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CCl Paper – Guidelines for managing changes in climate observation programs
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Introduction

Evolving capabilities of climate monitoring platforms and instrumentation and their impacts on data usability are inevitable. Fundamental to maintaining the integrity of data and information pertaining to a climate monitoring program then, is to manage the associated changes.

Managing change within a climate monitoring program strives to maintain the intercomparability of the climate record throughout the change process. It is critical to meeting the needs of climate research, applications, and services users, as well as those of the policy community.  Unlike observations taken solely to support the preparations of forecasts and warnings, the availability of a continuous, uninterrupted climate record is the basis for many important studies involving climatological communities.

These Guidelines aim to provide managers and operators of climate monitoring networks with a set of recommended procedures/practices by which change can be managed in the observational programs in a manner that best maintains the required integrity of the climate record. Not included in the scope of these Guidelines are recommended procedures and practices for the analysis of output data streams, including homogeneity analysis, nor details on requirements of climate observing networks.  These subjects are amply covered by the WCDMP Guidelines on Metadata and Homogeneity (Aguilar, E. et al., 2003), and the Guidelines on Climate Observational Networks and Systems (Plummer, N. et al., 2003), respectively, and readers requiring further information on either of these subjects should refer to these documents.

Instigators of Change

Changes such as replacement of sensors, location or sighting of instruments are realities of an evolving program and are essential for program longevity.  For example, the need to upgrade or replace an individual sensor or the entire suite of sensors at a particular location can be planned (e.g., a modernization effort that introduces newer technologies or more appropriate sensors) or unplanned as a result of a loss of a sensor due to breakage/damage, premature aging, or theft.  Over time, observations at manned sites may also react to changes in individual observers due to illness, attrition, loss of motivation, or replacement by Automatic Weather Stations (AWS).

The change from manual to AWS observations poses a particular problem.  Objective or deterministic weather elements such as temperature, pressure, relative humidity and precipitation observed by AWS are comparable or superior to those taken by humans.  Establishing transfer functions either through parallel observations or through alternative approaches are imperative in order to ensure that data continuity can be defined.  In the case of subjective weather elements, however, AWS cannot replicate human observations nor should it be expected to do so.

Site relocation may be necessary due to urban or natural development that renders the original site no longer available or unsuitable for climate observations.  Buildings being erected or dismantled, industrial or residential development and trees being planted or removed may abruptly or insidiously alter the environment perceived by the instruments. 

Change can also be the result of a switch in the intent of the observing program (e.g., from research or forecast support to climate) or observational practices. 

In Canada, a notable shift in observational practice includes the evolution of Climatological Day. Before there was any kind of national weather guidelines, various weather observers made up their own rules and practices for recording weather phenomena until it was recognized that standardization was needed in order to collect data with comparable results.  For primary stations, a Climatological Day starts and ends at the same hour of two consecutive days (i.e. begins with 0600 GMT observations on Day 1 and ends at the 0600 GMT observation on Day 2).  Depending on the element, the observation may be credited to Day 1, as is the case for maximum temperature and precipitation, or Day 2 for most other elements. Climatological Day for observations reported by volunteers are exceptions. These observations are reported at approximately 0800 LST and 1700 LST and depending on the element, the observation is credited to the previous day, as in the case of the 0800 LST report for minimum temperature and occurrence of weather, or the calendar day (i.e. all other elements).

Effects of Change

Changes can result in a temporal break in the record or a discontinuity caused by the monitoring program change rather than any change in the climate.  From a user’s perspective, the break or discontinuity can mask the true climate and/or trends or other changes in the climate. 

