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This document provides an overview of network design issues associated with GCOS in situ surface and upper air observing networks. Requirements in terms of spatial and temporal coverage as well as station representativeness and homogeneity are discussed. Also considered are issues associated with data stewardship needed to produce a sound long-term observational record including data and metadata collection and sharing practices, data archive and access.




ACTION PROPOSED

The Meeting is invited to note the information contained in this document when considering its recommendations.

____________
DISCUSSION
I. 
Introduction

The Global Climate Observing System includes in-situ and remotely sensed systems for the atmosphere, ocean, and terrestrial environments. The breadth of environments from ocean depths to the upper atmosphere requires the integration of multiple networks of various design using in situ, radar, and satellite based systems. Guidance associated with network design is provided by three GCOS science panels which work to define the observations needed in each of the main global domains, to prepare specific program elements and to make recommendations for implementation.
The Atmospheric Observation Panel for Climate provides scientific and technical input for planning and promoting atmospheric observations for climate. Included in its many priorities are to promote the establishment and maintenance of an overall system to provide long-term, high-quality, consistent data and information, to identify gaps and inadequacies in the atmospheric component of the global observing system for climate, to propose and promote the establishment of new systems, or enhancements to current systems and practices, and to promote the rehabilitation of historical observational and proxy climate data sets. 

The Ocean Observations Panel for Climate is charged with making recommendations for a sustained global ocean observing system for climate in support of the goals of its sponsors. This includes recommendations for phased implementation. The Panel also aids in the development of strategies for evaluation and evolution of the system and of its recommendations, and supports global ocean observing activities by interested parties through liaison and advocacy for the agreed observing plans. The OOPC is sponsored by GCOS, the Global Ocean Observing System (GOOS), and the World Climate Research Programme (WCRP).
The Terrestrial Observation Panel for Climate develops a balanced and integrated system of in situ and satellite observations of the terrestrial ecosystem. The Panel focuses on the identification of terrestrial observation requirements, assisting the establishment of observing networks for climate, providing guidance on observation standards and norms, facilitating access to climate data and information and its assimilation, and promoting climate studies and assessments. The TOPC is jointly sponsored by GCOS and by the WCRP.

While the breadth of observing system requirements requires GCOS to span a wide-range of observing systems and organisations (Figure 1), this document begins the process of identifying network design principles to meet global climate observing requirements by focusing on land-based in situ observing systems associated with the most fundamental essential climate variables, primarily temperature and precipitation. To date the primary emphasis has been on network implementation while the design of networks has been implicit.  With this document implementation is reviewed while broadening the discussion to network design issues. This consists of creating standards of network design to meet GCOS requirements in terms of spatial and temporal coverage (observation spacing and diurnal cycle) as well as station representativeness and homogeneity (how well and consistently do measurements represent the true climate of the area currently and throughout the station's lifetime). Network design also includes consideration of issues associated with good data stewardship needed to produce a sound long-term observational record including data and metadata collection and sharing practices, data archive and access. This document includes a summary of the current state and future design requirements for in situ surface observing systems followed by a discussion of in situ upper air observations. Also included is a discussion of data stewardship and metadata requirements.
[image: image1.png]SEA-SURTACE
TEMPERRTURE,
OCEAN COLOUR

TEMPERATURE,

WATER VAPOUR,
TRace seecies /7 B\

EMPERATURE, WIND,
SEALEVEL SEASTATE, ; WATERVAPOUR, OZONE.

SURFACE CURRENT
/ ALBEDO, SURFACE
RADIATION BUDGET

AR

CLOUD PROPERTIES, EARTH RADIATION
PRECIPITATION BUDGET

wino speo
DIRECTION -
PERMAFROST ; FIRE DISTURBANCE,
LAND COVER

ICE SEETS.
GLACIERS &
iCECAPS

WATER VAPOUR

'ABOVE GROUND BIOMASS,
FAPAR, LEAF AREA INDEX

'CARBON DIOXIDE PARTIAL
PRESSURE,OCEAN ACIDITY
e RIVER DISCHARGE,
DD WATER USE

‘OCEAN CURRENT,
OXYGEN

SOIL MOISTURE
PARTIAL PRESSURE





Figure 1.  Establishing and maintaining a global network meeting requirements for all Essential Climate Variables (ECVs) requires integration across a wide range of observing systems and organizations.
II. 
In situ Surface Networks of the GCOS

