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GCOS Reference Upper Air Network:

Justification, requirements, and siting and instrumentation options

Summary

Shortcomings in the current measurement network design and implementation very significantly hinder definitive statements about climate change and limit the accuracy and detail in forecasting the impacts of future climate change. These impacts will have serious consequences for, amongst others, water resources, human health, energy management, communications, transportation, financial infrastructure, and economic growth. A Reference upper air network is required to make the observational networks “fit for purpose” and hence provide long-term data sets that can be used to robustly monitor and detect emerging signals of global and regional climate change. Specifically, the network is required to: provide long-term high quality climate records; constrain and calibrate data from more spatially-comprehensive global observing systems (including satellites); and measure a large suite of co-related climate variables to characterize the full properties of the atmospheric column. This report summarizes the results of two recent GCOS/NOAA workshops and associated activities undertaken to develop a set of proposals to take forward. These have led to a set of requirements, a clear siting rational and a strawman observational implementation plan to meet the requirements in a step-wise manner. 

1. Introduction

This report summarises work to date on creating a GCOS (Global Climate Observing System) Reference Upper Air Network (GRUAN).  This has been achieved through two workshops. The first was the NOAA/GCOS Workshop to Define Climate Requirements for Upper-Air Observations, held in Boulder, Colorado in February 2005. The second was the GCOS/NOAA workshop on Reference Upper Air Observations for the Global Climate Observing System: Potential Technologies and Networks, held in Seattle, Washington in May 2006. Both workshops aimed to include broad community representation from the climate science, operational meteorology, instrumentation and network management communities (Appendix C). The findings have also been advertised more widely and comments solicited to try to ensure inclusiveness of viewpoints.

The driver behind the process is the science needs that have driven the GCOS Implementation Plan (GIP (GCOS, 2004)), adopted as the climate monitoring component of GEOSS (Global Earth Observing System of Systems). Within the GIP establishing GRUAN as a network of high quality reference sites that provide surface-based (fixed and balloon-borne) upper-air measurements is accorded very high priority. This also clearly aligns with national and international agencies needs for unambiguous measurements of changes throughout the atmosphere as a basis for climate research, climate projections, and adaptation and mitigation planning.

2. Scientific justification and requirements for a Reference Upper Air Network

Monitoring of the free atmosphere has primarily been undertaken for purposes of weather forecasting, and existing measurement systems all have shortcomings when assessed from a climate perspective. Satellite systems have inadequate vertical resolution and difficulties in continuity as orbits drift and satellites are replaced.  The radiosonde network has significant spatial and temporal gaps.  Measurement accuracy is in many cases insufficient.  Perhaps most challenging, the long-term stability of all the historical observations is seriously compromised by numerous changes in instrumentation and observing methods, severely limiting the utility of the data for understanding climate trends. Because the effects of these changes cannot be unambiguously removed from the data, and because there are no reference measurements against which to compare, the resulting large uncertainty in climate trends undermines our ability to make definitive statements regarding reasons for observed upper-air climate changes. 

Recognising that climate considerations can only have a limited impact on decisions made in the global observing system architecture and implementation, participants in the Boulder workshop advocated a tiered observing system (Figure 1), or a “cascade” of systems. The idea of such a tiered system is that each component addresses a particular aspect of climate research requirements and that they act synergistically. The system will only work in an optimal manner if all aspects are fully implemented. A benchmark network would provide absolute accuracy for the measured quantities, definitively tied to S.I. units. The Keeling CO2 curve from Manua Loa (Keeling et al., 1976) is an example of such a measurement system. There is no clear and unambiguous consensus that the technology to deliver such monitoring of the full characteristics of the free atmosphere currently exists. Hence the development of a benchmark network is not discussed further here, but rather it is left to future workshops. The GRUAN would provide anchor points which are very well characterised in their relative biases over time and attempt to comprehensively characterise the atmospheric column characteristics. GUAN provides the coverage and long-term observations necessary to characterise hemispheric and global scale changes. Finally, the comprehensive observing network provides the spatial fidelity necessary to characterise regional scale changes. 
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Figure 1. Observing system architecture for climate as advocated at the Boulder workshop. Each system is a sub-set of the larger systems. There is room for redesignation of GUAN stations so GRUAN sites are not limited to current GUAN sites.

2.1 An example of the current state of the science: Temperature changes above the surface

The issue of temperature trends above the surface has been an area of contention because for a long time the available datasets suggested that there was little or no warming in the troposphere despite rapid warming at the surface. This led to several independent efforts to estimate recent temperature changes aloft. These identified a number of flaws in the original datasets which were not immediately obvious from the data. Even after correcting for such effects our current state of the art datasets still result in a wide range of trend estimates; reflecting a large degree of fundamental uncertainty in how to identify and adjust for the many non-climatic influences in the historical raw data (Figure 2). The residual spread in estimates is of the same magnitude as the long-term trend. It is very likely that having a set of reference quality observations to tie these datasets to would have led to much less uncertainty and made possible definitive policy relevant inferences about our ability to model recent changes aloft and, therefore, predict future changes in the climate system. As things stand there is no unambiguous way of knowing whether a discrepancy in our understanding exists, even though recent advances have significantly clarified the situation. It is the very real cost implications of such uncertainties which a reference network would aim to remove by reducing our uncertainty in future monitoring efforts. 
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Figure 2. Global mean temperature trends 1979-2004 for a number of atmospheric layers (from the surface, Ts, through the troposphere and into the lower stratosphere, T100-50) and for state of the art radiosonde, satellite and reanalyses datasets. Filled values indicate statistically significant (non-zero) trends.  Source: Climate Change Science Program Synthesis and Assessment Product 1.1 (CCSP, 2006)

2.2 Other climate science needs

It is not simply temperatures aloft that require a clear reference set of measures if the goal is better understanding of climate change. It is necessary to additionally consider changes in at least the Essential Climate Variables (ECVs) identified in the GIP (upper-air temperature, wind vector, water vapour, cloud properties, and Earth Radiation Budget; See Table 11 of GIP (GCOS, 2004)). For most of these other state variables aloft the observations to date are of lower quality than those for temperature. So, as it is not possible to meaningfully constrain temperature trend estimates it is highly unlikely to be possible to do so for these other variables. Nor in some cases are current technologies necessarily capable of measuring the required atmospheric properties.

