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Introduction

NMHSs have made increasing use of automated systems to acquire routine systematic meteorological observations. This has held particularly over the last decade in more developed countries that face high labour costs and where automation offers major financial savings.
For many applications, automated weather stations (AWSs or autostations), provided they are well-maintained and life-cycle managed, also offer important advantages in terms of data quality and reliability. They have also been used to increase network densities, reporting frequencies and elements observed, especially in remote and largely unpopulated regions where access is difficult. They also can augment manned stations both as observer aids and during hours when no observer is on duty.
In lesser developed economies, National Meteorological and Hydrological Services (NMHSs) may face different circumstances when deciding whether to automate or not. Lower labour costs may reduce or even reverse the cost payback. Lack of adequate supporting infrastructure may also pose obstacles to implementing AWSs. Nevertheless, many developing countries have taken steps to lower operating costs by reducing staff. Under the right circumstances, automation – or partial automation – may well provide a viable alternative.
This paper discusses many of the issues that network managers should consider when deciding whether to automate. These issues include capital and ongoing cost considerations, operational and technical feasibility, user requirements and potential impacts on climatological records.
General Automation Considerations
In most cases, a need to reduce costs drives decisions to automate meteorological observations. In developed countries, capital payback times range from a few months for a basic autostation (temperature, humidity, pressure, wind, precipitation rate and amount) to less than five years for an advanced system designed to meet aviation requirements.
Simplistic cost comparisons based on one-time only capital and installation costs can however be misleading. Automation initiatives must consider factors such as user requirements, operating environments and all costs associated with the life-cycle management of the autostations. 
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For example:

1. Indirect and ongoing costs:  Autostations generally require more maintenance and support than equipment used at manual observation sites. In addition, since the equipment is more complex, maintainers generally require more advanced education and training. Other examples of costs include power, communications and physical security. The NMHS must ensure that, within its assigned budget, it has sufficient resources to sustain its AWS programme including life-cycle management of the sensors and systems to defined standards and procedures.
2. Observational data changes:  AWSs can enhance systematic observing through increased sampling and reporting frequencies and additional data elements.  Very high investment costs, however, may preclude some NMHSs from automating some data parameters that human observers provide. Examples include sky cover, obstructions to visibility and precipitation type identification.
System downtime can be another frequent cause of data loss. While human observers often make on-the-spot adjustments to deal with equipment problems or changes, automated systems require skilled intervention. Unless the NMHS has the capacity to respond effectively to outages, it can expect increased data loss. This statement particularly applies to remote locations where access is limited and expensive and the site is prone to power and communications problems. 
Even when an AWS continues to report a parameter that was previously observed manually, differences in methods of observation may produce inhomogeneities in the data time series. Such changes may be subtle but could significantly impact users in the climate community who are working to identify climate trends, changes and variability, climate related natural resource decision-making, engineering design, etc. Examples of such changes include temperature averaging times, calculation of wind velocity based on vector rather than scalar mathematics, and precipitation amounts from weighing gauges (as opposed to standard gauges previously employed in manual programs).
Other changes may be far less subtle and could impact on real-time data users such as the aviation community. This particularly applies to parameters based on the capacity and limitations of the human senses. Algorithms used in autostations attempt to emulate what a human would report in identical conditions but this remains an imperfect, approximate science. Assessment of sky condition and horizontal visibility are examples of such parameters.
Basic Feasibility Assessment

The first consideration is basic feasibility i.e. is it economically, technically and operationally feasible to implement automated technology? In making this assessment, an NMHS should address the following considerations:
1. Are the stations located in places with labour markets that can provide the necessary skills to carry out manual observations at an affordable price? With all labour factors included – e.g. training, benefits such as leave programs, health and pension plan costs, administration – how much will labour cost to support a manual observation program?