1. Current state of in situ surface networks
The backbone of the meteorological surface-based observing system consists of the approximately 10,000 stations from the WMO World Weather Watch/Global Observing System (WWW/GOS) surface synoptic observing network. Observations are made at least every three hours and often hourly to support numerical weather prediction, forecasts and warnings, and real-time weather observing needs. Essential Climate Variables (ECVs) Temperature, Air Pressure, Precipitation, Water Vapor, Surface Radiation (e.g., sunshine duration, solar irradiance) and Wind Speed and Direction are exchanged globally in real time.  Metadata listings on these stations are maintained in WMO Publication No. 9 Volume A. Regional representations of the climate system are provided by a subset of ~3000 stations that comprise the WWW Regional Basic Climatological Networks. The RBCN provides support to regional-scale climate monitoring by working to increase the international exchange of monthly climate data through reporting CLIMAT messages from more stations. 

a. The GSN Network
A global baseline network of approximately 1000 stations that make up the GCOS Surface Network (GSN) are selected from the full available network based on their ability to meet global climate monitoring principles and past performance that includes completeness and data quality and their overall length of service. The network of stations provides the best global representation of the climate system and provides benchmark locations for higher-density regional and national networks. Of particular interest within the GSN network is the homogeneity of data and the environment and representativeness of the environment.

As the global baseline network for climate observations, the GSN network was designed to comprise the best possible set of land stations with a spacing of 2.5 to 5 degrees of latitude, thereby allowing coarse-mesh horizontal analyses for basic parameters (primarily temperature and precipitation). The criteria for selection include commitments from NMHSs regarding continuity, geographical representativeness of observations, length and quality of the historical time series, and the available parameters (GCOS-73). As shown in Figure 2, coverage and period of record in the GSN network is greatest in Regions II, IV and VI. Data sparse areas generally reflect those locations that are most lightly populated. In 2012, more than 80% of GSN stations provided monthly CLIMAT reports in Regions II, III, IV and VI (Figure 3). There remain ongoing challenges and resource issues that continue to make it difficult for requirements to be met in all regions. For example, in Africa data collection for GSN stations has been consistently below 75%.
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Figure 2.  Length of daily data records in the global database for GSN stations as of March 2013.
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Figure 3.  Percentage of GSN stations providing CLIMAT messages from 2001 through 2012 received at the GCOS Archive Centre.

Stations in the GSN network are encouraged to provide at a minimum once-a-day observations of daily maximum and minimum temperature, total precipitation and pressure. The instrumentation varies by country and can vary within country. Although there has been an increase in the use of automated sensors over the past two decades, many stations including those in many of the most industrialized countries continue to rely on observers taking manual measurements from liquid-in-glass thermometers or semi-automated systems such as the U.S. NOAA/National Weather Service Maximum-Minimum Temperature System. The reliance on human involvement also extends to recording on paper forms or hand keying into an electronic media for storage and dissemination. 

Data from the GSN network are now integrated into global datasets containing period of record data that support the study of climate variability and change. In the 1990s the development of global climate datasets focused on monthly mean temperature and precipitation. Within the past decade a greater focus turned to developing historical datasets of summary of the day data, integrating GSN data with data from other networks to create the most complete record of surface observations possible. Through efforts such as NOAA/NCDC's Global Historical Climatology Network-Daily dataset (GHCN-D) and the European Climate Assessment and Dataset (ECA&D) there are now approximately 30,000 stations with historical daily maximum and minimum temperature. There are more than 80,000 stations with daily precipitation and approximately 25,000 stations with daily snow depth observations in the global climate record. 

Data collected from stations with a daily temporal resolution are essential to the study of climate variability and change and other climate service activities because they provide observations in areas that would otherwise be data void and because of their lengthy periods of record. As automated observing technologies continue to expand, the ability to collect higher temporal resolution data grows. Observations at the hourly and sub-hourly level are widely available, although most are not designed specifically to meet climate requirements. Some climate networks such as the U.S. Climate Reference Network provide observations with high temporal resolution (5 minute observations). While not yet a formal part of the GSN network, these stations will be added as their periods of record continue to grow.

b. Other surface networks
A much larger number of stations not part of the synoptic and METAR networks are part of national to local networks maintained by NMHSs, universities, state and local governments, and other entities. These networks meet a variety of other weather and climate observing requirements in sectors including agriculture, energy, emergency preparedness, and construction. These networks are essential to providing measurements of essential climate variables with the high spatial density required for the myriad of climate service applications in the 21st century. The technologies vary widely from mercury thermometers and rain gauges requiring visual measurements and hand recording once a day to the most advanced instrument technologies involving high temporal resolution data collection and transmission via satellite uplinks.