For example, the current generation of instruments are incapable of measuring water vapour in the upper troposphere and lower stratosphere. Water vapour is the strongest of the greenhouse gases.  While the majority of water vapour is lower in the atmosphere, because of the cold temperature in the upper atmosphere, molecule for molecule, upper atmosphere water vapour has a stronger greenhouse radiative effect than water vapour anywhere else. Upper level water vapour has been theorized to be a powerful positive feedback, but current and historical observations of upper level water vapour fail to adequately document or quantify this potential climate change feedback.  Therefore, reference instruments capable of measuring water vapour in the upper atmosphere would address an important area of ongoing scientific uncertainty.

At the Boulder workshop a number of climate science research areas were identified that a GRUAN proposal would need to address:

· Monitoring and detecting climate variability and change

Both variability and long-term changes need to be well characterized to unambiguously assess the ability of our climate models. (CCSP, 2006)

· Understanding the vertical profile of temperature trends

Uncertainties remain large, and are particularly important within the tropics (CCSP, 2006)

· Understanding the climatology and variability of water vapor, particularly in the upper-troposphere and lower stratosphere

Water vapor is the primary greenhouse gas. Changes in the upper-troposphere and lower stratosphere are key to assessing climate sensitivity but to date have been very poorly characterized. 

· Understanding and monitoring tropopause characteristics

The tropopause may act as an integral of tropospheric and stratospheric heat content and therefore as a sensitive indicator of changes in the properties of the depth-integrated atmosphere. Understanding and monitoring the vertical profile of ozone, aerosols and other constituents

These constituents are important climate forcing agents but are poorly quantified and characterized. New high-spectral IR satellites can be used but are highly likely to require a ground-truth to be effective for climate monitoring.

· Prediction of climate variations

There is emerging evidence that seasonal to decadal predictions require initial conditions for boundaries such as the stratosphere to be effective. This is particularly so in mid-latitude winter seasons when there can be strong stratosphere-troposphere interactions (Scaife et al., 2005).  

· High-quality reanalyses of climate change

Reference sites may prove useful for characterizing observational biases and understanding model error, both of which are important aspects in creating high-quality reanalyses.

· Understanding climate processes and improving climate models

To understand and constrain climate change requires an understanding of climate processes and not simply changes in a single metric such as temperature. Such an approach can also usefully be applied in constraining model predictions (Forest et al., 2002)

· Satellite calibration

Satellite radiances require calibrating against a ground truth to unambiguously remove non-climatic influences and therefore be useful 

      for climate (Ohring et al., ????)
2.3. Requirements

Following the Boulder workshop requirements tables were completed (Appendix A) for the GCOS ECVs and a number of other variables which the participants identified as important. It was found that traditional NWP requirements tables were not well suited. In particular, for a climate reference network what is important is constraining long-term systematic changes, an aspect overlooked in traditional requirements tables. The values in the tables were initially developed by Boulder workshop participants and subsequently refined by the combined efforts of an invited expert group and solicitation through a global email climate list. At the Seattle workshop, queries were raised over certain entries so these were fine-tuned following this workshop. These requirements should be interpreted as eventual measurement goals of any reference network site. 

3. Network overarching principles

The GRUAN would serve primarily as an anchor to other networks; it is not required to provide globally complete and spatially homogeneous coverage. Rather it is required that the network adequately samples major climatic regimes and environment types. It should be complementary to all other observations including emerging technologies such as GPS-RO (Global Positioning System Radio-Occultation measures). It also requires strong international participation from many countries. 

GRUAN would be expected to adhere to the GCOS climate monitoring principles (Appendix B). It would employ high quality, proven instrumentation. Changes in the instrumentation and operational procedures are both inevitable and desirable if they lead to improved observations, but would need to be carefully managed so that their effects are well characterised and do not impact the long-term fidelity of the station record. Wherever possible, measurement calibration in the operational environment would be tied to S.I. standards (Section 7). Continuous high-quality QC and QA both on and off-site would be key. Absolutely imperative is redundancy of measurement whereby a given parameter is always measured by more than one independent method. There would be a strong commitment to metadata collection. If uncorrected and corrected data are collected for a given instrument then both must be retained along with information as to the algorithm used to convert between these.

The GRUAN network would require a dedicated centre or centres to manage the network. Responsibilities of such a centre would be:

· Real-time pro-active monitoring of the health of the network (Quality Assurance and Quality Checking)

· Identification of instrument mentors (instrument experts that are familiar with the strengths and weaknesses and other limitations of the instrument and data they produce) and scientific oversight (a scientist that understands the site specific climate science issues)

· Training expertise and commitment to train staff at sites (in collaboration with CIMO)

· Coordination with user community, including satellite and reanalyses communities 

· Network management in conjunction with GRUAN stations

· Archival of data and setting up easy free access for bona fide research purposes. Access to be as soon as possible for potential operational systems use. Inclusion of complementary data from satellites and other activities. The likely major issue here is the format of the data.  The cost of storing data in multiple data formats is too great to manage and maintain. But, if the data format is too restrictive, then users won’t use the data. Also, data archiving needs to consider versioning of the data because of data reprocessing issues.  Reprocessing issues help clearly define the meta-data that needs to be archived as well.

· Continuous research using the data to identify optimal network designs and protocols 

· Ascertaining instrument error budgets in a consistent and unambiguous manner for all stations across the network

The GRUAN network should additionally take advantage of existing instruments, programs and locations to maximise its usefulness. This provides both a context for new observations taken under GRUAN and optimises resources realising synergistic benefits for all concerned. Networks in existence which were identified as candidates for such synergies were:

· Baseline Surface Radiation Network (http://bsrn.ethz.ch/)

· Network for Detection of Atmospheric Composition Change (http://www.ndacc.org/)

· Aeronet (http://aeronet.gsfc.nasa.gov/)

· Global Atmospheric Watch ozone network

· International GNSS (Global Navigation Satellite Systems) Service (IGS) (see http://igscb.jpl.nasa.gov/)

· WMO Global Observing System

· The Atmospheric Radiation Measurement (ARM) Program (see http://www.arm.gov/)

· A number of individual national observatories

At least in an initial implementation phase it would prove useful to take advantage of this plethora of different observing strategies. Stations with different observing strategies (so long as they meet minimum requirements) would provide opportunities for research into what instrumentation or combination of instrumentation yields optimal results at minimum costs.