2. Do manual observations currently form part of a work program that the NMHS will still need even after automating the observing function?  For example, if air traffic services or weather briefing staff currently do the observations, will automation reduce staffing requirements?
3. What data parameters are required? What are the sensor uncertainty (accuracy), resolution and range requirements? Can automated measurements provide the quality, quantity, frequency of representative information needed to meet the requirements of users and regulators?
4. Has the NMHS considered the need to overlap the planned AWS with the existing manual station in order to better understand data inhomogeneities possibly introduced by the change? What is the likelihood of obtaining manual/AWS comparison data?
5. What resources does the NMHS have or need to acquire to maintain automated systems? If these resources are centrally located, what will it cost to send skilled personnel to the site to carry out routine and unscheduled maintenance? Are the sites sufficiently accessible via commercial transportation to support this travel? Has the NMHS considered equipment sparing and life-cycle replacement requirements?
6. Are appropriate data management programs to address data collection, processing and reporting, quality assurance/control, metadata information systems and data archiving in place or need to be developed to support the autostation program?

7. Are the candidate AWS systems robust and suitable for the intended operating environment, e.g., temperature range, precipitation conditions, etc?

8. What infrastructure is available locally to support an automated system? For example, do the sites have reliable electric power and telephone service or do power sources such as solar panels, wind generators, batteries and satellite-based communications provide viable alternatives?

9. Is site security an issue for an AWS? For example, are sites in areas prone to vandalism or environmental factors such as flooding?

If the basic feasibility analysis indicates that automation is a viable option, a more detailed feasibility analysis is merited.

Detailed Feasibility Analysis

User Requirements

Automation presents a major change to users accustomed to data provided by human observers.  For meteorological parameters that do not need or benefit from human judgment, users generally view the changes as positive i.e. fewer measurement and data entry errors, opportunities for more frequent data reporting, more derived parameters and improved data coverage in remote or data sparse regions. That statement does not apply however to those parameters that require or benefit from human judgment. 

Automation, for real and sometimes perceived reasons, has had a significant impact on the aviation user community. Advanced autostations use techniques and instrumentation to approximate what a human would report under the same conditions. Because reporting protocols for parameters such as sky cover, horizontal visibility and present weather consider the characteristics and limitations of human senses, AWS often report differently than a human would under identical conditions – especially during unusual, spatially variable or rapidly changing weather. In cases where the aviation sector is a client, service providers must carefully consider their needs in developing an automation strategy. This analysis must also consider domestic regulatory requirements. From an international perspective, the ICAO does not yet recommend using fully automated observations during the operational hours of an aerodrome.  An internal ICAO working group has recommended changes to this policy however and several countries, including the United States and Canada, do in fact use automated systems for this application.  
Technological change often introduces differences to data sets and users may mistakenly attribute these differences to environmental factors.  This can profoundly affect climatologists investigating trends, variability and change and their clients such as resource managers, public policy makers, and engineers who rely on high quality climate information.  Replacing manual observation programs with automated observations therefore requires a thorough change management process e.g. testing, evaluation, implementation planning, user education, and documentation.  Data inhomogeneities and loss of data - especially differences in temperature and precipitation measurements arising from automation - are key concerns.

It is extremely important that key stakeholder groups such as climatologists, regulators, forecast production managers, data managers, etc, liaise closely with observation program managers during the requirements and subsequent planning phases to ensure that their needs are thoroughly considered before implementation starts. This communication should form part of a change management process that is recommended for any NMHS planning changes to its observation programs. Such a process can have a very positive effect on minimizing changes to meteorological data observation programs resulting from changes in instrumentation, algorithms, processing and reporting, operational maintenance procedures, etc. Regardless, the replacement AWS program should be overlapped with the existing manual observation program for a minimum of one year to enable researchers to quantify potential data changes.
Meteorological Variables Required and Instrumentation Selection
The data parameters that present the fewest issues from an automation perspective are those that are directly measurable by instrumentation and where human judgment adds little or no value. The most obvious examples are temperature, relative humidity/dew point, atmospheric pressure, wind direction and speed, rate of liquid precipitation and total precipitation amount. In these cases, human observers generally rely entirely on instruments to measure the parameter and add little or no subjective input.
The meteorological variables that present the largest hurdles for automated measurement are those that are directly related to human perception of a physical parameter. The clearest examples are reporting horizontal visibility, precipitation type, obstructions to vision and sky cover.