The gold standard for climate observations is provided by Reference Climate Stations, which are specifically designed for the purpose of determining climatic trends. A key focus is strict adherence to the GCOS climate monitoring principles from initial design through construction, operation, and maintenance of the instrumentation and data. These stations have requirements very similar to the GSN but national networks will often be denser to ensure that specific country data requirements for long-term climate change needs are met. One of the best examples is the U.S. Climate Reference Network, a low-density network of 114 stations in the contiguous U.S. designed with the purpose of measuring the national climate signal (Diamond et. al. 2013). Sited in pristine locations unlikely to be affected by changes in environment over the coming decades, and using triplicate temperature and precipitation sensor configurations that meet the highest standards of calibration and maintenance, the continuity, quality, and confidence in the climate record can be assured. A network of 29 stations also is being deployed in the state of Alaska; 12 have been commissioned as of 2013. Two experimental CRN stations have been operating on the Pacific island state of Hawaii since 2005. In addition to temperature and precipitation, these stations also measure solar radiation, surface temperature, and wind speed, as well as triplicate measurements of soil moisture and soil temperature at five depths, and atmospheric relative humidity (Figure 4).
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Figure 4. A U.S. Climate Reference Network station incorporating triplicate configurations for measuring temperature, precipitation, and soil moisture/temperature.

2. 
Future in situ surface network requirements

a. Network configuration
The design of the global in situ surface network should have at its core an expanded use of reference climate stations measuring temperature and precipitation at a minimum. The relatively small number of reference stations can establish benchmarks for the global baseline stations in the GSN network. A greater number of regional basic climatological stations would continue to augment the GSN network providing climate quality observations at the regional level. High density observations needed to meet small scale and local needs would be provided by the hundreds of national, university, and state or private-sector networks.

Reference Climate Stations

As the gold standard for climate observations, reference climate stations provide the highest quality data for monitoring climate variability and change while also serving as benchmarks from which surrounding stations can be calibrated. The benefit of such networks has been demonstrated over the past decade and nations that have gained expertise in the installation and operation of these networks can be a valuable source for assisting other nations in establishing such networks. The completion of the U.S. Climate Reference Network in the contiguous U.S. in 2008 establishes a foundation from which expansion into other countries can be achieved. The operation of a Climate Reference Network station in the Siberian city of Tiksi, Russia since 2010 demonstrates the potential for broader deployments and applications. The installation of a global network of as few as 500 reference climate stations would provide monthly and daily climate observations of temperature and precipitation for monitoring global climate variability and change. As importantly these stations would provide higher temporal resolution data on the hourly and 5-minute scales required for monitoring rapidly developing high impact climate extremes. Data transmission via satellite uplink or internet transfer can ensure the data are available in near real-time.

Baseline networks

Reference networks can provide the foundation from which a denser network of non-reference climate stations within the baseline GSN and RBCN networks are maintained. The GSN network will continue to serve as the baseline network for global surface observations, being comprised in part from reference climate stations as well as other high quality climate stations from national networks. Although the fundamental design of the network is sound, improvements in data quality, reliability, and completeness can be achieved by assisting contributing nations in optimizing design principles which closely adhere to the 10 GCOS climate monitoring principles. Both the GSN and RBCN network design can be enhanced by establishing mechanisms for more complete and consistent collection of daily climate observations.

Better use of national and other networks

To achieve the density of observations necessary to meet climate requirements at the local scale, networks must be designed to incorporate observations from the hundreds of public and private sector networks that exist around the world. Daily and if possible hourly data are required for studies of extremes and precipitation characteristics. Many national and state governments as well as universities and some private sector companies have established networks devoted to weather and climate observations. In particular special rain gauge networks devoted to the observation of precipitation amount, type (rain, snow etc.) and distribution on fine space and time scales have become more common in recent years. For example a more than 10,000 station network of volunteer stations providing daily observations of precipitation, snowfall, snow depth, and hail operates in the U.S. and parts of Canada. The Community Collaborative Rain, Hail, and Snow Network (CoCoRaHS) collects and disseminates daily observations providing a higher density of climate observations by augmenting government-sponsored networks (Doesken, 2000). These observations have proven valuable in monitoring and assessing the impacts of extreme precipitation events, and they are also beneficial in weather forecast and warnings. Data from this network are already being transmitted to global collection and archive centers daily. Establishing mechanisms for the collection of data from other such networks around the world is essential to gaining complete global coverage of essential climate variables.