The effects of changes to site situation and deterioration are reflected in the temperature observations reported from a site situated in Vernon, British Colombia, Canada.  When tested against a reference series, this site demonstrated definitive steps or breaks in data continuity.  Investigation of the station inspection reports indicated that these discontinuities could be easily associated with changes in site aspect in 1957 when the screen was detached from the observer’s house and set in the lawn and in 1981 when it was again resituated and levelled.  A significant discontinuity also occurred following the cleaning, repainting of the screen and replacement of thermometers in 1991. (see Figure 1).
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Figure 1:  Hatch lines show data discontinuities at the Vernon, B.C. site.  In 1957 the observation screen removed from the observer’s house and installed in a grassy area of his lawn.  The screen was further adjusted in 1981 to a more level area.  In 1991, the screen was washed, painted and the thermometers were replaced. 

As presented  by Lucie Vincent, Homogenization of Temperature in Canada at the Workshop on Climate Data Homogenization, Marriot Eaton Centre Hotel, Toronto, Canada, April 19-21, 2004.

Further examples of effects of change:

1.) The shift from manual to automatic precipitation gauges in the 1970s: automatic gauges report total precipitation and do not distinguish between rain and snow.  In this case, instrumentation change did not affect a data discontinuity but essentially an information loss – no more snowfall observations.   For Toronto Bloor Street, (a shift from manual to Geonor/Alter shield) this became a significant issue for providing advise to snow removal contractors. To accommodate this specific user need, manual snow measurements are reported by seasonal contract.

2.)  Shift from manual to AWS: elements such as presence of weather, visibility, ceiling, etc. Manual observations of these elements are subjective and may encompass a large field of vision. These elements should not be evaluated in the same context as observations from AWS which are discrete and reflect a limited observation field.

3.) Benefits of change: improved data availability and timeliness, greater consistency, and improved response time to address site problems.

Managing Change

The need for effectively managing change is reflected in the GCOS Climate Monitoring principles (see http://www.wmo.ch/web/gcos/Publications/gcos-73.pdf).  These basic principles, adopted in paraphrased form by the Conference of the Parties to the UN Framework Convention on Climate Change through Decision 5/CP.5 of COP-5 at Bonn in November, 1999) are fundamental to ensuring the effective operation and management of climate monitoring systems in terms of remaining true to meeting users’ needs.

Following these guidelines, Canada has adopted the following general practices for planned modernization of the climate monitoring program: 

1.)  In an attempt to ascertain the impacts of change before implementation, all sensors and systems are tested and evaluated. Operations for old and new observing platforms are measured over space and time. When introducing a change, aim for as many similarities as possible (e.g. same site exposure, same procedures, and same sensors) in both old and new set-ups for at least one and preferably two years. Observations should be archived for both situations during the overlap period for approval, disapproval or deferral of change. Thorough testing and evaluation prior to installation should significantly ameliorate the transition from old to new set-up by establishing and documenting expected differences.

2.) Measures should be taken to preserve the operation of historically uninterrupted stations and/or observing systems whenever possible to provide a baseline or reference standard.  For example, in Canada the longevity of a pristine weather site (Beatrice, Ontario, in operation since the 1860s) was in jeopardy as the property owner was positioned to sell and there was no guarantee that prospective buyers would be amenable to retaining an observing site on their property. A portion of the property containing the weather site was purchased at market value from the land-owner in order to preserve its availability for continued parallel operations for more than two years.

3.) Enforced periodic re-evaluation of station siting, exposure, calibrations and operational procedures should be completed every six months.  Although these should be inherent with station inspections, they are often overlooked in favour of completing maintenance checks.  

4.) A national ‘audit’ or review of all stations at specified periods or frequency (i.e. 5 to 10 years) is recommended to ensure that station inspections, operations and documentation are completed to standards.
In addition, Canada has developed a change management process for the orderly introduction of new sensors, equipment etc. through the creation of a Change Management Board comprised of operational monitoring program representatives and representation from the research and data archiving communities.  It provides an opportunity for network planners, operational managers and monitoring stakeholders to discuss long-term climate needs. The Board acts as a clearinghouse for all proposed monitoring system changes to ascertain implications, and should include cost-benefits. It serves as a focal point for decisions, ensuring that change requests are evaluated and processed and that through consensus a resolution is reached in a timely manner. 

