphere, which combime ¢ffects of temperature and water vapour in
this region. Requirements for precision, accurawy lang-term stability need to be guided by the
requirements of end-users and in particular theirements for detecting trends in temperature
time series which include natural, unforced climesgiability. This becomes a signal-to-noise
ratio problem and climate models should be usegutde the measurement requirements given
expectations of future trends in temperature andrabvariability (see e.g. Figure 10.7 of IPCC
4th assessment report).

It is particularly important that trends in thegrcal cold point tropopause temperatures are accu-
rately detected since this controls the flux ofevatapour into the stratosphere (Gettelman et al.,
2002) and changes in stratospheric water vapolueinée radiative forcing and temperatures both
in the lower stratosphere but also in the uppgrasphere (Forster et al., 2007). At present tem-
perature trend uncertainties in the lower stratespland upper troposphere remain large, particu-
larly in the tropics. For this ECV, addressing ttein tropical cold point temperatures should be a
focus for GRUAN. To this end establishing close kitog ties between the tropical GRUAN sites
at Manus and Nauru with the sites within the SHAD@&fwork (Thompson et al., 2007) would
be particularly advantageous.

Measurement range:ldeally temperature measurements should coverathge 170 — 350 K to
span the range of measurements encountered bethedfarth’s surface and the upper strato-
sphere. Currently available technology can mestréguirement.

Vertical range: The effects of elevated concentrations of greesb@ases on atmospheric tem-
peratures are seen most clearly in the upper sphéve (Shine et al., 2003). Ideally GRUAN
measurements of the vertical temperature profiteikhextend from the surface to ~50 km. Verti-
cal temperature profiles are most routinely measusing radiosondes which seldom reach above
~35 km altitude (noting that radiosondes flown tovide input to NWP models aim only to
reach ~25 km). However, if used to provide a raefeeestandard for temperature over the lower
portion of satellite-based measurements of thaocartemperature profile, and then if combined
seamlessly with those satellite-based measurentéetgjoal of achieving coverage from the sur-
face to the stratopause (and even higher) woulscheved. Ideally temperature profiles from the
surface to the upper stratosphere/lower mesospherasured by a single instrument, should be
the GRUAN goal since these would provide the mosust signal of climate change. Use of
GRUAN radiosonde temperature profiles as a stanfitardther GUAN stations would increase
the geographical coverage in the troposphere.

Vertical resolution: Given that it is primarily balloon-borne instrumerthat provide high resolu-
tion profiles of the vertical temperature profitethe atmosphere, a resolution of X0®r better
below 3Ckm altitude and a resolution of ~5@0above 3&m altitude is appropriate.

Precision: <0.2K in measurement repeatability.

Accuracy: Uncertainties 0£0.1 K in the troposphere ard).2 K in the stratosphere. This is sig-
nificantly more stringent than the 0.5 K in thepiosphere and 1 K in the stratosphere prescribed
in WMO-No. 8 and is currently unrealistic since fferhaps most accurate temperature sonde, the
‘Accurate Temperature Measuring Radiosonde’ (Schmid991), claims an uncertainty of 0.3 K
throughout most of the upper troposphere and tta¢osphere. This suggests that while GRUAN
should proceed with the best technology availadnephasis also needs to placed on the develop-
ment of new technology to achieve higher accurdapight be that higher accuracy is achievable
from nighttime soundings where the radiation cdroeg the dominant source of uncertainty in
the stratosphere (Immler et al., 2010), is sigaifity reduced. Accuracy can also be improved by
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reducing systematic biases in the measurementsteRgperature this may be partially accom-
plished by using a three-thermistor set with dédfdérradiative properties (e.g. white, black and
silver) to quantify the uncertainty in the radiatioorrection which is the largest source of meas-
urement bias towards the top of the flight.

Long-term stability: 0.05K. The signal of change over the satellite eranishie order of 0.1—
0.2K/ decade requiring long-term stability to beoader of magnitude smaller to avoid ambiguity.

4.2.2. Water vapour

Scientific justification: Water vapour is the primary natural GHG and is reérib global water
and energy cycles. It acts primarily as a feedbaakplifying the effects of increases in other
GHGs. Water vapour is the raw material for cloudd precipitation, and limited knowledge has
compromised our ability to understand and prediethydrological cycle, and understand its ef-
fect on radiative transfer (Peter et al., 2006)at&¥ vapour is also a source of OH in the upper
troposphere and stratosphere, influencing metharaye and halogenated GHGs. High clouds
due to water vapour in the UT/LS affect both thangt's shortwave albedo and its longwave
greenhouse effect, and both cloud particles an@mmablecules are involved in chemical reac-
tions that govern stratospheric ozone concentrstidtully quantifying the Earth’s radiation
budget depends on an accurate assessment of theveagroperties of clouds and the water va-
pour continuum.

For weather forecasting, boundary layer and lowegrdspheric humidity measurements (or total
column water vapour, which is dominated by the lotsgposphere) are of primary interest. How-
ever, changes in water vapour in the UT/LS exegteater radiative forcing than changes else-
where (Solomon et al., 2010). Unfortunately staddadiosonde humidity sensors have very poor
response at the low temperatures, pressures, aed vegour concentrations of the UT/LS (Wang
et al., 2003). A number of factors, many linkecthanges in climate, are likely to affect the flux
of water vapour into this climatically importangien of the atmosphere, viz.:

i) Changes in the cold-point tropopause temperaturey£t al., 2001).

i) Changes in convection. Convective transport opasicles into the UT/LS can provide a

path with bypasses the limitation imposed by tHd-point tropopause temperature.
iii) Changes in the Brewer-Dobson circulation (Austialet2006).

While most of the Earth’s water vapour is contaiimethe lower atmosphere where it is relatively
easy to measure, the water vapour content of tperugtmosphere is difficult to measure accu-
rately; the current generation of operationallyddged balloon-borne instruments, and the satel-
lite data record to date do not allow the measurgéroéwater vapour in the upper troposphere
and lower stratosphere to the required accurabgtoseful for climate applications (Soden et al.,
2004). However, accurate water vapour measurenenitee upper atmosphere are critical, espe-
cially for radiative transfer modelling. Understamgl the water vapour budget throughout the
atmosphere is also necessary for interpreting meamsnts of outgoing longwave radiation (see
section B9).

Satellite-based solar occultation and limb-soundirsruments can measure water vapour in the
upper troposphere and stratosphere but inter-gatdifferences preclude the use of these data in
long-term trend analyses (Rosenlof et al., 200ighHprecision measurements of water vapour
profiles will provide valuable input data to glolrakteorological reanalyses and data for validat-
ing global climate models.

Instruments such as the Cryogenic Frostpoint Hygtem(CFH; Vomel et al. 2007b), the Fluo-
rescent Advanced Stratospheric Hygrometer for BallFLASH-B) Lyman-alpha instrument,
the Snow White chilled mirror hygrometer, or theiséda RS92 (Suortti et al., 2008) or RS-90 FN
(Leiterer et al. 1997), may be used for refereneasurements in their respective, valid altitude
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range. Other proven reference instruments may tbedmced, with careful attention to data conti-
nuity concerns.

Many sites are currently developing the capabibtpbserve and analyze data from ground-based
GPS receivers. These data provide continuous higlity estimates of column water vapour
which can be used to partially validate the veltroanidity profile measurements; total precipi-
table water calculated from the radiosonde meastaegberature and humidity profiles should
compare well with that measurement by the GPSvecei

Measurement range:0.1 — 90000 ppm. The large range in values thatis'é@ be covered by
these measurements presents a challenge for iresttuaevelopment and operation since no sin-
gle commercially available instrument is responsiver this range. Instrument packages may
therefore need to include more than one instrumesath of which covers a particular region of
the atmosphere.