b. 
Siting

Although there is no requirement that the larger network of GSN and regional network stations meet the strict criteria of reference climate networks, improvements in these stations through better siting and maintenance will enhance the quality of baseline and regional observations. The siting criteria will depend on the type of network, for example baseline or reference climate networks have more stringent criteria than regional or local networks, but there are basic guidelines that are universally applicable to all climate stations. An observing site should be representative of the climatic regime for which it is intended. The site should be well exposed and away from obstacles and obstructions that could influence the observation including instrument performance. Siting stations in areas near buildings or other man-made structures such as roadways should be avoided. It also is important to avoid sites on steep slopes, in hollows, or other topographical influences such as ridges that would be representative of local features only (Leroy, 1999).

Stations should be sited in locations that are most likely to remain unaffected by environmental changes over periods of decades. This is fundamental to the maintenance of homogeneous and continuous climate records. But even in the best locations changes will inevitably occur. As such it is important that network design include programs for periodic review (ideally annually) and documentation of any environmental changes through the metadata record. If changes such as encroachment from new buildings or land use changes require station relocation a well-planned period of overlap between the existing station and new location can help assure the homogeneity of the record.

Because climate stations are often part of national or local networks that serve purposes other than climate monitoring, they are more likely subject to changes including closure, moves, and changes in the local environment than a reference climate station. Within the GSN network such changes occur at rates generally lower than for the broader set of climate stations, but a small portion of the network is subject to closures and other changes each year. Closures and necessary relocations of stations take place on rare occasions even within reference climate networks. The homogeneity of climate data is best assured when network design includes procedures for making parallel measurements between existing observing systems and their replacements or between new and old meteorological sites in the event of station relocation. There is a recommended minimum of one year and an optimum period of two years of overlap. Although there are additional costs required to operate two stations, the commitment to making overlapping measurements is necessary for ensuring the continuity of the climate record. 

c. 
Instrumentation

Observations of many essential climate variables can be carried out with the greatest accuracy and consistency with automated sensors. The conversion of climate stations that rely on manual observations to automated systems can improve the data quality and completeness while also making possible the collection of data with higher temporal resolutions necessary for monitoring and study of climate extremes (hourly and sub-hourly). Expanding the use of automated climate stations particularly in remote areas where collection and dissemination of manual observations is especially difficult can help fill in gaps in coverage and ensure a continuous supply of high quality data. For meteorological elements such as temperature, precipitation, and wind, automated measurements are now proven to be more accurate and consistently measured than human-based observations as long as the equipment is well maintained and sound quality control principles applied. In some countries the use of automated sensors lowers operational costs; however installation and maintenance costs can be high, particularly in remote locations. The use of stand-alone power generation sources in remote locations can provide a dependable supply of energy to power automated sensors at a relatively low cost. Renewable energy from solar and wind generators and non-renewable sources such as methanol generators have proven to be reliable even in harsh environmental conditions (Diamond et al. 2013). 

More emphasis on the use of standard instrumentation in the design of climate networks also is essential. For example all weather precipitation gauges with shielding should be the standard used, particularly in cold climates where snowfall occurs. Gauge shielding technologies continue to improve and shields with small footprints and low cost are available and have been shown to be highly effective at ensuring catch efficiency. In addition the installation of anemometers at the height of the precipitation orifice can enable precipitation amount to be corrected based on wind speed. The standard use and cycling of antifreeze to promote melting of snow and the use of oil to inhibit evaporation should be used universally.

