
 

ABSTRACT 

While the global upper-air observing network has pro-
vided useful observations for operational weather 
forecasting for decades, its measurements lack the 
accuracy and long-term continuity needed for under-
standing climate change. Consequently, the scientific 
community faces uncertainty on such key issues as 
the trends of temperature in the upper troposphere 
and stratosphere or the variability and trends of strato-
spheric water vapour. 

To address these shortcomings, and to ensure that 
future climate records will be more useful than the 
records to date, the Global Climate Observing System 
(GCOS) program initiated the GCOS Reference Upper 
Air Network (GRUAN). GRUAN will be a network of 
about 30-40 observatories with a representative sam-
pling of geographic regions and surface types. These 
stations will provide upper-air reference observations 
of the essential climate variables, i.e. temperature, 
geopotential, humidity, wind, radiation and cloud prop-
erties using specialized radiosondes and complemen-
tary remote sensing profiling instrumentation. Long-
term stability, quality assurance / quality control, and a 
detailed assessment of measurement uncertainties will 
be the key aspects of GRUAN observations. The net-
work will not be globally complete but will serve to 
constrain and adjust data from more spatially compre-
hensive global observing systems including satellites 
and the current radiosonde networks. 

This paper outlines the scientific rationale for GRUAN, 
its role in the Global Earth Observation System of Sys-
tems, network requirements and likely instrumentation, 
management structure, current status and future 
plans. 

1. WHAT IS GRUAN? 

� A network of several dozen stations, made opera-
tional in a phased process, that serve primarily as 
a long-term anchor to other networks. GRUAN 
will not be globally complete, but will sample ma-
jor climatic regimes, latitudes, altitudes, and sur-
face types.  Each station will be associated with a 
host institution having the necessary scientific 
and technical expertise and a commitment to the 
long-term operation of the site. 

� Adherence to the ten GCOS climate monitoring 
principles agreed to by the United Nations 
Framework Convention on Climate Change [1].  
These set as priorities the quality and long-term 
continuity and homogeneity of the observations 

and metadata needed for their interpretation; the 
use of the data in research and assessments; the 
establishment of requirements at the outset of 
system design and implementation; and data 
management systems that facilitate data access, 
among other things. 

� Measurements of the “Essential Climate Vari-
ables” identified by [1] with a focus on the highest 
priority upper-air variables, using high quality in-
struments to provide the most accurate data pos-
sible, as shown schematically in Figure 2.   

� Ongoing real-time and retrospective cross-
validation of different measurements of the same 
parameter and evaluation of measurement accu-
racies and drifts. 

� A strong lead center providing scientific leader-
ship and oversight, managing the network, train-
ing operators, and ensuring proper data archival 
and free dissemination.  The Meteorological Ob-
servatory Lindenberg – Richard Aßmann Obser-
vatory - will serve as GRUAN Lead Center, based 
on the Deutscher Wetterdienst’s offer of substan-
tial financial, scientific and technical support, in 
response to a call for interest issued by the 
GCOS Secretariat.  

� A strong commitment to coordinate with other 
existing networks and observing systems and to 
provide scientifically robust service to the user 
community.  

These concepts begin to trace the outlines of what 
GRUAN is and can be. It is also important to clearly 
articulate what GRUAN is not.  It is not a set of identi-
cal stations; some will be more comprehensive than 
others, although all will make a core set of first priority 
observations (Figure 1). It is not a replacement either 
for the existing radiosonde network, whose spatial 
density meets weather needs that GRUAN cannot, or 
for the GCOS Upper Air Network (GUAN) [2]. The 
base of the system is the complete global upper-air 
observing system, serving a wide variety of purposes, 
primarily weather prediction, and including the opera-
tional radiosonde network, aircraft and satellite obser-
vations, etc., and embracing model-assimilated upper-
air datasets and reanalyses.  The 161-station GUAN is 
a subset of the operational radiosonde network that, in 
the late 1990’s committed to long-term, consistent 
observations, but that do not deploy any special in-
struments for high quality climate observations.   

GRUAN is a key component of the Global Climate 
Observing System (GCOS), and GCOS in turn is the 
formal climate component of the Global Earth Observ-
ing System of Systems (GEOS). GRUAN contributes 
to the GEOSS goal of “understanding, assessing, pre-
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dicting, mitigating, and adapting to climate variability 
and change”. GRUAN is also a crucial element sup-
porting the Global Space-Based Inter-Calibration Sys-
tem (GSICS). 

2. THE GRUAN CHALLENGE 

The instrumentation for in situ observations of upper-
air Essential Climate Variables operates in conditions 
that are difficult to replicate in a controlled environment 
(e.g., a test chamber). External influences, such as 
solar radiation or clouds at the time of measurement, 
are difficult to quantify. Furthermore, the goal of a 
worldwide observational network that fully character-
izes the atmospheric column requires frequent obser-
vations with relatively low cost instrumentation, limiting 
the amount of resources that can be put into any sin-
gle observation. This is further complicated by the fact 
that the instrumentation is frequently not recovered 
after use, and re-calibration or re-characterization after 
a measurement is often not possible even if the in-
strument is recovered. 