4. GRUAN station selection criteria

The eventual network will need to sample a variety of climatic regimes, latitudes, and surface types (including those representative of ocean conditions) to maximise its usefulness. A mix of low and high altitude sites should also be considered, especially as many surface based radiometers have limited vertical reach and monitoring of the free troposphere characteristics is important. Sites connected to a host institution with scientific expertise who were actively investigating the data being collected and who had the necessary technical expertise to maintain the instrumentation are desirable.

However, it is recognised that the network is not starting from a blank sheet of paper. Therefore a pragmatic approach needs to be taken to the choice of at least the initial first few GRUAN stations. GRUAN stations would be expected to consist of a rich diversity of instrumentation (Section 5). Therefore initial candidates were chosen as those stations which already nearly meet such requirements:

· ARM sites (Tropical Western Pacific, Southern Great Plains, North Slope of Alaska)

· Lindenberg, Germany

· Camborne, U.K.

· Payernne, Switzerland

· Cabauw, Netherlands

· Boulder, U.S, 

· Sodankyla, Finland (http://www.sgo.fi/)  

· [Station name required], Costa Rica

· Lauder, New Zealand 

· Beltsville, U.S. ( representing urban environment).

Following phased implementation at these sites the next set of candidate sites are those from existing programs (see previous Section) which additionally include an upper-air sounding capability. This overall strategy does not preclude setting up of entirely new sites, but recognises that it is more likely that GRUAN sites will successfully grow out of the existing observational network by using and augmenting  the existing instrumentation and skills base with help from CIMO, CBS and other relevant bodies.

5. GRUAN site instrumentation requirements

The requirements tables (Appendix A) include a wealth of parameters, with strict criteria, which it is unrealistic for any given station to be expected to achieve before it can become a reference site. Therefore the Seattle workshop advocated a minimum set of instruments which a given station would need to reach for initial inclusion with a view that additional instrumentation would then be sought over time (with advice from the lead center) whilst maintaining this minimal instrumentation set. The minimal set encompasses the ability to monitor all priority 1 variables (basic atmospheric state variables) in the table to the best level possible with current technology. For some variables such as upper-tropospheric and lower stratospheric humidity this will perhaps not initially be possible to the specified requirements. But having active sites and commitment should motivate instrumentation developers to develop such instrumentation. 

Such a station would therefore be envisaged to consist of at a minimum:

· Standard surface variables (pressure, temperature, humidity and wind)

· These are required to calibrate upper-air instruments so need to be high quality measures.

· Redundant / simultaneous measurement by balloon based observations of temperature and water vapour using different measurement techniques.

· Water vapour needs to span the dynamic range from the surface to the lower stratosphere. There may therefore be more vapour sensors than temperature sensors. Both measures require redundancy throughout the vertical profile.

· At least one of techniques for redundant measurements is required to be the state-of-art technology. Redundancy is required to diagnose instrument failure and characterise instrumental biases.

· Pressure and GPS / radar height on balloons

· Redundancy of measurement required at least until absolute accuracy of GPS derivation is ascertained.

· Ground-based GPS receivers to measure total column water vapour

· These are very useful to monitor the quality of radiosonde water vapour data both in real time and post process, and identify suspicious radiosonde batches. 

The next priority is the level 2 variables which are required for closure of satellite radiance calculations. These would require at least the following instruments in addition to those detailed above:

· Surface radiation instruments as currently deployed for the Baseline Surface Radiation Network

· Microwave radiometer to measure temperature profile and moisture profile

· Multi-channel infrared radiometer such as an AERI to measure temperature and humidity properties and cloud retrieval (may need other cloud based measures such as ceilometer etc.)

· Integrated trace gas (at least Ozone) measurements 

· Column aerosol measurements from sunphotometers

The eventual aim is to meet all requirements whilst ensuring a sufficient degree of measurement redundancy and continuity to ensure that the long-term record is very well characterised. This would require a much larger suite of instrumentation and should be seen as a longer term goal. This may include observations from aircraft as well as surface and balloon-borne observations. Figure 3 provides a schematic showing what a typical site may eventually look like.

It is recognised that change is inevitable at all sites, and indeed should be openly embraced if it brings about improved observations. However, what is important is making sure that this is “managed change” at these sites and that new and old are stitched together unambiguously with documented intercomparions before discontinuing any form of observation or individual instrument. 

Instrumentation may be required to differ by climate region. For example, high latitude sites inside the Arctic Circle have extremely low water vapour contents in winter compared to equatorial sites. Therefore, instrumentation like 22-30, 51-59 GHz microwave radiometers that provide integrated precipitable water at the equator cannot be used in the Arctic. Instead a 90/180 GHz MWR system would be required in the Arctic.  Similar issues will likely pertain with radiosondes, interferometers, and other instruments.  
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Figure 3. Site schematic of current instrumentation held at the Lindenberg observatory, Germany. copyright MOL-RAO, 2006

6. Temporal sampling issues

Most ground-based equipment will make continuous measurements except for outages. It is the radiosonde based observations which incur a significant unit cost and are not generally recoverable. They have unique vertical resolution and therefore are an integral component of any system. It is primarily these observations that need careful scheduling considerations. 

It is important that there is not a loss of continuity with other observations so at least some launches should be at 00 and/or 12 UTC.  However, there are additional considerations that should be borne in mind:

· It is important to get daytime, nighttime, dawn and dusk observations to span the instrument behaviour to these varying radiative conditions. This is especially so if (some subset of) the instrument packages are also used as part of the operational network so the lessons learned can be transferred across to this broader network both from a climate monitoring and an operational perspective.

· It is desirable to sample the diurnal cycle adequately in at least some places and in limited time periods.

· For satellite comparisons there is highly likely to be greatest utility from the launches being as close to satellite overpass coincident as possible for creation of a high-fidelity collocation database.