Vertical range: 0 to ~40 km.
Vertical resolution: 50 m below 5 km and 100 m above 5 km altitude.
Precision: 2% in mixing ratio in the troposphere and 5% iximg ratio in the stratosphere.

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

Long-term stability: 1% (0.3%/decade) in mixing ratio and for the ta@umn.

4.2.3. Pressure

Scientific justification: Accurate measurements of pressure from the sutéattee upper strato-
sphere are necessary for relating measurements madifferent vertical coordinates e.g. ra-
diosonde (pressure) and lidar (geometric heighdsueements, or model output which is often
provided with geopotential height as the verticabrclinate. Uncertainty in calculated geopoten-
tial heights will result from uncertainties in teerpture, pressure and water vapour measure-
ments. The extent to which calculated geopotett&ghts/geometric heights agree with GPS
derived altitudes can provide an indirect validataf the accuracy of the temperature, pressure
and water vapour measurements. If pressure measnoterift in the presence of a steep vertical
gradient in some target trace gas, this will alis an apparent trend in that trace gas. It isethe
fore essential that pressure profile measuremeaistain long-term stability.

Measurement range:1 — 1100 hPa
Vertical range: 0 — 50 km

Vertical resolution: 0.1 hPa
Precision: 0.01 hPa

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

Long-term stability: 0.1 hPa

4.3 Moving beyond priority 1 variables

The emphasis to date within GRUAN has been on ghtens of priority 1 variables. This allows
testing of the guiding principles for all refereragservations before expanding the measurements
at GRUAN sites to lower priority variables. A fulfynctioning GRUAN that serves all envisaged
purposes will require measurements of all ECVedish Appendix 1 of GCOS-112. An approach
to expanding site measurement capabilities to exadigtcover as many of the specified variables
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1086 as possible, whilst recognising that not all vdaabmay be observed at all stations, is required.
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5

GRUAN SITES

5.1 Site certification and assessment
GRUAN site selection is likely to happen througlotpossible routes, viz.:

1)

2)

Sites being approached by GRUAN and invited to bec@RUAN stations. This would be
true for most of the candidate sites listed in GEQ3.
Sites being proposed externally e.g. through thigoNal Weather Service of the host coun-

try.

In either case clear protocols for achieving sé@#ification, and ongoing site assessment, need to
be developed so that there is ho ambiguity arouitedsslection. The process must be transparent
and applied equally to all candidate sites. Thisdpecially important for sites proposed exter-
nally, or for sites seeking to have the GRUAN lala@ld where those sites may not be prepared to
work towards achieving the standards set by GRUAN.

Once a site has been identified for possible imctusn GRUAN, through either of the routes
listed above, the following sequence of eventgappsed as the protocol for achieving site certi-
fication:

1)

2)

Communication of GRUAN requirements to the candidate by the Lead Centre. The Lead
Centre will provide documentation outlining in dethe standards required for the operation
of a GRUAN site. This should include the GCOS doents relevant to GRUAN, this man-
ual, and a number of guides providing more detailiad required standard operating proce-
dures. In particular the minimum measurement reguents detailed in Section 5.2 and,
equally importantly, the manner in which those nieasients must be made will be the focus
for the requirements of a candidate site. The GRUAJdd Centre will also provide docu-
mentation around data submission protocols angtbeedures that must be followed when
data are submitted to the internal GRUAN archige® (Section 8.1).

Communication of the current status from the camidite to the GRUAN Lead Centre. The
candidate site should respond by providing the L@adtre with documentation detailing:

i) The management structure of the site and a gedesaliption of the manner in which the
site is operated. This would include a descriptbourrent and expected future fund-
ing levels for ongoing operation of the site.

i) A description of the current measurement programatethe site that will provide
data to GRUAN and of the technical expertise abtelat the site to maintain these
measurement programmes at the required standard.

iii) A description of which databases these measurermeants previously been submitted
to and are currently being submitted to.

iv) Detailed standard operating procedures for eatheofeasurement programmes that
will be providing data to GRUAN, including a desatron of data storage policies.

v) A description of how measurements to date at tteehsive been processed to come as
close as possible to achieving GRUAN standardgida&arly important in this regard
will be detailed documentation around how changestandard operating procedures
over the history of the measurement programmes haea managed to derive a ho-
mogeneous time series of measurements suitablerfgrterm trend detection. Since
the historical database of measurements will bertalp into GRUAN, it is particu-
larly important that the historical data can mémet stated GRUAN requirements for
long-term homogeneity.
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3)

4)

5)

vi) A description of how systematic and random unceties in the measurements are
currently being derived and how these measuremesdrtainties are being reported.

vii)  Any other meta-data describing key aspects of teasmrement programmes to date.

viii) A list of the scientific experts employed at thee svho would likely participate in the
analyses of the data collected within GRUAN.

There is likely to be some iteration between thad_€entre and the candidate site to confirm
specific details, fill in information gaps, and diize the documentation from the candidate
site.

Based on the documentation received from the catelisite, the GRUAN Lead Centre will
then write a short recommendation. This, togeth#r the documentation from the candidate
site, will then be submitted to the 'Site assesspepansion and certification' Task Team
(see Appendix A). This Task Team will make the ffidacision as to whether the candidate
site will be certified as a GRUAN site. Importarspacts on which this decision should be
based would include:

i)Adherence to GRUAN protocols and requirements: Myeerally sites must have an op-
erational philosophy of continually striving to ingye measurement accuracy.

i)  Data quality (complete uncertainty analysis): Sitegst be accountable for every
measurement made. Specifically the calibration pughapplied to each measure-
ment, what sources of measurement uncertainty areunted for, and what sources
of measurement uncertainty were not accounted for.

iii)  Operational standards: If necessary, sites muptdggared to forgo locally established
operating procedures and adhere to the standardtoygeprocedures imposed by the
Lead Centre.

Iv) Meta-data completeness: Sites must have procedugace to ensure that detailed
meta-data for all measurement systems are reguabgitted to the Lead Centre for
inclusion in GRUAN data archives.

v)  Traceability: Every measurement must be traceabléuhdamental standards and
calibrations through well documented routes.

vi) Management of change: Sites must be prepared to water the guidelines outlined
in Section 2.2.

vii) Commitment to long-term measurements: Since GRU#\BN ¢limate monitoring net-
work, sites must be prepared to commit to multiedecmeasurement programmes of
the essential climate variables. It is also esakfitiat there be full host institution
commitment to GRUAN-related activities at any partar site and that this commit-
ment is not dependent on a single Principal Ingasbi.

viii) While a demonstrated track record in long-term rayimg would be advantageous,
this is not essential. If a site with the instrutagion required to meet the GRUAN
monitoring requirements exists, then it shouldlm®bverlooked simply because it has
not been observing for decades.

Since few, if any, planned GRUAN sites are likadybe immediately able to measure all re-
quired ECVs to the required levels of precisiomuaiacy and stability, achieving GRUAN
status is likely to be an incremental process. &loee, in developing the network and associ-
ated protocols, some degree of leeway in this teiganeeded.

If the site is selected as a GRUAN site, a formanmdrandum of Understanding (MoU) be-
tween the GRUAN Lead Centre and the GRUAN site tdlsigned. This MoU would in-
clude a statement from the GRUAN site that the aifeees to operate under the protocols es-
tablished within GRUAN, agrees to implement thendtad operating procedures prescribed
by GRUAN through a series of guides, and agreesibonit data to the GRUAN archives as
detailed in the data submission protocols. In rethe Lead Centre would agree to assist the
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site with all operations related to GRUAN and td as the liaison between the site and the
international community of GRUAN data users.