To determine horizontal visibility, most automated systems use sensors that rely on the scattering of light by atmospheric particles within a small sampling volume. If visibility is uniform and the sample is representative of a large area, this method generally produces acceptable results. If those conditions do not prevail however – e.g. the sensor is in a fog bank covering a small area – the sensor value may dramatically differ from the true value. This limitation presents a significant concern to the aviation sector.

Determining the reason for reduced visibility presents further limitations. In many cases, other sensors can allow users to readily infer the cause, e.g. present weather sensors indicating rain or snow, a small dew point depression indicating a probability of fog. In other cases – e.g. lithometers, mixed precipitation – the underlying cause of the reduced visibility and therefore its likely extent – may remain unclear.
To determine sky cover, most systems use ceilometers to measure cloud cover vertically over the sensor and then use time integration techniques to infer cloud amount. Again, the limitation of basing conclusions on a sample comes into play.

Between these extremes are those parameters that are measurable by instrumental means but where automation may pose cost, reliability or data quality problems. Examples include depth of snow on ground, snowfall amount and snow water equivalent, precipitation type and intensity, and type of obscuring phenomena.

Commercially available sonic ranging sensors can quite accurately measure the depth of snow on the ground directly below the sensor.  However, factors such as drifting that make snow measurement difficult for human observers compound when using an automated system. Drifting factors can sometimes be alleviated through use of multiple sonic sensors distributed over a mini snow course.
Commercially available sensors can also detect precipitation type and intensity. Various technologies can accomplish this – e.g. small Doppler radars and light scattering sensors. In colder climates, ice accretion sensors are also used to detect the occurrence of freezing precipitation. At the current stage of development, automated sensors do not provide the resolution or reliability for these variables expected of a diligent, competent human observer. Certain non-meteorological phenomena such as birds or insects can “fool” the sensors. They are also limited in their ability to distinguish between precipitation types with similar characteristics. For example, a Doppler radar sees similar reflectivity and fall velocity from both snow and drizzle – phenomena with visual differences readily discerned by a human observer.
Sensors and equipment used in manned observation programs may not be suitable for use with an AWS.  Factors such as the operating environment, the impacts of remoteness and accessibility upon frequency of maintenance and inspection trips, and simply the lack of a human presence require consideration.  For example, manned stations typically use tipping bucket rain gauges (TBRGs) to measure rate of rainfall.  These are usually calibrated to a prescribed rate of rainfall (example – 0% error at 50 mm/hr) and then corrected by comparison to a collocated standard rain gauge.  For AWS operations, some NMHSs attempt to offset the lack of a collocated standard rain gauge by employing siphoning TBRGs that have a fairly flat error profile over a range of realizable rainfall rates and are relatively easy to correct through algorithms.
In cold climates, where snow is a significant factor, it is recommended that all-weather precipitation weighing gauges be a component of the AWS instrument suite. These gauges measure total precipitation and do not distinguish between liquid or solid precipitation. There are several measurement issues that have to be addressed with these gauges such as the need to understand catch efficiency as a function of wind speed and wind pumping that can cause oscillations in the weighing mechanism. Algorithms can, to a large extent, correct these issues. Also, these gauges require prescribed charges of antifreeze to promote melting of snow and oil to inhibit evaporation. The requirement to have a maintenance program that will prevent gauge overflow may also influence the decision as to the specific all-weather gauge to employ. Stations located in remote, high precipitation regions may require a high volume gauge, even if it is less accurate than the gauge routinely deployed elsewhere. In warm climates, siphoning TBRGs are a relatively inexpensive option for measuring precipitation amounts at AWS sites.
As another example, operating environment, the degree of remoteness and impact on frequency of maintenance visits may also influence the NMHS decision to employ wind anemometers with a minimum of moving parts e.g. sonic anemometers. However, power supply could have an influence on whether or not the sonic anemometer can be heated to mitigate against icing.
For some applications, some NMHSs employ multiple sensors on the AWS to measure the same meteorological variable.  This method reduces the risk of erroneous or lost data due to sensor failure, calibration drift, etc. As a specific example, both the U.S. National Climate Data Center and the Meteorological Service of Canada operate climate reference networks, primarily intended for the measurement of climate trends, changes and variability. Each AWS has three temperature sensors so that if one malfunctions, there is another ready and operating to replace it as the primary sensor.
Further, NMHSs should consider conducting or commissioning a test and evaluation process to complement the requirements analysis to ensure that the appropriate equipment is acquired for the AWS operation.