These considerations call for adaptive launch scheduling to the extent possible within financial limitations. It is envisaged that, at a minimum, stations would launch twice daily with at least one of these being a synoptic hour (00Z or 12Z) launch. A desirable target for most stations would be 00Z and 12Z plus alternating satellite overpass nodes (1 per day cycling through a 3 orbiter configuration every 6 days). More frequent launches will increase the utility of a given site. It is important to emphasize that the launch schedule is still an active area of ongoing debate and that closure on this issue requires further analysis and consultation. It is likely that different stations will end up with somewhat different launch schedules.

7. Calibration and validation

Key to a successful network is robust calibration and validation. Aspects of calibration and validation are discussed further in Pollack et al. (200?) with regards to the calibration of space-based sensors. However, the principles are largely universal. They outline the following requirements:

1. The sensor data uncertainty is traced to the International System of Units.

2. The calibration source data uncertainty is traced to the International System of Units.

3. Residual uncertainty is evaluated as a function of time.

a. Simultaneous measurement by independent sensors.

b. In the laboratory when the sensor can be retrieved.

c. In the operational environment when the sensor cannot be retrieved.

At particular issue is how to make the calibration of the measurement technology in question SI traceable during the time the sensor is measuring the geophysical system of interest. For example, the thermometer in a sonde may be calibrated to some desired uncertainty against a traceable standard (for example, a standard platinum resistance thermometer) before launch. The question then remains, is this pre-launch uncertainty a valid estimate for the sonde calibration when it is collecting data in the radiative environment of the stratosphere, which is not reproduced in the pre-launch chamber calibration? 

Although the issues of calibration and validation have been discussed at various points to date the process has clearly not yet reached a set of agreed protocols. However, such a set of protocols is a high priority if GRUAN is to prove successful. Many of the elements of a successful calibration and validation program are, however, available from other contexts. 

A traditional solution to the attainment of demonstrable measurement accuracy is to measure a quantity of interest through two (or more) techniques based on physically different measurement principles. Because of the difference in measurement physics, the different techniques are subject to different measurement uncertainties, and the resulting agreement between the measurement results, critically analyzed, gives a robust and continuous demonstration of measurement accuracy. This principle has resulted in such successes in measurement science as the detection and correction of drifts in electrochemical cells used to reproduce the standard volt (Hartland 1988) through the application of independent techniques utilizing quantum mechanical effects.

This principle of redundant measurements is clearly applicable in the climate observation context, and motivates the requirement to have multiple, independent measurements of top-priority climate parameters. A key to the success of this strategy is that a thorough, experimentally tested measurement uncertainty budget is produced and maintained for each measurement type in operation at the reference sites. These uncertainty budgets are required to characterize the sensitivity of the measurement technology to its operational environment and identify any instrumental artifacts that could give rise to spurious long-term trends. By identifying these environmental sensitivities, complementary measurement techniques with different susceptibilities to local conditions may be chosen to maximize the accuracy of the observational time series. Additionally, this uncertainty budget may identify other error sources that cannot be compensated by complementary sensors, but may be monitored in situ to assure measurement performance. 

As an example, the uncertainty budget may reveal that a particular thermistor sonde (Table A) has a strong susceptibility to infrared radiation near the tropopause. This effect could be compensated by twinflight with a capacitive bead sonde that has little sensitivity to infrared radiation. Potentially, the electronic readouts of both sondes could be compromised by temperature drifts in the read-out electronics. Spurious effects due to this temperature sensitivity could be checked by the addition to the measurement package of a super-stable standard resistor read by identical electronics to those used to read the thermistor. 

Table A

	Uncertainty Source
	Magnitude
	Environmental Sensitivity

	Pre-Launch Reference Calibration Accuracy
	0.001 K
	None

	Polynomial Fit of Resistance vs. Temperature Curve
	0.007 K
	Infrared Radiation

	Read-out Electronics
	0.005 K
	Local Temperature

	Thermistor Self-Heating
	0.015 K
	Thermistor Temperature

	Thermistor Lead Resistance
	0.002 K
	None

	Total Calibration Uncertainty
	0.017 K
	N/A


8. Concluding remarks

The small, systematic changes in the free atmosphere aloft are typically larger than the uncertainty of historical instruments accuracy and precision.   Hence, historical observations are at best difficult to use for establishing any consensus on recent climate changes. Looking forwards there is no indication that the global observing system will be stable in the future. Unless stakeholders want to play a potentially dangerous game of “risk” it is required to define and implement a reference network. Such a network will act as a climate research insurance policy, providing the best set of measurements taken by instruments that have been traced to a standard to avoid ambiguity in future monitoring at all scales as part of a comprehensive and integrated tiered network of observing systems.

This report outlines the technical requirements, a clear siting rational and a strawman observational implementation plan to meet the requirements in a step-wise manner. It would be helpful to have quantitative illustrations of the current value of reference type observations to reducing observational ambiguity both within a given station and between a given station and more global observations (e.g. characterising inter-satellite offsets). These examples will most obviously come from the first tier of candidate stations, and many such examples likely already exist. A session has been convened at the AMS meeting in January 2007 covering these issues. 

What is then required is a consideration of calibration and validation, management, archive and data dissemination issues and the instigation of the network. This work will be carried out under the auspices of the AOPC Working Group on upper-air reference observations. The group will continue to actively liaise with the broader community and relevant bodies within WMO to make this network a reality.
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Appendicies

Appendix A. Requirements Tables

In the tables, each variable is given a priority ranking of 1, 2, 3, or 4, with 1 indicating the highest priority.  Measurement ranges are meant to cover the ranges likely to be encountered over the vertical range of interest, so that any proposed instrument or set of instruments would need to be able to operate throughout that range.  Measurement precision refers to the repeatability of the measurement, as measured by the standard deviation of random errors. However, measurement precision is closely tied to the frequency of observations, since observations are often averaged together, and the greater the sample size the less stringent is the required precision.   We have not specified measurement frequencies because they may vary over time. Measurement accuracy refers to the systematic error of a measurement (the difference between the measured or derived value and the true value).  It is not directly specified for many variables for which variations, and not absolute values, are needed to understand processes.  However, it is directly related to the issue of long-term stability, which is a critical aspect of the reference network and which is specified in terms of the maximum tolerable change in systematic error over time.  In other words, the effect on measurement error of any intervention to the measurement system, such as a change in instruments, should be smaller or quantified to a much greater degree than the value given for long-term stability, to ensure that realistic climate trends can be derived from the dataset. Long-term stability is a measure of the acceptable systematic changes on multi-decadal timescales.