In addition to the initial process of site ceridfion, GRUAN sites should also undergo periodic
assessments as being part of the network. Thidaheelude periodic site visits by members of
the 'Site assessment, expansion and certificafiagk Team and should include formal reports
submitted to and archived by the GRUAN Lead Ceritris.important for external perceptions of
GRUAN integrity that these audits are conductedalgRUAN task team and not based on e.g.
annual station reports. If conducted regularly,edaes of such site assessment reports would
clearly document the progress being made by sit®artls achieving GRUAN standards. Should
an existing GRUAN site show significantly reduceoservational capability over more than a
year, as evaluated by the criteria listed abowe tdélsk team should investigate the circumstances
at that site, and, if needed, suspend its memigensithe network.

5.2 Site selection

The process by which new sites will be selecte@fsiex] into GRUAN is currently being ad-
dressed by the 'Site assessment, expansion amiicagan’ Task Team and has not yet been fi-
nalized. This section defines the more generalcppies under which GRUAN site selection
should be considered. Foremost is the measuremenoerational capabilities of any putative
GRUAN site i.e. the availability of necessary instients, infrastructural support, and ability to
adhere to the site requirements listed in Secti@n Bhis may depend in part on the membership
of that site in other measurement networks (e.gA8D, GAW, BSRN). In such cases, this
should be seen as an advantage since it reducetathep costs for establishing the GRUAN site
and it quantitatively links the GRUAN measuremetatshe measurements being made in those
other networks.

GCOS-121 suggested that an interim starting pa@ntddiosonde observations at GRUAN sites
should be made at tiered levels, ideally consistiing

e 1 weekly production radiosonde measurement of teatype2, pressure and humidity with the
best technology currently available. High qualityface measurements of these same vari-
ables are also required to provide pre-launch &lidn of the instruments onboard the sonde.
While weekly sampling under-estimates monthly stéaddleviations in temperature by up to
90% smaller and 100% larger than true values, réiffees between detectable trends for
weekly sampling compared to 12 hourly samplingsanaller (Seidel and Free, 2006).

* 1 monthly radiosonde capable of measuring wateowam the UT/LS and all other priority
1 variables (see Section 4.1) to the best levesipteswith current technology, launched to-
gether with the weekly radiosonde. Given that Higlquency natural variability in the lower
stratosphere is small, sites should launch thetiesandes in those conditions most likely to
lead to a successful launch and measurement thoatighe column, but particularly in the
upper reaches of the ascent. Typically this maytwer cloud free conditions at night but
site staff will be best placed to make this call.

* Regular 00 and 12 LST (as a preference over UT@)claes of a production radiosonde with
the best technology currently available. Local afienal constraints may lead to other
launch schedules at some stations, which shoulgnectude these stations from being desig-
nated as GRUAN stations. Where feasible, occassmmahdings at both 00/12 LST and UTC
could be used to establish a temperature differatiogatology, including uncertainties,
which could thereafter be used to relate measurtsmeade at one standard time to meas-
urements made at another. It should be noted ®/&RAJTC observations are no longer as
important for NWP since 4D data assimilation is maare common.
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* Dual launches of sondes with highest quality hutpidensing capability in the UT/LS (fly-
ing the monthly radiosonde together with a secamdis also capable of measuring water va-
pour in the UT/LS).

* Periodic intercomparisons of a large range of sdayples.

This interim starting point for required GRUAN sitapabilities will be expanded as more quanti-
tatively defensible assessments (e.g. following@aesh by GATNDOR) become available. Only
the first two criteria were considered in GCOS-181be absolute requirements. However, it
should be noted that weekly measurements made tisenbest radiosonde technology currently
available may be prohibitively expensive. Sincefthaus is not only on making very precise and
accurate measurements, a compromise would be te thakeekly radiosonde measurement of
temperature, pressure and humidity using the usubsonde used at the station but to fly this
together with a second sonde, either from anotharTufiacturer (to test network homogeneity) or
from the same manufacturer (to test repeatabilBgth approaches would assist in validating
measurement uncertainty which is equally imporfanthese measurements (see Section 6.2)..

Geographical coverage of GRUAN sites is also anomamt consideration. GATNDOR have

been tasked to assess the scientific desirabilistation locations from a variety of perspectives.
Because GRUAN will act as the reference standardtfe current 167 GUAN sites located

world-wide performing primarily radiosonde obseioas, it is important that each GUAN site is,

eventually, located sufficiently close to a GRUARe g0 allow meaningful intercomparisons. As
noted in GCOS-112, GRUAN sites need not necesdagilgurrent GUAN sites. Because GUAN
sites often operate with different equipment, sesysand operating protocols, the different re-
quirements of GRUAN and GUAN operations may requaeeful management..

It is not necessary that GRUAN provides globallynptete and spatially homogeneous coverage
- rather GRUAN should provide a reference anchoofber ground- and satellite-based networks
which would then provide the required global cogeraHowever, it would be advantageous if
GRUAN could sample all major climatic regimes amyionment types to ensure that different
temperature and radiation environments are reliabliprated. Expansion of the network should
concentrate on climatic zones and regions thatiader-sampled in the initial network configura-
tion. Geographical coverage of GRUAN sites sholsd &e tailored to meet the specific needs of
end-users e.g. the satellite-based measurement woityns likely to want validation data in key
regions of the atmosphere.

Candidate GRUAN sites will have to be able to desti@te reasonable expectations of funding to
maintain operations over many decades. The GRUAdwe should have in place procedures
for supporting long-term funding applications t@db funding agencies for sites seeking to join
GRUAN. At present most national funding agencies @rallenged by requirements for funding
over multi-decade timescales. This may therefoqaite higher level (GCOS) education of na-
tional funding agencies for maintenance of the glalimate observing system. Having sites tran-
siently joining and then leaving the GRUAN netweduld compromise the goal of ensuring data
homogeneity across the network e.g. if trends iV&@iffer at two different stations which
measured the ECV over different time periods nasclear whether the differences arise from the
geographical separation or from different time pasi being sampled.

It may be the case that while a single station gt be able to provide the full range of ECV
measurements required by GRUAN, a group of two orenstations, located sufficiently close
together might have the combined capability of piimg the full range of measurements. Such a
collection of stations may then act as a single @RUite. A key question here is what is meant
by 'sufficiently close'? This is a research questiarrently being addressed by the GATNDOR
team.
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Sites may be selected and invited to join GRUAMject to the requirements listed above. How-
ever, it is also possible that some countries mapgse the inclusion of specific sites in GRUAN
such as during the Ssession of AOPC, when Japan Meteorological AgddtyA) offered to
contribute the Tateno site. A formal mechanism dfeee needs to be established to deal with
such offers should they arise. This needs to baldine needs of all stakeholders but recognise
that at this stage a willingness to participateighly desirable.
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6 INSTRUMENTATION

6.1 Instrument selection

The choice of what instruments should be deployadinvGRUAN will not be a one-off deci-
sion. Periodic review of instrumentation likely be of use within GRUAN needs to be under-
taken since instrument technology is constantlyeng. It also needs to be recognized that not
all sites within GRUAN will operate the same instrentation, e.g. a new site may decide to
adopt the most recent technology while a site i@t a multi-decade record using an older in-
strument may decide to continue to use that instnirto avoid introducing a discontinuity in the
measurement time series. The emphasis is theradren prescribing an instrument, but rather
on prescribing the capabilities of an instrumerd allowing individual sites to select an instru-
ment that achieve those capabilities. That sa&lfatver the number of instrument types deployed
within GRUAN, the more likely network homogeneityivoe achieved.