Successful application of a Change Management Board relies heavily on a clear and transparent change request process (submission form, instructions, and supporting information) which is readily available and understandable for potential proponents of change. All requests for changes related to climate monitoring are reviewed and evaluated; all systems, instruments, algorithms, procedures, processes and related documentation that influence the collection, processing, reporting and archiving of observations from the meteorological and climatological networks are within the scope of the change management process. This includes the climate data archive where database management changes may impact climate monitoring systems. If necessary, further analysis or investigations are commissioned. 

Excluded from the scope of the Change Management Board is the operational management of the monitoring systems. Neither are network density and distribution decisions, which are the responsibilities of the network management committees themselves.

Finally, documentation of all approved changes to systems, configurations and specified applications for use as a reference in reviewing change requests must be maintained. Any changes or deviations from the documented approvals must be considered a new change and must be challenged through the Change Management Board’s process.

Importance of Metadata

Seldom is metadata more important than when documenting network changes. Search and discovery metadata for data access, or basic site information, which generally includes station identifiers, name, latitude, longitude, elevation, start and end dates is insufficient to identify the history of the station and the impacts that changes may have had upon it.   Complete metadata should include a full account of the station from its onset date to the present.  All changes to the site, such as site exposure, instrument changes including height above ground, calibrations, inspection visits, data adjustments, and quality control applications are all imperative for proper scientific decisions and judgments pertaining to data utility.  Metadata should not preclude information derived form historical documents such as observing practices manuals, station inspection reports, government policies, resource and funding programs, even local newspapers.   

Inherent to the problems of collecting and coordinating metadata is its management and maintenance.  Present day technology for database warehousing of digitized metadata has the added benefit that metadata can be accessed, linked to observational data, as well as transferred.  To facilitate metadata population, applications to directly ingest or derive as much metadata as possible from routine operations, such as station inspections, into the database should be developed.  Network-wide observation policies and practices, calculation algorithms, quality control procedures, data adjustments, units, data formats, etc. should also be maintained to supplement the database management system. All database metadata can and should be easily mapped to an accepted descriptive metadata standard, such as ISO 19115 to broaden its accessibility to the climatological community.

Another problem facing metadata users is the inaccessibility of valuable information or data contained in their original medium.  Historical documents such as observation reports or station inspection reports still in paper format need to be protected from deleterious effects of frequent use. Unfortunately, financial implications and sheer volume often prevent the digitization or transfer of these assets to mediums, such as scanned PDF or TIFF formats.  At the very least, historical documents should be inventoried and properly conserved until such time as their information content can be transferred to a medium which supports multiple users access.

Metadata needs to have the same level of commitment as observed data.  Incomplete, outdated, or inaccurate metadata can be as detrimental, indeed in some cases worse, than no metadata at all. Regular reviews of metadata content for confirmation and accuracy should be part of regular operations. Support to investigate new metadata sources, information management technologies and information sharing capabilities should be ongoing in an effort to make accessible and preserve the historical investment in the data collected.

Effective Change Management Approaches

From the perspective of maintaining the integrity of the climate record through change, the best practice is to run the previous and the new systems/sensors in parallel. A parallel observation program allows for the identification of the necessary transfer functions, thus minimizing/eliminating the impact of the change on the climate record.  This approach works best where change is planned or at least predictable.

Changes, however, are not always planned but may be forced (decisions made by others), the result of insufficient funding (leading to termination of parts of the observation program or an inability to run a parallel observation program), or due to unforeseen circumstances (e.g. natural or human-caused disasters).  Where parallel observations are neither possible nor practical, other practices or approaches such as paired observations, or modelling or homogeneity based methods will need to be introduced to re-establish the integrity of the climate record.

Parallel observations – the preferred approach 

The parallel observing approach works best for those changes which are planned rather than forced. The objective is to retain the original set-up and to establish the new configuration in a manner that maintains as much as possible of the old set-up: same location, procedures, and sensors; and to document in the associated metadata, those elements of the new set-up that have changed. Parallel operations on-site of the old and new climate observing program/system for an overlap period prior to decommissioning the original set-up is considered the best option for managing change (according to the GCOS Monitoring Principles).  