Capital Costs

The cost of implementing an autostation varies greatly. Factors include:

· Which parameters will the station report? What standards and requirements apply?

· What site preparation is needed to establish a suitable instrument compound and bring in required utilities, e.g. electrical power, telephone or satellite communications?
· Is the site in an isolated location where it is expensive to ship supplies and obtain services?

The following presents two general scenarios based on Canadian experience. Installation costs will of course vary with local labour markets.

Example 1 – Basic autostation reporting temperature, humidity, pressure, wind, rainfall rate and precipitation amount. Costs are approximate.
	COMPONENT
	COST ($US)

	
	

	Temperature sensor
	250

	Humidity sensor
	975

	Pressure sensor
	3700

	Wind Anemometer
	1225

	All-weather precipitation weighing gauge (single transducer)
	5900

	Siphoning TBRG (rate of rainfall)*
	1225

	Data logger (incl. power supply, battery, modem, lightning protection)
	7400

	
	

	TOTAL ACQUISITION COST
	$20,675


* As earlier discussed, the TBRG is a less expensive option than an all-weather weighing gauge to also measure precipitation amounts in warm climates. 
Additional sensors employed by the MSC such as a solar radiation pyranometer (RF-1) and sonic snow depth ranging sensor cost on the order of $US2500 and $US1000 respectively. 
Satellite communications requirements would also necessitate additional costs for transmitters, antennae, etc.

The decision to include some sensor redundancy in the AWS in order to reduce the risk of data loss or error will of course increase capital acquisition costs.
Construction and installation labour costs vary with site condition and degree of remoteness. In Canada, costs range between $US18K and $US50K for civil work and 75 to 115 hours of in-house labour plus travel costs by specialized technical staff.
Example 2 – Advanced autostation suitable for aviation weather observing applications

A major vendor of automatic weather observing systems has provided the following estimates for various configurations:
	CONFIGURATION
	COST ($US)

	
	

	Wind, pressure, temperature, dew point
	25,000

	Wind, pressure, temperature, dew point, visibility
	32,000

	Wind, pressure, temperature, dew point, visibility, cloud height
	56,000

	Wind, pressure, temperature, dew point, visibility, cloud height, precipitation identification
	60,000

	Wind, pressure, temperature, dew point, visibility, cloud height, precipitation identification, thunderstorm/lightning reporting
	61,000

	Wind, pressure, temperature, dew point, visibility, cloud height, precipitation identification, thunderstorm/lightning reporting, precipitation occurrence, precipitation type, precipitation accumulation, freezing rain occurrence, runway surface condition
	66,000


Construction and installation costs vary with site conditions. In Canada, it typically costs between $US50K and $US100K for civil work and requires some 150-200 hours of in-house labour plus travel costs by specialized technical staff. In some isolated sites such as in the Arctic, however, the Canadian Meteorological Service has encountered civil costs approaching $US500K to address particularly difficult conditions.
Operational Considerations and Ongoing Costs

It is incumbent upon the NMHS to consider operational requirements and related budgetary costs when planning for the implementation of autostations.  AWS networks, like any manned observation program, should be sustainable, life-cycle managed, operated and maintained to defined standards and operating procedures.  Life-cycle management should also consider capital replacement cycles and technological obsolescence projections.  As an example, the Canadian Meteorological Service annually budgets, as a network-wide average, about $US18K per basic AWS for operations, maintenance and other support. This includes the following cost considerations:

· Annualized capital replacement costs for sensors and equipment

· Equipment replacement installation costs including civil works and installer salary

· Telecommunications

· Electricity, water, contracts, property lease or taxes, property maintenance

· Inspection and maintenance including salary and transportation

· Inspection and maintenance preparation and post-trip follow-up

· Equipment repairs and spares and associated labour and transportation costs
· All-weather precipitation gauge emptying and re-charging including environmentally safe disposal of contents