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

* Instrument heritage: How long has an instrumenhbeaise by the community and for what
purpose? In what other networks is the instrumeplaled? How substantial is the body of
literature documenting its performance and measenérancertainty? How widely distrib-
uted is the knowledge base that facilitates theungent’s successful operation?

e Sustainability: Are the costs for operating thetnmsient and the demands on personnel for
operating the instrument consistent with the resemiravailable at GRUAN sites? Is the
commercial demand sufficient, and the technologgilakle, to support the production and
use of the instrument for sufficiently long for tegpected multi-decade deployment within
GRUAN?

* Robustness of uncertainty: Is the underlying acnurdaim for the instrument and its resul-
tant data sufficiently robust i.e. is it likely bee able to meet the accuracy, precision and sta-
bility standards (see Section 4.1) required by GRIGA

* Information content: Are the temporal and spatalotution, dynamic range, and other char-
acteristics of the measurements made by the instmturmonsistent with GRUAN require-
ments?

* Manufacturer support: Is the manufacturer committed process of improving the perform-
ance of the instrument based on findings made &¥5tRUAN user community? Is the manu-
facturer prepared to actively participate in ingtemt intercomparisons? Is the manufacturer
willing to disclose the necessary information regdito form a fully traceable chain of
sources of measurement uncertainty? A case in pegatrding this last question — Immler et
al. (2010) were unable to adequately assess thaticadcorrection made in three different
radiosondes because the correction algorithm apjplyethe radiosonde software would not
be disclosed by the manufacturer. For a consisteoértainty analysis it is imperative that
the algorithms used for corrections within the datacessing software are made publicly
available by the instrument manufacturers. Unwgiiass for the manufacturer to do so,
should count against the selection of that instminf@ use within GRUAN.

» Site location: Instrumentation may have to diffgr dimate region. For example, high-
latitude sites exhibit extremely low water vapoonients in winter compared to equatorial
sites. Therefore, instruments such as water vapadiometers operating at 23.8 and 31.4
GHz, which have limited sensitivity for integrategter vapour amounts below 5 mm, would
need to be augmented with more sensitive microwas®meters operating near 183 GHz.
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6.2 Measurement redundancy

Having different instruments at GRUAN sites measyithe same atmospheric parameters will be
invaluable for identifying, understanding and radgcsystematic errors in measurements. A pro-
ject within GATNDOR has been tasked with quantifyithe value of redundant measurements
and assessing optimal combinations of measuremirgaccessive reductions in measurement
uncertainty with the addition of each coincidentagsi@ement from a different instrument can be
guantified in a scientifically robust way, this prdes a powerful justification for measurement
redundancy at GRUAN sites. A case study underwalyinviGATNDOR is using vertical profile
measurements of temperature and water vapour d&BRWAN sites at Beltsville, Cabauw, Lin-
denberg, Potenza (all ARM sites) to quantify th@rereduction resulting from increasing redun-
dancy of measurements. This requires an assesohéme uncertainty of the temperature and
water vapour vertical profiles retrieved using eathhe considered techniques and then the in-
vestigation of possible sensors’ synergies to redbe uncertainty. The investigation will be car-
ried out focusing on the most common instrumenth@tconsidered GRUAN sites: for tempera-
ture, radiosonde soundings and microwave profillersmoisture, radiosonde soundings, Raman
lidars, microwave profilers, and GPS receivers. Ghantification of the value added by comple-
mentary observations should be assessed with tespec

e Sensor calibration/inter-calibration (here the ARMIue Added Products could be consid-
ered as a model)

e Identification of possible biases
* Representativeness of measurements

* Quality control/assurance with a focus on instrunparformance in different meteorological
conditions.

As for much of the other research underway to suppe operational framework for GRUAN,
this is work in progress and the true value of hgunultiple measurements of the same climate
variables at GRUAN stations will become clear mei

One important factor for GRUAN is that independer@asurements of the same (or related) vari-
ables should be reported in a consistent way. Togsechecking of redundant measurements for
consistency should be an essential part of the GRUJAality assurance procedures. Since all
data are to be reported with uncertainties, a starsty check is, in principle, a straight for-
ward task (see Section 3.1.3).

6.3 Surface measurements

While GRUAN is, by definition, an upper-air networthe availability of coincident surface
measurements is likely to be advantageous to GREbAM number of purposes, including:

* Providing ground-truthing for vertical profile memsments. For example, comparisons be-
tween ozonesonde measurements of ozone at thesadainst a high precision standard can
be used to identify uncertainties in the ozonesondasurement.

* Some remote sensing instruments that derive vegioéile data from e.g. optimal estimation
techniques can benefit from having a surface measemt to constrain the retrieval. In some
cases remote sensing of column amounts of a trasecan benefit from having collocated
surface measurements of that trace gas e.g. amésid the Total Carbon Column Observing
Network (TCCON).

While there are no formal requirements for GRUAMtisins to include surface measurements,
the guideline is that where such measurements wsgidficantly add to the quality or utility of
the GRUAN measurements, these surface measurestentkl be made.

36



1371

1372

1373
1374
1375

1376
1377
1378
1379
1380

1381
1382
1383
1384

1385
1386
1387

1388
1389

1390

1391
1392
1393
1394
1395
1396
1397

1398

1399

1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413

6.4 Upper-air measurements

6.4.1. In-situ instruments

A discussed in Section 4.2.1, radiosondes will nantiae primary workhorse within GUAN for
the measurement of vertical profiles of temperatpressure and humidity. The fact that these
instruments are not recovered has important imjpdina for GRUAN operations, viz.:

« The instruments must be low cost, and becausedftejow cost, the sensors on sondes are
unlikely to be the best commercially available. fdfiere, certain compromises in system
measurement accuracy have to be accepted by uakimsg into account that radiosonde
manufacturers are producing systems that need @ématgpover an extremely wide range of
meteorological conditions.

* Maintaining long-term stability in a radiosonde m@@ment time series is challenging when
the instrument being used to make the measurersetiscarded after each measurement.
Each instrument must be individually calibrated éied to common calibration standards to
ensure long-term stability.

Because GRUAN will make only weekly high quality aserements of temperature, pressure and
humidity (see Section 5.2) rather than the 12 lyopirbfile measurements required at GUAN sta-
tions, more expensive (and hopefully more accussa$ors can be used.

6.4.2. Remote sensing instruments
Material to come in here from Task Teams 2 and 5

6.5 Instrument co-location

As discussed in Section 5.2, some of the current &R sites, and many potential sites, consist
of instrument clusters spread over some regiorerdttan single compact sites. Some of them are
in geographical locations that have complex ordgyagnd/or heterogeneous surface characteris-
tics. There remain open questions about how phisifza apart measurements can be made and
still represent a GRUAN site measurement. Therefappropriate collocation requirements for
variables and instrumentation should be establisbexhsure the representativeness of measure-
ments. These considerations should be site andhetea-specific.