This parallel observing approach allows for the identification and documenting of impacts and to assist potential users in the derivation of correction (relationship) factors needed to adjust data for homogeneity with the previous record. The length of the period of parallel observations should be defined based on consideration of the climate and the need for the two systems to operate in parallel through the range of climate of the site (i.e. all climate seasons and/or reasonable coverage of climatic range). A statistical approach could be used whereby the uncertainties are calculated for each of the monthly adjustment values. A decision could then be made to terminate the parallel program when, for example, enough comparison data have been collected to determine that the uncertainties on the monthly adjustments are within ±0.2°C at the 95% confidence level. From an operational perspective, economics and other operational considerations (e.g. availability of staff, land, and the feasibility of maintaining the operation of the old set-up) will often be limiting factors in defining the duration of the period of parallel observations. The extra demands these place on already stretched financial and human resources budgets should be considered in light of the information gain that an overlap period affords data usability. The goal should be to extend the length of the overlap period for a minimum of one and preferably two years.

Equally important to maintaining this parallel set of observations is the establishment and maintenance of the associated metadata for the old and the new set-ups.  These two sets of metadata, including the dates and timing of the change, will help users and researchers understand the basis for any homogeneity based adjustments and allows for future considerations of the validity of those corrections in light of new information or developments.

It is also essential that both sets of observations be archived during the overlap period.  Depending on the archiving system, archiving two sets of observations from the same site may require special designation for either the old or new set-up in order for both sets to be archived and retrieved in the future.

Associated Costs:

From a human resources perspective this approach will require maintaining two set-ups at each site undergoing the change.  This means that at each site during the parallel observing period, staff will need to budget time for inspections of two systems, as well as time for making the necessary repairs and/or replacement of defective equipment comprising the two set-ups.  This additional requirement will further exacerbate any existing human resources concerns that would result from the conversion to a new set-up (e.g., site and system establishment and associated training).  There are some relatively small additional human resource requirements associated with archiving and quality controlling the additional set of observations generated by the parallel observations.  

As the original set-up already exists, financial costs associated with its operation, including travel to and from the site by technical staff for inspection and maintenance, can to some degree be reflected in the original budget. However, it should be noted that additional equipment comes with more sparing requirements and a higher risk of equipment failure and thus potentially increasing time and costs associated with repair.

Financial costs are also accrued with the establishment of a parallel observing set-up for the new equipment, sited in an appropriate location with supportive infrastructure.  For some sensors (e.g., precipitation, wind), the location of the individual sensors cannot be shared or require more space and more infrastructure (e.g., towers and cables).  Not only are these additional financial costs, but acquisition of additional space may not be feasible, thereby operating a parallel program may be constrained. Individual sites may incur specialized costs such as those associated with leasing additional land, requirements for a special maintenance contract with the land owner, maintenance provider or observers (e.g. to maintain a good environment around the site), de-commissioning costs to return a site back to its original state post observing program completion, or deconstruction costs to remove certain site structures obstructing a second set of observational equipment (e.g., fences and/or concrete structures). Costs could also be incurred through recruitment and training of new observers to handle the additional workload. 

Examples:

The Australian Bureau of Meteorology
 has been conducting a parallel (or comparison) observation program, especially for its Reference Climate Stations, since the mid-1990s. This was prompted by the replacement of manual stations by automatic weather stations and concerns for the homogeneity of the climate record. Comparison data exists at about 31 sites as of September 2005 with daily rainfall, dew point and maximum and minimum temperatures being the priority climate variables. While the aim of the program has been to capture parallel observations over a two-year period, more than five years of data have been collected at many of these sites.