	Variable
	Temperature
	Water Vapor
	Pressure

	Priority (1-4)
	1
	1
	1

	Measurement Range
	170-350 K
	0.1 ppmv to 90,000 ppmv
	1 to 1100 hPa

	Vertical Range
	0 km to 50km
	0 to ~30 km
	0 km to stratopause

	Vertical Resolution
	0.1 km (surface to ~30 km)

0.5 km (above ~30 km)
	0.05 km (surface to 5 km)

0.1 km (5 to ~30 km)
	0.1 hPa

	Precision
	0.2 K
	2% troposphere1
5% stratosphere
	0.01 hPa

	Accuracy
	0.1 K in troposphere

0.2 K in stratosphere


	2% troposphere1
5% stratosphere 
	0.1 hPa

	Long-Term Stability
	0.05 K1
	11%
	0.1 hPa

	Comments
	1The signal over the satellite era is order 0.1-0.2K/decade (Section 2.1.1) so long-term stability needs to be order of magnitude smaller to avoid ambiguity.
	1Precision, accuracy, and stability are relative with respect to mixing ratio. 
	


	Variable
	Wind Speed
	1Wind Direction
	

	Priority (1-4)
	2
	2
	

	Measurement Range
	0 – 300 m/s
	0 to 360 degrees
	

	Vertical Range
	0 km to stratopause
	0 km to stratopause
	

	Vertical Resolution
	0.05 km in troposphere

0.25 km in stratosphere
	0.05 km in troposphere

0.25 km in stratosphere
	

	Precision
	0.5 m/s in troposphere

1.0 m/s in stratosphere
	1 degree in troposphere

5 degrees in stratosphere
	

	Accuracy
	1.0 m/s1
	5 degrees
	

	Long-Term Stability
	0.5 m/s in troposphere

1.0 m/s in stratosphere
	1 degree in troposphere

5 degrees in stratosphere
	

	Comments
	1to delineate calm conditions from light winds
	1Direction is meaningless in very light wind conditions. 
	


	Variable
	Ozone
	Carbon Dioxide
	Methane

	Priority (1-4)
	2
	3
	2

	Measurement Range
	0.005-20 ppmV
	
	

	Vertical Range
	Surface to stratopause
	
	

	Vertical Resolution
	0.5 km in stratosphere

0.2 km in troposphere
	
	

	Precision
	
	
	

	Accuracy
	3% total column

5% stratosphere

5% troposphere
	
	

	Long-Term Stability
	0.2% total column

0.6% stratosphere

1% troposphere
	
	

	Comments
	
	
	


	Variable
	Net Radiation
	Incoming Shortwave Radiation
	Outgoing Shortwave Radiation

	Priority (1-4)
	2
	2
	2

	Measurement Range
	-300 to1500 W/m2
	0-2000 W/m21
	0-1365 W/m2

	Vertical Range
	Surface
	Surface
	Surface

	Precision
	5 W/m21
	3 W/m22
	2 W/m21

	Accuracy
	5 W/m21
	5 W/m22
	3%1

	Long-Term Stability
	0.1 W/m2
	0.1 W/m2
	0.1 W/m2

	Comments
	1Accuracy and precision units from BSRN.
	1Incorporates cloud reflection effects.

2Accuracy and precision units from BSRN.
	1Accuracy and precision units from BSRN.


	Variable
	Incoming Longwave Radiation
	Outgoing Longwave Radiation
	Radiances

	Priority (1-4)
	2
	2
	1

	Measurement Range
	50-700 W/m2
	50-900 W/m2
	Full spectral range

300-1700 cm-1 

190 K<Tb<330 K

	Vertical Range
	Surface
	Surface
	Surface to top of atmosphere.

Need TOA upwelling and surface downwelling but not levels in between.

	Vertical Resolution
	N/A
	N/A
	N/A

	Precision
	1 W/m21
	1 W/m21
	0.01%

	Accuracy
	3 W/m21
	3 W/m21
	0.15%

	Long-Term Stability
	0.1 W/m2
	0.1 W/m2
	0.03% per decade

	Comments
	1Accuracy and precision units from BSRN.
	1Accuracy and precision units from BSRN.
	Stability requirement achievable through SI traceability; precision/accuracy requirement for mean seasonal radiances at ~1000 km spatial scale.


	Variable
	Aerosol Optical Depth
	Total Mass Conc.
	Chemical Mass Conc.

	Priority (1-4)
	2
	2
	2

	Measurement Range
	0.005 – 5
	0.1-100 g m‑3
	0.1-30 g m‑3

	Vertical Range
	Total column
	0-6 km
	0-6 km

	Vertical Resolution
	N/A
	500 m
	500 m

	Precision
	0.005
	10%
	10%

	Accuracy
	0.005
	10%
	10%

	Long-Term Stability
	0.005
	10%
	10%

	Comments
	Spectral measurements
	Size-fractionated
	Size-fractionated


	Variable
	Light Scattering
	Light Absorption
	

	Priority (1-4)
	2
	2
	

	Measurement Range
	0.1-1000 Mm‑1
	0.1-1000 Mm‑1
	

	Vertical Range
	0-6 km
	0-6 km
	

	Vertical Resolution
	500 m
	500 m
	

	Precision
	10%
	10%
	

	Accuracy
	10%
	10%
	

	Long-Term Stability
	10%
	10%
	

	Comments
	Size-fractionated, spectral
	Size-fractionated, spectral
	


	Variable
	Cloud Amount/Frequency
	Cloud Base Height
	Cloud Layer Heights and Thicknesses