d. 
Improvements in global collection and dissemination

Improvements in network design need to include capabilities for better global dissemination of climate data. While great progress has been made in recent decades to improve sharing of monthly timescale climate observations, there remains a lack of near real-time access to daily observations necessary for meeting climate monitoring and other climate service requirements. Unlike monthly CLIMAT data, there is no corresponding systematic method for the global dissemination of summary of the day climate observations of the most basic essential climate variables of temperature, precipitation, and snow. Attempts have been made to use SYNOP data for this purpose (e.g. by the European Climate Assessment and Dataset) but there are serious issues of incompatibility of SYNOP data with traditional methods of climate measurement within NMSs (see van den Besselaar et al. 2012). The most notable issue of incompatibility is associated with the way that daily maximum and minimum temperature are measured. Principally this is due to the fact that climate observations reflect the maximum and minimum temperatures measured over the previous 24-hour period, while daily summaries provided via SYNOP messages do not. For instance in Europe minimum temperatures are recorded over the first 12-hour period and maximum temperatures during the next 12-hour period. Measured in this way, the true daily minimum and maximum temperatures are often not reported because they occur outside those 12-hour periods. For climate purposes there is a requirement for daily summaries that are consistent with national climate databases for daily maximum temperature, daily minimum temperature, precipitation, total snowfall, and daily snow depth. Each of these observations should be taken at the observing time consistent with the climate reporting practices of the NMS and reflect conditions over the previous 24 hour period. A solution is to add a reporting capability for true daily climate observations to monthly CLIMAT reporting in BUFR format.
The problem of inadequate data dissemination is particularly acute for in situ snow observations. In snow covered regions, many SYNOP messages omit snow observations when snow is not present on the ground. It is therefore very difficult to unambiguously identify the onset and vanishing dates of the snowpack, making it difficult to analyse the snow cover in numerical weather prediction and reanalyses systems, with an asymmetry between snow and snow-free periods. In addition, scarcity of SYNOP reports of snow depth, even in snow covered conditions, in large areas such as the U.S., United Kingdom, China, and Southern Hemisphere is an issue for many near-real time applications. There also are occasional errors in SYNOP snow depth observations, which impact the analysis of snow depth including for numerical weather prediction and in some satellite-based snow products. There also is a scarcity in snow water equivalent observations collocated with snow depth observations, which are critical for creation of many products (hydrology / NWP analysis and others) as well as for the evaluation of satellite-based products.

Potential solutions to this problem include improving practices already existing in some countries, such as wider use of the data dissemination capabilities possible through use of BUFR formats.  For example, in Europe, an initiative from ECMWF consisted of developing a BUFR template that ECMWF member states are encouraged to use to report their national network snow depth data at 06UTC.  To this date six countries put their national snow depth data on the GTS in addition to SYNOP data (Sweden, the Netherlands, Denmark, Romania, Hungary, and Norway) and the data are used in the operational ECMWF snow depth analysis.  This BUFR template is available to be used by WMO Member states and snow depth data providers to report and put on the GTS network snow depth data. It should also be possible to make better use of national networks that provide near real-time data, making such data available on the GTS.  

II. In situ Upper Air Networks of the GCOS

1. Current state of in situ upper air networks
For temperature, wind speed and direction, and water vapor, the WWW/GOS radiosonde network of about 1,300 upper-air stations provides the backbone of the in situ global observing system for climate as well as for weather forecasting applications with observations from the ground to heights of up to 30km. Over two-thirds of the stations make observations at 0000UTC and 1200UTC. Between 100 and 200 stations make observations once per day. In ocean areas, radiosonde observations are taken by about 15 ships, primarily in the North Atlantic, fitted with automated shipboard upper-air sounding facilities (ASAP). The data are unevenly distributed over the globe with relatively high-density coverage over much of the Northern Hemisphere, but with much poorer coverage over the Tropics and the Southern Hemisphere. 

A subset of the WWW/GOS radiosonde network as has been designated as the baseline Global Upper Air Network (GUAN). GUAN currently consists of approximately 170 radiosonde stations fairly evenly distributed over the globe. The spacing is set at 5 to 10 degrees latitude which is sufficient to resolve synoptic-scale waves. The requirement is collection of one observation on each of at least 25 days each month, although the target is the collection of twice daily radiosonde observations at the 0000 and 1200 UTC synoptic hours (GCOS-73). The desired parameters are temperature, pressure (geopotential height), wind, and humidity (at least to the troposphere).  The performance of GUAN has improved since its inception (see Figure 5). The performance of GUAN is aided by GCOS Lead Centers which track the collection of data and help facilitate solutions to technical and logistical problems by working through GCOS regional and national representatives. For some individual stations, technical cooperation is necessary from other nations or agencies and/or the GCOS Cooperation Mechanism, to equip the stations, provide training of operators and in some instances to support continuing operations by Parties in need (e.g., provision of expendables).