Table 1 provides an estimate of the direct costs associated with the parallel observations program at 31 Australian sites over a two-year period. Most of the costs are associated with maintaining two manual observations per day for the priority variables. The total direct cost is about $506K Aus ($382K US) with an average cost of around $16.3K Aus ($12.3K US) per site. Table 2 provides an estimate of the indirect costs and, because the comparison data do not accrue real value until they are put to use, these include data analysis costs. These total indirect costs amount to about $43K Aus ($32K US).

It is possible to incur much larger costs at individual sites. The costs associated with the leasing of land could be high and there may be requirements to establish a special maintenance contract with observers (e.g. to maintain a good environment around the site). De-commissioning costs can be high due to increasingly stringent environmental requirements and the need to return a site back to its original state. Costs may also be elevated by the need to remove certain structures on the site, e.g. fences, concrete slabs. Costs could also be incurred in recruiting and training new observers if needed. 

In summary, there are some significant costs associated with a parallel observations program in Australia. However, when comparing those costs with the Bureau of Meteorology’s total expenditure to capture observational data ($89M Aus per year in 2003/04) and manage the climate database ($5M Aus per year) then the expenditure on helping to preserve the homogeneity of the climate record is only 0.3% of the total to collect and manage the data over a two year period. Money well spent!

	Component Description
	Unit cost

($Aus)
	Quantity
	No. Sites
	Total Cost 

($Aus)

	1.  Inspections
	200
	1
	31
	6,200

	2.  Communications
	0.15
	40150
	31
	6,022 

	3.  Site de-commissioning - One off
	1,500
	1
	31
	46,500 

	4.  Allowances
	
	
	
	444,638 

	5.  Instrument replacement
	200
	0.4
	31
	2,480 

	6.  Total 
	
	
	
	505,840 


Table 1.  Estimated direct costs for the Australian Bureau of Meteorology’s parallel observation program. These are based on comparison observations at two times (0900 and 1500 Local Standard Time) from two stations at 31 locations over a two-year period. The following information has been used in the calculations: Inspection costs include salary, transport and incidentals; Communications costs are for data transmission; Site de-commissioning includes the inspection costs as well an allowance that additional time or additional funds for contractors may be necessary; Allowances are payments made to cooperative observers; and Instrument replacements costs assume that one thermometer is replaced once in 5 years.

	Component Description
	Total Cost 

($Aus)

	1.  Administrative
	3,462

	2.  Data management
	5,500

	3.  Data analysis and reporting
	33,750

	4.  Total 
	42,712


Table 2. Additional costs incurred through the Australian Bureau of Meteorology’s parallel observation program. The following information has been used in the calculations: Administrative overhead costs include setting up new station numbers, establishing arrangements with observers, administering payments, stationary and writing instructions; Data management costs include an assumption of data entry required for 5 of the 31 sites, metadata entry for 31 sites and the incremental costs of managing the additional data in the database; Data analysis and reporting costs have been costed assuming the work would take a Meteorologist 4.5 months to analyse all of the data and produce a report.

Cost estimates are also available from detailed costing estimates for operation of Canadian climate reference network sites.  These estimates have been derived as part of the efforts underway towards modernization of the Canadian reference climate network and in support of efforts related to the move from human observers to automated systems at a number of the climate reference sites. 

In the case of parallel (and also paired) observations at the same site, there are no significant additional annual costs associated with utilities (electricity and water).  Additional annual costs, however, are associated with communication and IT support ($1,150 CAN per site); inspection, repair and sparing ($11,060 CAN per site) with the assumption of 5% sparing and 10% emergency trips for repair; and for monitoring performance and real-time QA/QC ($290 CAN per site).  There are additional annual cost associated with time required to undertake routine inspections and maintenance of additional systems ($1,365 CAN per site) assuming a travel and inspection period of two days per site.  In the case where for occupational health and safety concerns, an associate (junior technical staff) is required to accompany an inspector during a routine inspection and maintenance visit to an isolated site, annual costs ($2,493 CAN per site) can be significantly higher (e.g. costs associated with additional travel to remote locations).