6.6 Calibration, validation and maintenance

6.6.1. Instrument calibration

Establishing reliable calibration procedures fog thstruments being used within GRUAN, and
applying these uniformly across the network, wil & absolute prerequisite for achieving the
GRUAN goals. In addition to establishing calibratiprocedures at individual sites that minimize
the uncertainty introduced into the measuremenincfeee Section 2.2) and avoid introducing
discontinuities into the time series, it is equathportant that calibration procedures do not com-
promise the goal of achieving homogeneity across GRUAN network as a whole so that a
measurement of some parameter at one site islgi@nparable to a measurement of the same
parameter at a different site. A guiding princighadt will achieve this goal is that the same when
two identical instruments are deployed at two défe sites, they should also use the same cali-
bration procedures, preferably tied to the samelatesstandards, and should also employ identi-
cal data processing algorithms. While achievingpmmon data processing for each instrument
will be facilitated through processing the raw data single central data processing facility (see
Sections 2.2.3 and 8.1), the same approach caenasdd for calibration procedures. To this end
achieving inter-site homogeneity will be improveg developing travelling calibration standards
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which can be taken to different GRUAN stations ® Used in on-site calibration or inter-
comparisons. A current example of this would be $awbSpectrophotometer #83 which is used in
the NDACC and WOUDC networks to achieve homogenadnoss the global Dobson network
(see Sections 1.3.1 and 1.3.3). Such travellingdstals for ground-checks for radiosondes (tem-
perature and humidity sensor checks) would beqadatily valuable.

Traceability to recognized measurement standards $ standards) that can be reproduced glob-
ally and over long periods of time will be the ksymponent enabling GRUAN to provide refer-
ence measurements useful for long-term climate reh8ens. Traceability is a property of a
measurement that is manifest by an unbroken cHameasurements back to a recognized stan-
dard, with fully documented uncertainty at eaclpsthis then allows a robust calculation of the
propagation of uncertainties from the fundamentahdard to the final measurement. If common
fundamental standards are available across the ®Rb&work this will support the goal of
achieving coherence across the network.

GRUAN stations should maintain a “GRUAN site wourkiatandard” for each basis unit, e.g. a
thermometer periodically calibrated to a NationatMlogy Institute or other accredited agency
standard since this ensures traceability to arig®idard. A mechanism needs to be put in place to
address the compatibility of those systems that nmybe traceable to S| standards with the rest
of the network.

Use of traceable calibration standards will alsdh @perators to detect and quantify systematic
errors in GRUAN measurements (see Section 3.2).r@Vtiee final data product of a reference
observation depends on ancillary measurementsg tmesisurements must again be traceable to
standards. Traceability will also facilitate thewerk to incorporating new scientific insights and
new technological developments, while maintainimg integrity of the long-term climate record.
To achieve traceability, meta-data on all aspesltting to a measurement and its associated un-
certainty will need to be collected. Each statiah meed to maintain accurate meta-data records
and provide these to the GRUAN archives. Copiesatibration certificates should be submitted
to the GRUAN meta-database.

The schedule of field recalibration and validatmoecedures should be drawn initially from ex-
perience with a given sensor type, then refinedmiag to the results of laboratory tests and in-
tercomparisons. The date and nature of field recions should be included in meta-data, so
that if future experiments reveal shortcomings éheslules or methods that were in use, uncer-
tainty estimates can be adjusted after the factftect those newly-discovered issues.

6.6.2. Instrument validation

Validation of the instruments used within GRUAN albinclude well documented and traceable
calibration procedures, participation in regulaemomparisons with similar instruments used at
other sites and/or intercomparisons with a travglétandard, and operational comparison of un-
certainty estimates on the resultant measuremadititstiiose from other instruments (see Section
3.1.3). Most sites will likely not have identicalstrumentation, with the result that instrument
validation will likely be site specific. A standarecommendation for the use of redundant in-
strumentation and remote sensing instrumentationldhbe developed to aid site specific, regu-
larly scheduled, instrument validation. The purpss® make sharing and communication of best
practices across sites seamless and continuous.

6.6.3. Instrument maintenance

GRUAN sites are equipped with sophisticated, stétire-art instrumentation and should comply
with strict requirements of station maintenancgyosure of instruments and calibration perform-
ance to avoid degradation of the quality of the sneements. To ensure that the goal of long-term
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high quality climate records is reached, site s@&who are leading experts for the instruments
used at the respective GRUAN sites should takeorespility for individual instruments operated
at the GRUAN site. However, because all maintenarican instrument can also introduce dis-
continuities in measurement series, maintenanceldimmt be conducted more frequently than is
necessary. Maintenance schedules should be dedefopall instruments. All maintenance ac-
tions on instruments need to be documented asopdhte meta-data associated with the meas-
urements made by that instrument.
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7/ METHODS OF OBSERVATION

7.1 Measurement scheduling

The development of measurement scheduling protaeaisdertaken by the 'Measurement sched-
ules and instrument-type requirements' Task Tea® Agppendix A). The highest priority is that
measurement schedules are established to achieveuhprimary goals of GRUAN (see Section
1.1). Specifically it should be noted that measwenscheduling should be designed not only for
the purposes of long-term trend detection but thl @l goals of GRUAN. The required meas-
urement frequency will differ depending on the pagger being measured. Measurements need to
be sufficiently frequent to capture important ssadétemporal variability, both for trend analysis
and for process understanding. In cases where ameigg would allow averaging of measure-
ments to reduce the net random error, and whesaghechnically feasible, measurement sched-
ules should be set so as to achieve this. Whersureaent redundancy (see Section 6.1) allows
measurements of the same variable to be made vaite than one instrument, sampling intervals
and data averaging schemes need to be appliecadyritd both instruments to allow the resultant
values to be comparable.’

Measurement frequency may also vary regionallysseasonally. In places and seasons where the
parameter is being measured is more variable, measmts should be made more frequently so
that the effects of that variability can be accednfior in trend analyses. The degree of autocorre-
lation in the measured time series is also likelyatfect measurement frequency requirements.
Measurement scheduling requirements should benr@drby quantitative studies that are region-
ally and seasonally specific and that perhaps sammadel output to understand how measure-
ment scheduling may affect the ability to detecigieerm trends. It may be that trend detection is
limited by natural variability rather than by theepision of the measurement, in which case more
resources should be invested in increasing measmtefrequency rather than increasing meas-
urement precision. In some cases this may redueectist-benefit analysis where the cost to de-
tect a putative trend of X%/decade (perhaps basguat@ections from climate models or chemis-
try-climate models) over N years is minimized. Aeaper instrument making a less precise but
more frequent measurement might be selected owssra expensive instrument making a more
precise less frequent measurement, since the gfead@ency leads to detection of the expected
trend either in fewer years or at a lower cost.

Measurement frequency should also be set to perstdtistical separation of the different drivers
of changes in the observed variable. Statistieadies should inform the process of establishing
measurement schedules. Where possible, and wheoessnot compromise achieving the highest
priority, measurement schedules should be adaptedett the needs of other end-users e.g. the
timing of a daily measurement may be shifted tmcioie with a satellite overpass and in this way
provide valuable high quality data for satellitdidation. If, however, the variable being meas-
ured showed a strong diurnal cycle, shifting theasoeement time away from the norm would
introduce an anomaly which might then later compsenthe interpretation of those measure-
ments. Clear protocols therefore need to be estaddito ensure that meeting the needs of secon-
dary users of GRUAN products does not compromisegtiality of the data provided to the pri-
mary users.

For some measurements, scheduling with respeci© & Local Solar Time (LST) may be im-
portant and may result in conflicting requiremerggarding different intended uses of the meas-
urements. For example, scientifically it may be aageous to have all GRUAN sites making
measurements at the same LST (especially for ‘agalthat show strong diurnal variations),
while for ensuring coincidence with GUAN statioms,to be used as input to initializing NWP
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models, having all measurements made at the san@rhight be more appropriate. As detailed
in Section 5.2), the current intention is that esdinde flights will be made at the same LST
within GRUAN, however, this decision has not beealized.