In 2013 there are 171 stations in the GUAN network. Good coverage across many WMO regions is provided, but resource challenges persist in areas such as Africa where currently less than 50% of the network is meeting minimum requirements. For the globe approximately 130 stations collected temperature and humidity measurements consistently (at least 25 days each month) to 50 hPa over the past several years (Figure 5). There were about half as many with observations to 10 hPa. 
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Figure 5.  Time series of the number of GUAN stations reaching at least 50 hPa at least 25 days each month from 2002 through 2012.

As with the GSN network, instrumentation varies from country to country and the data collection rate is better in some areas of the world than others. The expense of launching expendable radiosondes twice daily can make consistent collection of upper air data difficult for some WMO members. Temporal gaps sometimes occur due to a lapse in the acquisition of replacement radiosondes at some locations. Acquisition of parts to repair defective equipment also can lead to lengthy gaps in the climate record, particularly in remote areas where resupply costs are high. In other cases the inability to acquire spare parts and to maintain a consistent supply of radiosondes can force the closure of stations.

The need for upper air observations meeting reference standards led to establishment of the Global Reference Upper Air Network (GRUAN) in 2004. This network provides reference observations that better meet the needs of the international climate research community (e.g. Trenberth, 2003). As in GUAN, the primary variables collected are temperature, pressure and water vapor; those most important to understanding changes in the climate of the upper atmosphere. In 2013 GRUAN consisted of 16 sites and is envisioned to eventually include 30-40 sites worldwide. In contrast to GUAN, which are a subset of upper air stations designed for a broader set of meteorological and climatological purposes, GRUAN instruments are specifically designed for climate research and operational activities.  GRUAN provides reference observations of upper air Essential Climate Variables (ECVs) and is designed to meet requirements for long-term measurements of assured measurement stability, including the need for good operational practices to ensure this stability. The network will make it possible to quantify and reduce measurement uncertainties by improving precision and accuracy, and secondly to make measurements in a stable way over multi-decadal time scales to achieve data homogeneity in time and spatially between measurement sites.

The 16 stations currently operating in the GRUAN network are located on four continents. The most complete coverage to date is in North America and Europe where there are four and five sites respectively (Figure 6). GRUAN stations have yet to be established in South America, Africa, Antarctica, and large parts of Asia.
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Figure 6. Location of the sixteen GRUAN stations operating in 2013.

2. Future in situ upper air network requirements
The continued development and completion of the GRUAN network as originally designed is essential to establishing reference upper air observations across all areas of the globe, most importantly as reference standards for the larger GUAN network. GRUAN will be a heterogeneous network that includes sites from both the research community and the operational meteorological community. While providing data to fully characterize the properties of the atmospheric column, GRUAN also will provide a traceable reference standard for global satellite‐based measurements of atmospheric essential climate variables and will ensure that potential gaps in satellite measurement programs do not invalidate the long‐term climate record. GRUAN design standards including practices to quantify measurement uncertainty and long‐term stability of measurement time series have been established in the GRUAN Guide (GCOS-171). 

The GRUAN variables should always be quantitatively inter‐compared with collocated radiosonde measurements to provide a traceable link to the radiosonde measurements made within GUAN. 

Measurement of temperature to GRUAN requirements for minimum systematic error can likely be achieved with the better temperature sensors already in use in operational networks. However this is not the case for water vapor. The accurate measurement of water vapor in the upper troposphere and lower stratosphere is especially difficult and expensive. Instruments such as the Cryogenic Frostpoint Hygrometer (Vömel et al. 2007), the NOAA Frost Point Hygrometer (Hurst et al., 2011), and the Fluorescent Advanced Stratospheric Hygrometer for Balloon (FLASH‐B) Lyman‐alpha instrument can provide water vapor measurements in the lower stratosphere, but are very expensive compared to operational radiosondes (GCOS-171).

The GUAN network will continue to provide baseline observations for the globe. Assistance to developing nations in the acquisition of replacement parts and expendables will be essential to maintaining the network. The use of new technologies such as the Global Navigation Satellite System (GNSS) and GPS technology, while helping to improve the accuracy of radiosonde wind measurements, has increased the costs of operation which presents problems for some countries. In order to take advantage of the enhanced accuracy, it is essential to implement the reporting of position and time of each measurement through implementation of the more complete reporting enabled by the BUFR code. Assistance for the purchase of expendables would also be highly beneficial toward the goal of obtaining observations twice per day as this allows radiation biases to be partly assessed. 