Paired observations 

When parallel observations are not feasible or possible, as in the case where change is forced as a result of damaged or lost equipment, loss of access to a site, or actions by partners or land owners, or after the fact (i.e. those where the original set-up is no longer available or cannot be re-established), an alternative approach is to reproduce, as much as possible, the old set-up and then undertake paired observations using a co-located new set-up or a number of closely-located observing sites with the new set-up.  As in the parallel observation approach, the duration of the period of paired observations should be as long as possible spanning the full range of climatic seasons (i.e. one to two years or when the uncertainties on the monthly adjustments are considered low enough – see previous section).

A paired observation program requires co-location of at least two set-ups; one an approximation of the original set-up and one as the new set-up.  In cases where the homogeneity of the original set-up, new set-up and the environment are similar, one original set-up co-located with a new set-up can be used to develop the necessary correction (or relationship) factors for a number of similar locations.  

This paired observation approach, although not as effective as the parallel observation approach, does offer a viable option towards maintaining continuity of record.  Correction (relationship) factors can be derived from these paired observations allowing the observations collected under the new set-up to be connected to those collected under the former original set-up. 

Short-comings of this approach are related to duplicating the original set-up, including finding and maintaining an original suite of sensors, and replicating the system configuration, observing program and environment (building and vegetation).  In terms of a conversion from a manual to an AWS observing program, duplicating the original set-up may be completely impractical, and thus using a paired observational approach will not be possible. In addition, the availability and feasibility of re-establishing and maintaining a large number of original set-ups may be prohibitive.  

Associated Costs:

The paired observation approach does require additional effort and therefore additional financial and human resource expenditures.  These additional expenditures would be similar to those incurred through the parallel observation approach (see examples under parallel observations).   Additional costs, however, would be incurred as a result of having to re-establish after the fact the original set-up.  These costs include those required to support the additional demands on technical staff, including the need to acquire and ensure the operation (e.g., ensuring proof of operability, retrofitting and repair) of the original set of sensors and re-establishing the original set-up, including appropriately siting the sensors and establishing the required infrastructure.  As in the case of the parallel observation approach, limitation related to space (availability or access to the additional space) can add to the costs and/or limit the applicability of this approach

Modelling or Homogeneity based approach 

An alternative to the two observational approaches is to model the data collected through the original setup (i.e. model recording properties of formerly used sensors relative to nearby/neighbouring sensors) and compare them with data being collected by the new setup.  Although not as sound an approach as the two observational approaches, this modelling approach does result in the establishment of a climatologically-based relationship that can then be used to homogenize the data being collected using the new setup with that collected using the original setup. 

Homogeneity testing procedures have been developed for detecting artificial steps in climatological time series due to station relocation, changes in instrumentation, changes in observers and in observing procedures. These procedures are based on statistical methodologies; they require a large amount of observations from the tested site and several neighbouring stations, and they only provide rough estimates of the values that simulates homogeneity. They are adequate for adjusting past records, but for the future, the best approach is to have co-located instruments collecting concurrent daily observations for a period of least two but preferable five years and to develop mathematical relations to derive adjustment values. 

When parallel observations are impossible homogeneity testing can be applied with an understanding of the limitations of the procedures. Estimate accuracy is directly proportionally to the number of neighbouring stations that are used (at least three to five stations) for the derivation. These stations should be in close proximity to the test site and represent a similar climate regime. For temperature, a neighbouring site can be located as far as 20 to 30 km depending on the topography of the area, but for precipitation, neighbour sites should be as close as only a few kilometres.  The selected set of neighbouring stations should remain constant through the change and be expected to remain constant for a period of at least two or more subsequent years.  The data provided during this period is necessary to construct a relationship model that is valid for the range of climates experienced at the target site(s).  The longer the post-change period, the more confidence can be given to the validity of the relationship.

Techniques used to select the set of neighbouring stations and to develop the relationship model should be those used in homogeneity studies (Vincent, L.A. et al., 2002).  The model should account for the differences in variables measured on an interval scale such as temperature, from those measured on a proportional scale such as precipitation.