	Priority (1-4)
	2
	2
	2

	Measurement Range
	0-100%
	0-20 km1 (1000-50 mb)
	0-20 km

	Vertical Range
	0 to 20Km
	surface to 50 mb
	Surface to 50mb

	Vertical Resolution
	50 m
	5 mb
	50 m1

	Precision
	0.1-0.3%1
	100 m (10-40 mb2)
	50 m2

	Accuracy
	0.1-0.3%1
	100 m (10-40 mb2)
	50 m2

	Long-Term Stability
	0.1-0.2%2
	20 m/decade3
	50 m/decade

	Comments
	11-3% variations from ISCCP

21-2%/decade trend (Norris 2005)
	1 1000-50mb (Rossow and Schiffer 1999)

2 10-40 mb variations from ISCCP

3 44/154 m/decade for base/top from Chernykh et al. (2001), which was questioned by Seidel and Durre (2002)
	1the minimum layer thickness of ~30 m (cirrus) (Del Genio et al. 2002; Winker and Vaughan 1994)

2the standard deviation of >= 100 m (Wang et al. 2000)


	Variable
	Cloud Top Height
	Cloud Top Pressure
	Cloud Top Temperature


	Priority (1-4)
	3
	3
	3

	Measurement Range
	0-20 km
	1013-15 hPa
	190-310 K

	Vertical Range
	0-20 km
	0-20 km
	0-20 km

	Vertical Resolution
	150 m
	150m
	1 km

	Precision
	50m
	1 hPa
	

	Accuracy
	150 m
	15 hPa
	1 K/(cloud emissivity)

	Long-Term Stability
	30 m
	3 hPa
	0.2 K/(cloud emissivity)

	Comments
	
	
	


	Variable
	Cloud Particle Size
	Cloud Optical Depth
	Cloud Liquid Water/Ice

	Priority (1-4)
	4
	4
	4

	Measurement Range
	
	
	

	Vertical Range
	0-20 km
	0-20 km
	0-20 km

	Vertical Resolution
	1 km
	1 km
	1 km

	Precision
	
	
	

	Accuracy
	10% water

20% ice
	10%
	25% water

0.025 mm ice

	Long-Term Stability
	2% water

4% ice
	2%
	5% water

0.005 mm ice

	Comments
	
	
	


Appendix B. GCOS Monitoring principles

GCOS Climate Monitoring Principles

Effective monitoring systems for climate should adhere to the following principles:

1. The impact of new systems or changes to existing systems should be assessed prior to implementation.

2. A suitable period of overlap for new and old observing systems should be required.

3. The results of calibration, validation and data homogeneity assessments, and assessments of algorithm changes, should be treated with the same care as data.

4. A capacity to routinely assess the quality and homogeneity of data on extreme events, including high-resolution data and related descriptive information, should be ensured.

5. Consideration of environmental climate-monitoring products and assessments, such as IPCC assessments, should be integrated into national, regional and global observing priorities.

6. Uninterrupted station operations and observing systems should be maintained.

7. A high priority should be given to additional observations in data-poor regions and regions sensitive to change.

8. Long-term requirements should be specified to network designers, operators and instrument engineers at the outset of new system design and implementation.

9. The carefully-planned conversion of research observing systems to long-term operations should be promoted.

10. Data management systems that facilitate access, use and interpretation should be included as essential elements of climate monitoring systems.

Appendix C. Workshop agendas and attendees

1. Workshop I

NOAA/GCOS Workshop to Define Climate Requirements for Upper-Air Observations

NOAA  David Skaggs Research Center

325 Broadway, Boulder, Colorado

Tuesday, 8 February 2005 

Morning Session - Chair: Sandy MacDonald

0730
Registration and Continental Breakfast

Setting the Stage 

0830
Workshop goals - Chet Koblinsky

0845
Greetings from workshop hosts - Sandy MacDonald, Susan Avery

0900
Plans for achieving workshop goals and follow-on activities - Dian Seidel

0915
Introductions around the room

0920
Scientific Background – Mike Wallace

How have upper-air observations been used for climate research and monitoring?

What gaps limit the utility of the present observing system?

0940
What issues are driving the need for this workshop? - Rick Rosen

1000 
Coffee Break

Related International and NOAA Activities

1030 
Group on Earth Observations - Tom Karl

1050
GCOS implementation in support of the UNFCCC – Paul Mason

1110
GCOS Atmospheric Observation Panel for Climate activities – Peter Thorne 

1130
US GCOS activities – Howard Diamond

1150 
Lunch

Afternoon Session - Chair: Dave Hofmann

Requirements for monitoring and detecting climate variability and change 

1300
Linkage between upper-air observations and NOAA's strategic plan; 

Tropospheric and stratospheric temperature and humidity – Tom Karl

1340
Tropopause characteristics – Bill Randel 

1410
Atmospheric composition – Sam Oltmans (ozone, etc.), John Ogren (aerosols)

1440
Atmospheric circulation - Jim Hurrell

1510 
Coffee Break

Requirements for climate process studies and climate modeling

1530
Understanding feedback processes - Brian Soden

1600
Testing model parameterizations - Andrew Gettelman

1630
Evaluating climate models - Ants Leetmaa

1730
Workshop Reception – Science on a Sphere

Wednesday, 9 February 2005 

Morning Session - Chair: Kevin Schrab

Requirements for satellites and radiative transfer models

0830
The importance of complementary upper-air observations for satellite remote sensing and their synergistic benefits - Mitch Goldberg 

0900
Process studies to improve radiative transfer models - Bob Cahalan

Requirements for reanalyses and climate prediction

0930
Anchoring reanalysis and "around ongoing analysis" products – Phil Arkin

1000
Seasonal and interannual climate prediction – Jim Laver  

1030
Coffee Break

Findings of related recent workshops

1050
"Emerging Science Applications of Measurements from GPS/GNSS and GPS-like Signals: Recent Results and Future Possibilities" - Jim Anderson

1110
"Utilization of Unmanned Aerial Vehicles for Global Climate Change Research" - Sandy MacDonald

NOAA Observing System Architecture

1130
Existing upper-air requirements for climate and guidance on refining them - Pam Taylor

1200
Lunch 

Afternoon Session

1315
Breakout Groups: Gather information and discuss issues affecting requirements

Group #1 - Climate Monitoring, Chair:  Neville Nicholls

Brief presentations by Melissa Free, Seth Gutman, Mark McCarthy, Sam

Oltmans, Frank Schmidlin, Alex Sterin, June Wang, Betsy Weatherhead

Group #2:  Climate Process Studies and Modeling, Chair:  June Wang

Brief presentations by Alex Sterin, June Wang
Group #3:  Satellites and Radiative Transfer Models, Chair:  John Christy