7.2 Operation and maintenance, quality standards

The more traditional approach of setting a quadtgndard and then assessing whether each
measurement meets that standard is less applicald&®UAN where the emphasis is more on
describing, quantifying and verifying measurememtartainty estimates and then communicating
the quality of the measurement through that unogytastimate. That said, standards of operation
and maintenance for each instrument used in GRUAdIg be developed to ensure that mini-
mum quality standards are achieved. This will beessary to minimize sources of error when
measurements are being made using sophisticatednments that may not always be completely
familiar to the operator. This will be more likelje case when measurements are being made
under operational conditions. Operation and maartea protocols should be such that collection
of detailed meta-data is mandatory as these metavdd be vital to establishing measurement
uncertainties.

Because GRUAN is not being established as a netaodompletely new stations, and because
many of the initial stations within GRUAN have bei@noperation in some cases for decades,
sites collecting data from different instrumentdl @imost certainly currently use different aver-
aging and data processing algorithms, differentrumsent pre-checks, different instrument post
data checks, etc.. GRUAN will not consist of adetientical sites supported by a single funding
agency. A process for achieving convergence onedgom operations and maintenance proce-
dures that will be applied across the network tioeeeneeds to be developed. Furthermore, many
of the initial sites report to numerous networksl #meir governance and stated aims differ sub-
stantially. It is therefore essential to have iagal protocols and agreements, such as a Manual of
Operations, including common quality assurance gaores that allow the required flexibility,
whilst maintaining the fundamental quality of tHeservations necessary to meet GRUAN aims.
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8 DATA MANAGEMENT

8.1 Overview of GRUAN data flow

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

Performance
Monitoring ‘\
| GRUAN site
Internal GRUAN External GRUAN
- data archive at data archive at
| GRUAN site s lead centre NCDC
T o
R o
GRUAN site | EE3 Processed GRUAN
hosting data § s % 3 data Database
processing 8 8 c5s /
[ LEEQS \b
255 S End-users/
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hosting data oS _E'E clients
rocessin ><E
p g 15l T
GRUAN site
= WMO
Information
GRUAN site | System (WIS)

GRUAN site \ GRUAN site

Figure 2: A schematic representation of the flow of dat&RUAN. Blue arrows show the standard flow of
data. The red arrows show the flow of near-reaktoata. Data provided to end-users via red routesiat
‘GRUAN data’. Different data exchange protocols @Whdooperate for exchange of data within GRUAN
(shaded green region) and from the GRUAN exteratd drchive to end-users.

Raw measurement data and meta-data, referred tewed 1 (L1) data, are ingested from all
GRUAN sites into the internal GRUAN data archivesteal at the Lead Centre (see Section 8.4).
L1 data will typically be the ‘rawest’ form of datvailable e.g. measured voltages before any
processing has been applied. Direct exchange ofldtd between sites should be discouraged
since this would circumvent the data versioninggeols, network wide application of calibration
techniques, and other pre-processing of raw daitawbuld be implemented at the Lead Centre or
at a centralized GRUAN data processing site (sé@wpeThe only likely pre-processing of L1
data at the measurement site would be the conwvetsia common format (e.g. NetCDF). It is
also expected that L1 data would be archived atrtbasurement sites.
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Where GRUAN sites have agreed to the near-real tetease of their data, these data will be
made immediately available via the WIS. This withast certainly require some local site-based
processing of the L1 data to create data suitableubmission to the WIS.

Processing of the L1 data held in the GRUAN intedwsta archive to produce a GRUAN data
product, referred to as Level 2 (L2) data, will oceither at the Lead Centre or at a GRUAN sta-
tion that specializes in processing data for ai@adr instrument. This processing would include
applying the necessary recalibrations, correctiand, the uncertainty analysis in a consistent and
traceable manner across identical instruments fddfierent sites. The L2 data, including its
meta-data and documentation, are provided to tbe asmmunity through the external GRUAN
data archive hosted at NCDC. A performance momigpprocess (see Section 9), implemented at
the Lead Centre, will provide feedback on perforogato individual sites.

8.2 GRUAN data policy

GRUAN data should be made freely and publicly aldé. Specifically GRUAN data dissemina-

tion and use should comply with WMO Resolution 40g{XIl). However, because some

GRUAN stations are likely to be providing data ther networks which may have policies in

place to protect the rights of the data providertheir own data, some flexibility may need to be
shown regarding timeframes for making the data iplybhvailable. GRUAN meta-data should

include all information related to acknowledgemaeantd/or co-authorship on publications making
use of the data. Two different levels of exchangéRUAN data should be recognised:

1) Exchange of data within the GRUAN community. Thiogld always occur through the
GRUAN Lead Centre so that the exchange can beadltetdrby data policies developed spe-
cifically for internal exchange of GRUAN data.

i) Dissemination of GRUAN products to end-users. Hhmsuld always occur through the offi-
cial GRUAN data centre (see Section 8.5). A diffiéneolicy should be implemented to con-
trol the dissemination of GRUAN data at this level.

A distinction should be made between 'standard’ dad ‘enhanced or experimental data' ob-
tained at GRUAN sites:

e Standard data (e.g., near surface synoptic obsangaradiosonde observations) have general
exploitation value, common measurement technolggyerally well understood, and few
problems with data interpretation.

* Enhanced or experimental data (e.g., Raman LIDARrawave radiometer, surface radia-
tion, GPS precipitable water) have high exploitati@lue, sophisticated measurement tech-
nology and/or of experimental nature, would recomdneontact to site scientist for correct
interpretation of data, and would require considirafforts to maintain continuous meas-
urements and high quality of data.

Enhanced or experimental data are more likely tguigect to limitations on dissemination than
standard data.

Inclusion of GRUAN scientists as co-authors on pspeaking extensive use of GRUAN data
(and in particular enhanced or experimental datg)stifiable and highly recommended, in par-
ticular if a site scientist has responded to qoestraised about data quality and/or suitability fo
the specific study in question, or has been dyaatiolved in contributing to the paper in other
ways. Co-authorship should not be a pre-conditarrélease of GRUAN data. However, for en-
hanced or experimental data it is highly recommdrntiat data users invite site scientists to be-
come co-authors on resultant publications, or datex whether an acknowledgement would be
sufficient. Users of enhanced or experimental GRUddda should be encouraged to establish
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direct contact with site scientists for the purpose&omplete interpretation and analysis of data
for publication purposes.

The primary goals of GRUAN (see Section 1.1) arecomsistent with near real-time dissemina-
tion of measurements made at GRUAN sites. Gengrdtigh precision, high quality measure-
ments with well characterized uncertainties takessgaificant investment of time and effort. In
GRUAN the balance is tipped strongly in favour loé tprovision of high quality measurements
rather than the provision of near real-time measerdgs. However, it is recognized that GRUAN
measurements are likely to be very useful to a runalb users requiring data in near real-time
e.g. for initializing NWP models. Therefore, wheressible, and where it does not detract from
achieving the primary goals of GRUAN, GRUAN sitémsld submit real-time data to end-users
via the WIS. These, however, should not be tern@&&UAN’ data since they would not have
been subjected to the stringent QA/QC proceduraisate core to GRUAN'’s operation. Rather
they are what might be termed ‘pre-GRUAN’ datathis context, greater emphasis should be
placed on the submission of real-time data requmedeal-time applications such as NWP model
initialization e.g. those listed in Annex 1 of Regmn 40 (Cg-XIl). These are also more likely to
be 'standard data' as described above. The WIS eatgnts, e.g. on meta-data, and the possibil-
ity to transmit near-real time data via the Globalecommunication System (GTS) should be
explored. Where sites do not currently have theastfucture or expertise in making such submis-
sions, WMO should be approached for assistanckeridrm of hardware and/or training. There
may be advantages to submitting data in near @&l-$ince data assimilation algorithms are able
to flag data that appear to be statistically anommal If such two way communication can be es-
tablished between GRUAN and the NWP/data assimniatommunity, such information could
form an important part of the measurement meta-déar real-time release of standard GRUAN
data will also facilitate the quality control lirdetween GRUAN and GUAN.