Once a model has been developed, the data collected under the new setup can be adjusted to match that collected under the original setup.  Adjustment factors can be obtained by calculating separate averages on the difference or ratio series for the period prior to the change and after the change. The obtained means are compared by calculating their ratio or difference and the obtained factor is applied to the post-change data. Adjustments should be corroborated with metadata to the extent that the metadata are considered reliable and complete.

Current studies have shown that homogeneity procedures are reliable for producing good estimates for annual and monthly temperatures but the error becomes larger for daily values, and in particular for extremes. Homogeneity testing has been applied to other climate elements such as pressure and relative humidity to identify steps in seasonal time series but adjustment procedures need to be further established. For precipitation, it is difficult to apply a homogeneity procedure since the spatial variability of precipitation is very high; however on-going research attempts to address this problem. It is also worth noting that there is not yet a definitive approach for any variable and therefore there will always be the need to review the evaluation of the data and the adjustments made.  As such, it is very important to preserve the raw data and to document in the associated metadata all procedures applied to adjust the data.  

In addition to applicability in terms of variables, data availability to build the relationship model may be limited.  In locations where observational networks are sparse or retaining original setups at neighbouring sites is not possible, it is difficult to construct the necessary relationship model.  In the latter case, a combination of parallel or paired and model approaches may be possible and may reduce the overall costs of managing a large scale change.

Associated Costs:

In terms of capital investment and human resources, associated costs are somewhat less than the two observational approaches and may be the only viable option.  There is no need to maintain two sites and as long as the neighbouring sites are continuing, there are no additional network operational costs.  The only costs are those associated with establishing, running and updating a relationship model and maintaining the associated metadata. Costs associated with this approach are dependent on the experience of the people involved, time and data availability and the climate element being modelled.

Cost considerations include the following
:

· An experienced climatologist familiar with the climatology of the area and a computer scientist familiar with statistical algorithms are essential.  Both should be well trained in using modelling or homogeneity testing procedures. 

· Daily observations for at least 25 years prior and five years after the changes from the site in question and from neighbour stations are needed with little missing values. 

· In terms of computing power, the statistical analysis and modelling can be done on a personal computer with the proper statistical software installed. 

· Detailed metadata for all the sites and equipment involved is required, including instrument type, observers, time of observations, locations, observing programs and description of the surrounding environment. 

The Australian experience suggests that early efforts on the modelling or homogeneity approach have been time-intensive and costly. For example, the development of the first all-Australian rainfall (Lavery et al., 1997) and temperature (Torok and Nicholls, 1996) homogenized datasets each involved around two years of scientific development from a trained climatologist. (The latter dataset was developed as part of a PhD). The effort included: the collection and inventorying of metadata; development of statistical inhomogeneity detection and adjustment techniques; data collection and analysis, including applying adjustments to time series; documenting and reporting. The total cost to the Australian Bureau of Meteorology in developing a homogenized dataset is around $180,000 AUS
 (or $135,000 US). Aside from associated observational costs, the effort involved in updating and maintaining this dataset is around six months work for a climatologist every three to five years, i.e. $45,000 AUS (or $34,000 US).

Conclusions

The practical goal of climate monitoring is to have consistent, continuous data for long periods of time.  Long-term consistency generally does not exist so to simulate continuity, potential biases due to changes extraneous to that of climate change need to be managed. The main conclusions of these guidelines are:

· The integrity of the climate record is of utmost importance and ways and means do exist to preserve it from degradation

· Efforts need to be undertaken to ensure that there is a proper understanding of both the legitimate need for observational integrity and of the associated costs and benefits.

· Implementation of a change management process is essential to document decisions related to the change process and to ensure that the desired results have been achieved and to provide a forum for better understanding of the associated costs and benefits of the change process.

· Practicality and affordability suggest that in a large number of cases a combination of parallel and modelling approaches would most likely be achievable.

· Prudent stewardship of observational resources is central to long-term climate monitoring and to examine the effects of climate variability and change on life and property.
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