Brief presentations by Dan Birkenheuer, Tony Reale

Group #4: Reanalyses and Climate Predictions, Chair:  Randy Dole

1500
Coffee Break

1530
Breakout Groups: Prepare initial set of observational requirements

Thursday, 10 February 2005 

Thursday Session - Chair: Chet Koblinsky

0830
Plenary: Breakout groups report on progress. Identify and resolve areas of confusion or conflict, within or between breakout groups

1000
Coffee Break

1030
Breakout Groups: Complete work on requirements

1200
Lunch 

1315
Final plenary: Obtain consensus on requirements and workshop report outline

1600
Next Steps

1630
End of Workshop for all but drafting team

Friday, 11 February 2005 

0800 
Drafting team prepares workshop report

1200
Drafting team adjourns
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Qiang Fu, University of Washington

Ken Gage, NOAA Aeronomy Laboratory

Mel Gelman, NOAA National Weather Service
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Mitch Goldberg, NOAA/NESDIS

David Goodrich, NOAA Office of Global Programs

Seth Gutman, NOAA Forecast Systems Laboratory

Colleen Hartman, NOAA/NESDIS

David Helms, NOAA National Weather Service

David Hofmann, NOAA Climate Monitoring and Diagnostics Laboratory

Jim Hurrell, NCAR

Tom Karl, NOAA National Climatic Data Center

Chet Koblinsky, NOAA Climate Office

Mike Kurylo, NASA Headquarters

Jim Laver, NOAA National Weather Service

Ants Leetma, NOAA Geophysical Fluid Dynamics Laboratory

Stephen Leroy, Harvard University

Sandy MacDonald, NOAA Forecast Systems Laboratory
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Paul Mason, University of Reading

Mark McCarthy, UK Met Office

Chris Miller, NOAA Office of Global Programs 

Patricia Miller, NOAA Forecast Systems Laboratory 

Ken Mooney, NOAA Office of Global Programs

Bill Murray, NOAA Office of Global Programs

Neville Nicholls, Australian Bureau of Meteorology

John Ogren, NOAA Climate Monitoring and Diagnostics Laboratory

Sam Oltmans, NOAA Climate Monitoring and Diagnostics Laboratory

Bill Randel, NCAR

Tony Reale, NOAA/NESDIS

Chris Rocken, NCAR

Rick Rosen, NOAA Research

Karen Rosenlof, NOAA Aeronomy Laboratory

Frank Schmidlin, NASA/Wallops

Kevin Schrab, NOAA National Weather Service 

Dian Seidel, NOAA Air Resources Laboratory

Brian Soden, University of Miami

Susan Solomon, NOAA Aeronomy Laboratory

Alex Sterin, RIMHI

Pam Taylor, NOAA/NESDIS 

Peter Thorne, UK Met Office

Russ Vose, NOAA National Climatic Data Center

Mike Wallace, University of Washington 

Junhong Wang, NCAR

Betsy Weatherhead, NOAA Air Resources Laboratory

Robert Webb, NOAA Climate Diagnostics Center

Facilitators: 
Facilitator Team Leader: Pamela Palanque-North, Palanque Associates

Keith Berger, NOAA National Weather Service

Lisa Darby, NOAA Environmental Technology Laboratory

Greg Gust, NOAA National Weather Service

Dick Felch, NOAA National Weather Service

Stanley Levine, NOAA National Weather Service

Annie Reiser, NOAA National Geophysical Data Center

Lisa Taylor, NOAA National Geophysical Data Center

Carmella Watkins, NOAA National Climatic Data Center

Local Arrangements: Rhonda Lange, NOAA Forecast Systems Laboratory

Workshop I Conveners: 

Rick Rosen, NOAA Assistant Administrator for Oceanic and Atmospheric Research 

Greg Withee, NOAA Assistant Administrator for Satellite and Information Services 

Mike Manton, Chair, Global Climate Observing System, Atmospheric Observations Panel for Climate

Workshop I Steering Committee: 

Howard Diamond, US GCOS Program Manager, NOAA/NCDC 

Mitch Goldberg, Chief, Climate Research & Applications Division, NESDIS/ORA 

Chet Koblinsky, Director, NOAA Climate Office 

Sandy MacDonald, Director, NOAA Forecast Systems Laboratory 

Bill Murray, NOAA/OGP Climate Change Data and Detection Program Element 

Kevin Schrab, NOAA National Weather Service 

Dian Seidel, NOAA Air Resources Laboratory 

Peter Thorne, UK Met Office, Hadley Centre 

Mike Wallace, Director, JISAO, University of Washington 

Workshop II

Workshop on "Reference Upper Air Observations for the Global Climate Observing System: Potential Technologies and Networks"

Applied Physics Lab, University of Washington, Seattle, 22-24 May 2006

A meeting held under the auspices of the Global Climate Observing System, and the National Oceanic and Atmospheric Administration. 

Meeting Chair: David Goodrich, GCOS Secretariat

Meeting organizing committee: David Goodrich, Peter Thorne (UK Met Office), Junhong Wang (NCAR), Dian Seidel (NOAA ARL), Bill Murray (NOAA CPO), Howard Diamond (US GCOS Program Manager, NOAA/NCDC). 

Meeting Rationale

This meeting will consider and evaluate technological options to meet the requirements set out in the report from the February 2005 Boulder workshop on Climate Requirements for Upper-Air Observations. It is specifically focused on a reference network as articulated in the GCOS Implementation Plan, and adopted as the climate requirements of GEOSS. The goal of a reference network is full characterization of the atmospheric column characteristics for several decades into the future. This will require surface-based,  radiosonde-based, and other instrumentation, of which much of the infrastructure already exists at current GUAN stations or in other networks (BSRN, ARM etc.). The workshop forms part of a series of events that will result in a fully costed and justified proposal to relevant governments and agencies for their consideration and implementation.