8.3 Data format

In the same way that a distinction should be mastevden the distribution of data within the
GRUAN community and the dissemination of GRUAN dat@nd-users, a distinction should be
made with regard to prescribed data formats fosehevo different aspects of data distribution,
viz.:

1) For distribution of data within GRUAN the emphasi®uld be on expediency. Different data
formats for different instruments should be pereditand not discouraged. Whatever format
facilitates quick and automated processing of @ad its associated meta-data should be
used.

i) For dissemination of GRUAN data to clients, a forrshould be selected that is flexible
enough to allow a common format across all GRUAbOprcts, should have an existing large
user-base in the client community, should easlgwathe inclusion of meta-data in each data
file, should be an open format/standard that reguiro licensing, and should have a large
suite of readily available tools for manipulatingetdata files. Perhaps the most suitable for-
mat would be NetCDF and better still CF (Climate &orecast) compliant NetCDF.

8.4 Data submission

If sites elect to submit near real-time data to-esers, this should be done directly through the
WIS. Otherwise all data from GRUAN sites shouldaflthrough the Lead Centre. The expecta-
tion might be that GRUAN sites submit their rawadtt the GRUAN Lead Centre as soon as pos-
sible after the measurement but with the policplace that these data will not be made available
outside of the GRUAN community at this time. A fdgifor imposing time limits on making the
data available to the end-user community for défferstations should be implemented as this does
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not contravene WMO Resolution 40 (Cg-XIl). In tivay stations are more likely to be willing to
make their raw data immediately available withia GRUAN community without compromising
their rights to first publication of the data (sofoeding agencies may even insist that such a data
policy is in place).

Procedures for submitting data and meta-data frétJ&N sites to the GRUAN archive should
be developed in such a way as to minimize the efémjuired at the GRUAN sites and to harmo-
nize the process of data collection and data quedihtrol across the network as a whole. For ex-
ample, submission of data to the GRUAN archives lmareasily automated if the mode of sub-
mission is through FTP to a server based at the Gsmtre, whereas if submission must be done
through a web portal this cannot be easily autothatel is likely to be very time consuming for
individual GRUAN sites.

Where data submission tools can be developed dgr(eag. at the Lead Centre) and distributed
for use to GRUAN sites to facilitate data submisdio the GRUAN archives, this is preferable to
each site independently developing such tools. alhkty for sites to jointly contribute to sup-
porting such network wide activities would be dalie (see Section 1.2).

8.5 Data dissemination

Dissemination of GRUAN data products to end-usestfimers should occur through an official
GRUAN data Centre hosted at NCDC. Access to GRUAM dhrough a single source will rein-
force the model that GRUAN data are homogeneousihdime and across GRUAN stations.

For climate research in particular it is importémdt users of climate data can, if required, obtain
complete information on how the data they are ugiege acquired. Therefore, users of GRAUN

data should have access not only to the measursraedttheir uncertainties, but also to the in-
strument, operating procedures, data reductionrighges used, and to when changes to any of
these occurred through the complete time peridtiefiata set.

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

» Allow the Lead Centre to maintain statistics oradagage. This would be useful when apply-
ing for funding to support GRUAN operations.

+ Allow users of data to be informed if and when newersions of the data become available.
« Facilitate reporting of potential errors/anomalieshe data by end-users.

Such a facility might exist independently of the &N NCDC archives.

As discussed above, GRUAN sites are likely to @lsanembers of other networks and are likely
to submit data to end-users through other netwaichives. The difficulty arises in that data
submitted through a non-GRUAN network may be subjedifferent data processing, different

QA/QC procedures, and different calibrations. TWwauld result in two different versions of os-

tensibly the same data being publicly availableehSal situation should be avoided since it would
undermine the confidence that users would haveRl/&N data products.

Users of GRUAN data need to know the version of daaset they are using and whether newer
versions might be available. Having the names @& di¢es include the data version number
would be helpful in this regard. A facility to pedically check for updates of GRUAN data files
found on a client computer with the database at B@@uld be very advantageous.
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8.6 Data archiving

GRUAN does not necessarily need to build its owta dachive and user interface. This is a rather
costly operation for any large network and partmgnvith an established data archive such as
NCDC with a user-friendly interface should be predd. Because data cannot be quality assured
or corrected in near real-time, additional progegssteps and uncertainty estimate assignment
will be required. This key processing will be alledvto grow, and thus, data versioning will be
required. It is important that the GRUAN archiveludes all previous versions of any given data
set so that analyses using previous versions afcat be repeated if required.

8.7 Quality control at the instrument/site level

Part of the data management within GRUAN incluagesiback to the sites in the form of reports
on data submission, data quality, and comprehemssge of meta-data submitted etc.. Existing
algorithms, potentially supplemented by future atpos to be developed, will need to be used
operationally to identify systematic errors, anae®gbr instrumental issues. Results of such tests
should be communicated back to GRUAN sites on dimodgscales so that remedial action can be
taken if required. Following the example of the ARMta Quality Office, communicating quality
assurance results to GRUAN site operators and eaggrwill facilitate improved instrument per-
formance and thereby minimize the amount of unaetdp data collected.
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9 POST-PROCESSING ANALYSIS AND FEEDBACK

Analysis of GRUAN data products by end-users waed to be sensitive to data versioning. As
new knowledge becomes available and data are regged as a result, newer versions of data
sets will be provided through the GRUAN archives @md-users need to be aware of such up-
dates and, if necessary, repeat their own analy@®sto this process will be the ability to make
users aware of updated versions of data setshbgtgreviously accessed, now becoming avail-
able. The data processing centre, either the Lesdr€ or the designated GRUAN site specializ-
ing in processing of that particular data set, sthtwe tasked with data version control and ensur-
ing that the necessary meta-data on data versiemaade available to end-users.

Inevitably, algorithms change and errors in datecessing occur that are not necessarily apparent
until the data are used. Therefore, a facility thbbws data users to report potential bugs or

anomalies found in data during analyses of the da&als to be designed and implemented. This
might be modelled on the ARM Program Climate Rede&acility bug reporting system.
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10 QUALITY ASSURANCE

Assuring the quality of the GRUAN data begins wathobust process of describing, quantifying

and validating all sources of uncertainty in all GAN measurements. Where total measurement
uncertainties lie below some prescribed threshoisl increases confidence in the quality of the

GRUAN data. The use of redundant measurementsessided in Section 3.1.3, also serves to
assure the quality of the GRUAN data products. Agrent of two independent measurements,
preferably based in different measurement prinsigbeovides a high degree of confidence that no
significant systematic effect was disregarded amzkrtainties were not under-estimated.

Laboratory tests and intercomparisons are fundaaheméthods for establishing and confirming
uncertainty estimates for GRUAN data products. ratwoy tests provide an opportunity to inves-
tigate in detail the performance of instrumentsasrmcbntrolled conditions and to measure differ-
ences against certified references or other stdsd@rata from these experiments can be used to
detect biases that may be corrected for and tordate calibration uncertainties. Field intercom-
parisons allow multiplén situ sensors and remote sensing data to be directlypa&ed under the
actual atmospheric conditions of the required me=smsant, including the complex environmental
conditions (temperature, humidity, pressure, wiod/frate, radiation, and chemical composition)
that cannot be fully reproduced in the laboratdilyese complementary activities increase confi-
dence that measurements are subject to neitheticipated effects nor undiscovered systematic
uncertainties. Therefore field experiments are ipaerly useful for assuring the quality
of GRUAN data products.