GRUAN as a reference network is facing these chal-
lenges and must strive to quantify all parameters it 
sets out to measure in a traceable manner, that is, 
traceable to SI standards or a well-characterised and 
stable relative standard.. GRUAN operations should 

also aim to obviate any requirement for recalibrations 
after the fact and dispel any doubts about instrument 
performance. Data and information provided by 
GRUAN will support scientific studies and enable 
evaluation of the quality and limitations of GRUAN and 
other observations.  

The scale of the challenge that GRUAN faces in meet-
ing these aims is huge. A reference measurement 
provides not only the best estimate for a parameter 
being measured, but also the best estimate for the 
level of confidence that is associated with this meas-
urement. This estimate for the level of confidence is 
expressed as measurement uncertainty and is a prop-
erty of the measurement that combines instrumental 
as well as operational uncertainties. To provide the 
best estimate for the instrumental uncertainty, a de-
tailed understanding of the instrumentation is required 
for the conditions under which it is used.  

The challenge addressed by GRUAN will therefore be: 

• to reduce the instrumental uncertainty as well as 
the operational uncertainty (i.e. uncertainty in-
duced by instrument set-up, sampling rates and 
the application of algorithms for data analysis),  

• to quantify these uncertainties,  

• to verify these uncertainties, and  

Figure 1. Schematic diagram showing some required measurements for a generic GRUAN station. The first 
priority includes surface and reference upper-air meteorological variables and total column water vapor from 
ground-based GPS receivers. The second priority includes surface radiation parameters (ideally as meas-
ured by the GCOS Baseline Surface Radiation Network), temperature and water vapor from a ground-based 
remote sensor such as a microwave or multi-channel infrared radiometer, water vapor and cloud information 
from ground-based lidar, and total column and profile measurements of ozone, methane and aerosols.  Third 
and fourth priority variables (not illustrated here; see GCOS 2007) include carbon dioxide profiles and de-
tailed cloud and hydrologic variables.   
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• to make the entire process transparent and trace-
able.  

GRUAN is not building a network from scratch where 
at the outset each site has identical instrumentation, 
data processing, and sampling intervals and therefore 
identical protocols. Hence, sites collecting data from 
different instruments will almost certainly currently use 
different averaging and data processing algorithms, 
different instrument pre-checks, different instrument 
post data checks, etc. These differences will result in 
different data uncertainties and metadata. This needs 
to be recognized at the start. Sites will have to move 
from their current individual protocols towards – inso-
far as is practical – a common GRUAN network proto-
col over time for all instrumentation. 

3. WHO WILL STEER, MANAGE, AND OPERATE 
GRUAN? 

The coordinated efforts of many individuals and institu-
tions are needed to ensure a successful GRUAN.  
GCOS provides direction and oversight through its 
Atmospheric Observation Panel for Climate (AOPC).  
The AOPC has responsibility for several observing 
systems, and has established a Working Group on 
Atmospheric Reference Observations (WG-ARO) to 
provide direct guidance and oversight to GRUAN, with 
the support of the GCOS Secretariat in Geneva.  
Terms of reference and member rosters for both the 
AOPC and its WG-ARO are on the GCOS web site at 
http://www.wmo.ch/pages/prog/gcos/index.php?name
=aopc.   

Day-to-day management of GRUAN is the responsibil-
ity of the GRUAN Lead Center, now established at the 
Meteorological Observatory Lindenberg, with a dedi-
cated staff of one visiting and three permanent scien-
tists.  Lead center responsibilities include characteriz-
ing instrument error; cultivation and identification of 
instrument mentors to provide site-specific guidance; 
training station staff; succession planning to ensure 
continuity of observations and expertise; coordination 
with the user community; network management; data 
archival, dissemination and potential reprocessing; 
and research using GRUAN data.  

Operation of GRUAN sites is the responsibility of the 
site scientific and technical staff, who in most cases 
will be affiliated with the governmental or academic (or 
perhaps a private) institution hosting the site.  They 
are responsible for operating and maintaining instru-
ments, some aspects of data quality control, and work-
ing with the Lead Center. As GRUAN matures, these 
arrangements may be adjusted. 

4. WHERE WILL GRUAN STATIONS BE 
LOCATED? 

Working with the dictum “Start small, but start”, 
GRUAN will begin operation at a single station, the 
Lead Center at Lindenberg.  At the GRUAN initiation 
meeting February, 2008, a number of initial candidate 
sites, offering a rich variety of ground-based in-situ, 
remote-sensing and radiosonde capabilities, were 
identified.  These were a mix of national observatories, 
research stations (including the U.S. DOE’s ACRF 
sites in the North Slope of Alaska, the Southern Great 
Plains, and one or more of the three sites in the Tropi-
cal Western Pacific), and operational radiosonde sites.  