Meeting Agenda

Monday 22nd May

8:00-8:30 Registration at the Applied Physics Lab

8:30 – 10:00

Session 1: Introduction, Workshop I report and organization context (NOAA, GCOS)

Chair: David Goodrich

8:30-8:40 Welcome Mike Wallace, University of Washington

8:40-8:50 Workshop Goals and Agenda Overview David Goodrich
8:50-9:00 Introductions around the room
9:00-9:45 Reference Upper-Air observations for GCOS: Requirements, Processes and Plans. Dian Seidel and Peter Thorne.
9:45-10:00 Reference networks: A NOAA perspective Chet Koblinsky, NOAA
10:00 – 10:30 Coffee (posters put up)

10:30-12:15

Session 2: Current instrument capabilities and their testing and validation procedures
Co-chairs: Peter Thorne and Bill Murray

Talks (all 20-25 minutes) 

Review of results from the WMO Radiosonde Comparison Mauritius and recommendations  for future upper air climate observing systems.   

John Nash UK Met Office

Use of the Consensus Reference Concept for Testing GCOS Radiosondes

Joe Facundo NOAA

Water vapor observations in the upper troposphere and lower stratosphere

Holger Vömel NOAA

Experience from ARM sites: What can it tell us?

Doug Sisterson ANL

Areas for discussion:

· Lessons from WMO, regional, and national inter-comparison exercises.

· Lessons from stations rich in instrumentation (such as ARM sites): how good is it? What are the problems?

· Lessons from GUAN and other dedicated networks

· Managing and synthesizing data from different sources

· Calibration and validation practices and limitations

· Parallel efforts for climate observations via remote sensing 

12:15-13:15 Lunch

13:15-15:00 Session 2 continued

15:00 – 15:15 Coffee Break

15:15-17:00
Session 3: Instruments, platforms and deployment options

Co-chairs: Junhong Wang and Mike Hardesty

Talks (all 30 minutes)

Reference radiosonde options

Junhong Wang NCAR

Measurements of Temperature, Water Vapor, Clouds, and Winds Derived from Ground-Based Remote Sensors; Measurements of the Surface Radiation Balance 

Jim Liljgren ANL

GPS Atmospheric Sensing

Chris Rocken NCAR

Areas for discussion:

· Existing, new, and planned instruments

· Requirements – IT, hardware, infrastructure, operability

· Deploying all instruments to all sites or instigating a tiered system?

· Identification and prioritization of core and supplement instruments and operational data for redundancy and additional parameters.
Monday evening reception at the Wallingford Room in the Watertown Hotel 18:30-20:00 (Hors d’oeurves and cash bar)

Tuesday 23rd May

8:30-10:00 Session 3: Emerging instrument options from manufacturers

10:00-10:30 Coffee break

10:30-12:00 Session 3 discussions

12:00 – 13:00 Lunch

13:00 -14:45

Session 4: Candidate network operating strategies

Co-chairs: Tom Peterson and Frank Schmidlin

Talks (all 20 minutes)

Climate considerations for network operating strategies 

Kevin Trenberth, NCAR

Spatial and temporal aspects of network design  

Betsy Weatherhead, NOAA/GMD

Operating strategies for synergy with the Baseline Surface Radiation Network 

Ellsworth Dutton, NOAA/GMD

Network operating strategies to maximize improvements to operational satellites

Tony Reale, NOAA/NESDIS

Experience of upgrading radiosonde stations in developing countries

Richard K. Thigpen, GCOS Office 

Areas for discussion:

· Identification and prioritization of candidate sites.

· Potential launch strategies for radiosondes and any other expendable instrumentation. (perhaps aircraft monitoring too).

· Reporting over the GTS and / or direct to dedicated archiving centre?

· Archiving of collocations with satellite overpass – management and coordination issues.
14:45 – 15:15 Coffee break

15:15 – 17:00 Session 4 continued

Tuesday evening meal for all session co-chairs (location TBD)

Wednesday 24th May

8:30-10:00 Session 4 continued

10:00-10:30 Coffee break

10:30 – 13:00

Session 5: Wrap-up

Co-Chairs David Goodrich and Dian Seidel

· Way Forward.

· Schedule for producing the report from Workshop II.

· Planning for and scoping of remaining necessary steps in the process.

13:00 Close of main workshop

Wednesday afternoon Co-chairs meet to undertake initial draft of report.

Thursday am (optional) further draft writing efforts by co-chairs

Workshop II participants:

Ramesh Bhatia, India Meteorological Department

Franz H. Berger, German Meteorological Service

Carl A. Bower, NOAA National Weather Service

Fred Clowney, Intermet Systems

Tom Curran, Lockheed Martin Sippican, Inc.

John Dykema, Harvard University

Ellsworth Dutton, NOAA ESRL GMD

Joseph Facundo, NOAA National Weather Service

Li Feng, China Meteorological Administration

David Goodrich, World Meteorological Organization GCOS  

Kenneth Goss, Vaisala Measurement System

Seth Gutman, NOAA ESRL GSD

Michael Hardesty, NOAA ESRL CSD

Hannu Jauhiainen, Vaisala Measurement System 

Alexander Kats, Central Aerological Observatory/KOMET, Moscow

Patrick Kelly, Coastal Environmental Systems

Chester J. Koblinsky, NOAA Climate Program Office

Barry Lesht, Argonne National Laboratory

Jim Liljegren, Argonne National Laboratory

Chris Miller, NOAA Climate Program Office

Bill Murray, NOAA Climate Program

John Nash, U.K. Meteorological Office

John Ogren, NOAA ESRL GMD

Miroslav Ondras, World Meteorological Organization Observing System Division

Mark Paige, Southwest Sciences, Inc.

Remy Pepin, MODEM, France

Tom Peterson, NOAA/NESDIS National Climatic Data Center

Tony Reale, NOAA/NESDIS Office of Research and Application

Christian Rocken, National Center for Atmospheric Research

Dian Seidel, NOAA ESRL Air Reseatch Laboratory 

Douglas Sisterson, Argonne National Laboratory
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Ed Westwater, CIRES University of Colorado/

Workshop II Local Arrangements:

Mari Litzenberger, University of Washington

Dian Gay, University of Washington
Workshop II Steering committee:

· Ray Canterford, BOM Melbourne, President, WMO CIMO
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· Joe Facundo, NOAA NWS Radiosonde Program
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