Visual inspection of all data by science/instrumexperts will be required for all instruments to
minimize issues that slip through automated rostidde Lead Centre should coordinate this ef-
fort, which should be distributed across differ&RUAN sites. As outlined in Section 3.1.3, ver-
tically resolved uncertainty estimates, preparetpendently for each site, will be used as a met-
ric to compare the site-to-site quality of the aliagons.

The use of GRUAN data in data assimilation alscsaddthe assurance of GRUAN data quality
since the measurements, with their uncertaintian, lie tested for comparability with the data
assimilation model values within the known interatiability of the system.
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1748 ARM: Atmospheric Radiation Measurement programme

1749 ACRF: ARM Program Climate Research Facility

1750 AOD: Aerosol Optical Depth

1751 AOPC: Atmospheric Observation Panel for Climate

1752 CBS WMO Commission for Basic Systems

1753 CIMO: WMO Commision for Instruments and Methods of Olagon

1754 GATNDOR: GRUAN Analysis Team for Network Design and Openag Research
1755 GCOS Global Climate Observing System

1756 GHG: Well-mixed greenhouse gas (CGH, N,O, CFCs, HFCs, PFCs, SEtc.)
1757 GOS Global Observing System

1758 GRUAN: GCOS reference upper air network

1759 GTS Global Telecommunication System

1760 GUAN: GCOS upper air network

1761 ICM: Implementation - Coordination Meeting (GRUAN)

1762 ISCCP: International Satellite Cloud Climatology Project

1763 NCDC: National Climate Data Centre

1764 NWP: Numerical Weather Prediction

1765 PDF: Probability Distribution Function

1766 RMS Root Mean Square

1767 UT/LS Upper troposphere/lower stratosphere

1768 WGOS WMO Integrated Global Observing System

1769 WMO CBS World Meteorological Organisation Commission Basic Systems
1770  VWWWV: World Weather Watch

1771
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Frank Schmidlin

Task Team 2
GPS Precipitable Water

Chairs
June Wang
Kalev Rannat

Members

Seth Gutman
John Braun
Galina Dick
Yoshinori Shoji
Siebren De Haan

Task Team 3
Measurement schedules and
instrument-type requirements

Chairs

Tom Gardiner
Dave Whiteman
Howard Diamond

Members
Besty Weatherhead
Reinout Boers

Task Team 4
Site assessment, expansion and
certification

Chairs
Russ Vose
Steve Williams

Members
Dian Seidel
Mike Kurylo
Anna Kuhn
Geir Braathen

Task Team 5
Ancillary measurements

Chairs
Tony Reale
Thierry Leblanc

Members

Seth Gutman
John Braun
Galina Dick
Yoshinori Shoji
Siebren De Haan
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Chairs
Belay Demoz
Dale Hurst

Members

Martin de Graaf

Paul Johnston

Rigel Kivi

Gelsomina Pappalardo
Rolf Philipona

Hakaru Mizuno

Holger Vomel

Russ Vose

Jimmy Voyles




1792
1793

1794
1795
1796
1797
1798

1799
1800
1801
1802
1803

1804
1805
1806
1807

1808
1809
1810
1811
1812

1813
1814
1815
1816
1817
1818
1819
1820
1821
1822

1823
1824
1825

Appendix B — Expanded details on Essential Climat¥ariables

B.1. Wind speed (priority 2)

The high accuracy of 0.5 m/s prescribed for wineleshis needed to delineate calm conditions
from light winds.

B.2. Wind direction (priority 2)

No supplementary comments yet.

B.3. Ozone (priority 2)

During a discussion at the ICM-2 meeting, it waggasted that ozone should develop into a pri-
ority 1 variable for GRUAN. The consensus appeaisetthat it remains a priority 2 variable.
B.4. Methane (priority 2)

No supplementary comments yet.

B.5. Net radiation (priority 2)

The prescribed precision and accuracy values off&\match the requirements for the BSRN
network.

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

The stated measurement range of 0 to 20003&kveeds the solar constant (1366 W/out is
required since in the presence of partly cloudgskind when the sub is not obscured by cloud,
reflections off clouds can enhance surface shovewadiation significantly. The prescribed pre-
cision and accuracy values of 3 and 5 Wraspectively, match the requirements for the BSRN
network.

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

The prescribed precision of 2 Wrand accuracy of 3% match the requirements foBSRN
network.

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

The prescribed precision and accuracy values ofi13aW/nf respectively, match the require-
ments for the BSRN network.

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

The prescribed precision and accuracy values ofi13aW/nf respectively, match the require-
ments for the BSRN network.

B.10. Radiances (priority 2)

The stated stability requirement of 0.03%/decadecigevable through SI traceability. The preci-
sion and accuracy requirements of 0.01% and 0.lé&fpectively are applicable for mean sea-
sonal radiances at ~1000 km spatial scale.
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1857
1858
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B.11. Aerosol optical depth (priority 2)

Measurements of all aerosol parameters should dxerafly resolved. The aerosol optical depth is
the most important of the aerosol parameters. Wthiieother aerosol parameters will scientifi-
cally useful if the aerosol optical depth is largden the aerosol optical depth is small, measure-
ments of other aerosol parameters become lesshlalua

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

Size-fractionated measurements are required.

B.13. Aerosol chemical mass concentration (priority)
Size-fractionated measurements are required.

B.14. Aerosol light scattering (priority 2)
Size-fractionated and spectral measurements anéreeq

B.15. Aerosol light absorption (priority 2)
Size-fractionated and spectral measurements anéreeq

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

The prescribed precision and accuracy ranges &b-0.B% result from cloud variations of 1-3%
found in the ISCCP database. The prescribed lomg-stability requirement of 0.1%-0.2% re-
sults from the 1-2%/decade trends found by No2GOE).

B.17. Cloud base height (priority 2)

The prescribed measurement range of 0-20 km (1009P%2) is consistent with the vertical cloud
range found in Rossow and Schiffer (1999). Thequilesd precision and accuracy of 100 m (10-
40 hPa) is consistent with variations derived frihra ISCCP database. The long-term stability
requirement of 20 m/decade is what would be reduicedetect the trend in global mean cloud
base height of 44 m/decade reported by Chernylgh €2001). It should be noted that the trends
reported in Chernykh have been questioned by SardeDurre (2003).

B.18. Cloud layer heights and thicknesses (priorit)

The prescribed vertical resolution of 50 m is reedito resolve cloud layer thickness of ~30 m
for cirrus clouds and is easily achievable witlidad based system (Winker and Vaughan, 1994).
B.19. Carbon Dioxide (priority 3)

This ECV was not included in Appendix 1 of GCOS-hlR is key to understanding trends in
tropospheric stratospheric temperatures and swisded here.

B.20. Cloud top height (priority 3)

Cloud top height measurements are also importamatbosonde temperature uncertainty analy-

sis. When a radiosonde emerges into dryer air abakeud, evaporation of the condensed water
cools the sensor and creates a cool bias in thismeThis effect can lead to deviations up to 1K

above a cloud and the data need to be flagged pipgiely, e.g., by assigning a correspondingly

increased uncertainty to data in such regions.
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1870
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B.21. Cloud top pressure (priority 3)
No supplementary comments yet.

B.22. Cloud top temperature (priority 3)
No supplementary comments yet.

B.23. Cloud particle size (priority 4)
No supplementary comments yet.

B.24. Cloud optical depth (priority 4)
No supplementary comments yet.

B.25. Cloud liquid water/ice (priority 4)
No supplementary comments yet.
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