At the time of submission of this article, WMO is initiat-
ing formal invitations to these sites. For current infor-
mation on GRUAN network stations, the reader may 
refer to the GRUAN website http://www.gruan.org. 

5. WHAT OBSERVATIONS WILL BE MADE AT 
GRUAN SITES?  

A full description of GRUAN measurements is beyond 
the scope of this paper, in part because of the plethora 
of observations that might be available from a given 
site, and in part because some instrumentation plans 
are under development. As shown schematically in 
Figure 1, all stations will be equipped to take, at mini-
mum, the GRUAN first priority observations, including:  
reference radiosonde observations of temperature, 
humidity, pressure, height, and wind; surface meteoro-
logical parameters; and total column water vapor using 
ground-based GPS receivers in combination with sur-
face pressure observations.  Highly desired, but not 
required, is the capacity for vertical profile observa-
tions using at least one ground-based remote sensing 
technique.  Second priority observations include total 
column and profile measurements of traces gases 
(ozone and methane) and aerosols, as well as cloud 
and radiation parameters. Ideally, a GRUAN site 
would also be a GCOS Baseline Surface Radiation 
Network site.  

The exact design of a GRUAN reference radiosonde 
soon will be under study and field testing, in coordina-
tion with the WMO Commission on Instruments and 
Methods of Observation, which has a long history of 
field testing and intercomparison of radiosondes.  The 
guiding principles are to use best available technology 
and to ensure that instrument error can be fully char-
acterized by making redundant measurements of a 
given atmospheric variable, by calibrating sensors with 
references traceable to national metrology institutes 
whenever possible, and by following the International 
Organization for Standards guidelines for calculating 
and expressing uncertainty in measurements [3].   

For temperature and pressure observations, some 
combination of commercially-available sensors appear 
to meet GRUAN specifications [2], particularly for 
nighttime soundings when solar radiation effects can 
be ignored.  Reference humidity observations pose a 
greater challenge because no single commercially-
available instrument is responsive over the full dy-
namic range of values likely to be encountered from 
the surface into the troposphere and lower strato-
sphere.  Instruments such as the Cryogenic Frostpoint 
Hygrometer (CFH, [4]), the Fluorescent, the Snow 
White chilled mirror hygrometer, may be used for ref-
erence measurements in their respective, valid altitude 
range. Other proven reference instruments may be 
introduced, with careful attention to data continuity 
concerns. 

6. HOW WILL GRUAN OBSERVATIONS BE 
ARCHIVED, DISSEMINATED, AND USED? 

Ensuring the early, ongoing, and widespread use of 
GRUAN observations is a GRUAN priority and the 
responsibility of the Lead Center. The importance of a 
committed GRUAN data center has been stressed 
from the outset, and a number of institutions are work-
ing together to ensure that existing data management 
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capabilities and experience are available to GRUAN.  
These include the NOAA National Climatic Data Cen-
ter (NCDC), which also hosts World Data Center 
(WDC) for Meteorology; the Global Observing Sys-
tems Information Center (see http://gosic.org); the 
data portal of the Network for the Detection of Atmos-
pheric Composition Change 
(http://www.ndsc.ncep.noaa.gov/); the U.S. DOE 
ACRF archive and supporting infrastructure; and the 
Lead Center at Lindenberg.   

It is expected that researchers from around the world 
will employ GRUAN data in a wide variety of studies.  
The AOPC Working Group on Atmospheric Reference 
Observations is encouraging research program man-
agers to support projects that use GRUAN data to 
meet GRUAN goals, particularly those related to im-
proving satellite data products, characterizing observa-
tional error, and understanding climate variations and 
change. 

7. HOW CAN INDIVIDUALS AND INSTITUTIONS 
PARTICIPATE IN GRUAN? 

The GRUAN is just beginning to be realized. Its suc-
cess and continuity will depend to a large measure on 
the involvement of the international scientific commu-
nity. Constructive feedback and responses to this arti-
cle, and expressions of interest in hosting and provid-
ing long-term support for a potential GRUAN site or 
engaging in GRUAN in other ways, are most welcome. 
A communication platform is available at. 
http://gruan.wordpress.com. Please direct any ques-
tions to Dr. Holger Vömel, Director of the GRUAN 
Lead Center, Dr. Peter Thorne, Chair of the AOPC 
Working Group on Atmospheric Reference Observa-
tions, and Dr. Caroline Richter, GCOS Director via 
email at gruan.chairs@dwd.de.   

8. CONCLUSIONS 

In short, the main reasons for establishing GRUAN are 
to: 

• Provide long-term high quality upper-air climate re-
cords, with complete estimates of measurement error 

• Constrain and adjust data from more spatially com-
prehensive global observing systems (including satel-
lites and current radiosonde networks) 

• Fully characterize the properties of the atmospheric 
column and their changes 

• Ensure that potential gaps in satellite programs do 
not invalidate the long-term climate record 
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