As with the in situ surface networks, ensuring homogeneity of GUAN stations will remain a high priority. The homogeneity of GUAN stations is affected by changes in instrumentation and changes in station location associated with station closures and reassignments. Typically fewer than three or four GUAN stations close each year, often resulting from the inability of a host to maintain functioning equipment or a continuing supply of radiosondes. When stations are selected to fill the gap in coverage, either within the same country or a neighboring country, the change in location creates an inhomogeneity in the climate record. Changes in instrumentation are an equally challenging problem affecting homogeneity. In countries of large geographic expanse a network-wide change in instrumentation can affect a sizeable portion of the GSN network. Quantifying the magnitude of any discontinuity resulting from the change in instrumentation is greatly aided by a period of overlap between the old and new instrumentation. However, the ability of even well-developed nations is limited by the expense involved in funding dual radiosonde flights.

III. 
Data stewardship
Of equal importance to the operation of observing networks are practices associated with data and metadata collection and dissemination, archive, and access. Transmission of METAR, synoptic, and CLIMAT data over the Global Telecommunications System remains a primary means of data dissemination. In recent years there also has been an increasing use of direct transfer of data from country to country using ftp and web services. There also have been significant technological advances in the ability to electronically disseminate observations directly from the point of observation even from networks that continue to rely on manual observations. The use of websites that enable observers to key enter observations as they are made have in countries such as the United States brought an end to the use of paper records. Such tools greatly improve the timeliness with which climate data can be made available to the user community and in addition the use of interactive quality control algorithms built into data entry websites provide immediate feedback to the observer greatly improving the encoding of accurate observations. 

Before these improvements were implemented several months would pass before data could be collected, quality controlled, and made available to users. Today’s climate observations can be collected and provided by data centers to the international community within one day or less. Many fully automated climate networks disseminate observations on an hourly or sub-hourly basis. For example, the US Climate Reference Network transmits data each hour. As data are collected, quality assurance procedures are applied automatically and the data made available via the internet in near real-time. Observations from the variety of observing networks worldwide also are integrated into global datasets and additional automated quality assurance processes applied before release to the user community. The process from observation, dissemination, collection, quality assurance, and access can be completed within 24 hours of observation. 

The importance of sound station metadata collection practices cannot be overstated. Although efforts have been made to collect metadata with some success in recent decades, station metadata on a global scale remains incomplete or inaccessible. In most cases only station location, name and elevation are available. Details and history of local conditions, instruments, observing procedures, data processing algorithms and other factors pertinent to interpreting data should be given the same attention as the collection of the climate observations. High quality and complete metadata are extremely valuable in assuring the homogeneity of the climate record. Although homogeneity adjustments can be made in the absence of metadata, the ability to make bias adjustments is greatly aided when well documented metadata are available. Metadata also are valuable to data interpretation, quality control, network selection, and network/system performance monitoring. 

There are examples of recent successes in improving collection and access to metadata. The U.S. NOAA/NCDC HOMR metadata system (Figure 7) provides web-accessible historical and current information on instrumentation, observing practices, location, and other information on the station and its environment. Such efforts can be expanded globally by leveraging efforts of WMO regional associations working through national meteorological services to both uncover historical archives of metadata and to establish mechanisms for the ongoing collection and sharing of metadata.
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Observing Historical Observing Metadata Repository (HOMR)

Metadata HOMR is NCDC's integrated station history database that provides in situ metadata in support of NCDC research,
Repository reporting, data products and web applications.
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Figure 7. The NOAA/NCDC Historical Observing Metadata Repository (HOMR) provides in situ metadata in support of research, reporting, data products, and web applications.

Good network design also must include consideration of data archive and access. Long-term preservation of climate data and metadata requires permanent storage in a World Data Center supported by an agreement between the center and the data provider. A fully documented dataset that includes full data provenance information is necessary for ensuring that users today and decades in the future will have a full understanding of the data. Included in the documentation should be all processes and pathways involved from the point of observation to its final state in archive including how and by whom it was collected, any quality control corrections and homogeneity adjustments applied, and information on data formats. An essential part of the archive process is ensuring future access is possible even as technologies continue to evolve. Although data are archived from thousands of stations around the world in the World Data Centers each day, many more continue to be limited by restricted access. In other cases there is simply no agreement or mechanism for transferring the data between the provider and the World Data Center.
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