· Real-time quality assurance performance monitoring

It is highly recommended that a spreadsheet cost model approach be employed when planning for the acquisition and ongoing operation of systematic observational networks.
Maintenance Support

Although automation reduces or eliminates the labour required to produce the observation, it requires more maintenance labour than equipment used for manual observations. While basic sensors such as for temperature and pressure generally add little to the maintenance overhead (when compared to human observations), sensors such as visibility, cloud, present weather and all-weather precipitation weighing gauges often require routine cleaning and preventative maintenance to sustain expected performance.
The skills and knowledge required to perform maintenance services vary with the complexity of the systems and the maintenance philosophy that the NMHS adopts. Options may range as follows:
1. Basic on-site support by NMHS staff or contractor and depot repair by Original Equipment Manufacturer (OEM):

· Requires sufficient training and knowledge to identify and replace defective sub-systems, e.g. sensors, data loggers.
· Training local staff or contractors may be a cost-effective option.

· Sub-systems sent to the OEM or its agent for repair.

· Requires a significant inventory of spares to minimize service interruptions and reduce requirements for duplicate trips to the site.

2. Advanced on-site support by NMHS staff or contractor and depot repair by OEM:
· In-depth training and knowledge required to carry out field repairs as well as to identify and replace defective sub-systems – normally requires specialized post-secondary education in electronics and instrumentation.

· Training local staff or contractors to do basic repairs may remain a cost-effective option.

· Sub-systems sent to the OEM or its agent for repair; however, better qualified maintainers will enable some repairs on-site and will reduce the frequency of misdiagnosis (resulting in lower OEM repair costs and increased up-time).

· Still requires a large inventory of spares to minimize service interruptions and reduce requirements for duplicate trips to the site.

3. Turn-key support by OEM or qualified third party contractor:
· Success dependent on reliability and capacity of contractor.

· Potential for comprehensive support and cost certainty.

· Likely to be a more expensive approach.
Quality Assurance
Appropriate equipment selection and prescribed inspection and maintenance go a long way to preventing sensor/system failure or error. Meteorological sensors are increasingly employing designs that use electronic rather than mechanical components and generally require less maintenance. However, failures will occur and will require corrective action by the NMHS or its contractor. Any plan to implement automated systems to replace human observers must address the need to routinely monitor operational performance and initiate prompt corrective actions.
Many NMHSs have implemented software to monitor data from AWSs and to raise warning flags after detecting missing, erroneous, or suspect data. While such software can be quite sophisticated, it is quite feasible to build effective monitoring tools using relatively simple techniques, e.g. spreadsheets.

Data Management
Automated observations introduce many changes that affect the way data is managed for both operational and archiving purposes. For example, automation presents an opportunity to acquire data at higher temporal resolutions. While it may not cost significantly more to collect this additional data, managers will have to assess whether it adds downstream ongoing and/or development costs to activities such as telecommunications, processing and data storage and to assess such costs in relation to user requirements and competing priorities.
As discussed previously, changes in observing methods may cause inhomogeneities in the data records. Data archives should be designed to ensure that users can readily identify when and where changes have taken place. This requires a complete, up-to-date, and accessible metadata information system that fully documents these activities.
Good metadata information systems about the observational network and the individual stations are important not only to data users but are also essential to those responsible for maintaining the program. From a user perspective, there is ample evidence that inadequate knowledge of observational programs, past and present, have negatively influenced data interpretation. Concurrently, network managers and maintainers require up-to-date information about the station equipment, sensors and hardware/software systems to enable them to effectively carry out life-cycle management and related activities such as quality assurance.
Conclusions

Meteorological services in developed countries have very successfully used automated observing systems to improve the efficiency of their data acquisition networks. This trend is expected to continue. Except for highly demanding applications – e.g. aviation weather observations at major airports – the future will very likely see NMHSs in developed countries acquiring nearly all of their observational data through automatic systems. This state has already been established in some countries.
Developing countries face different fiscal and operational circumstances. With lower labour costs and a less developed technical infrastructure, NMHSs in these countries will have a less obvious business case for investing in automated systems. While the costs for acquiring and operating an automatic observing station are straightforward, a thorough business analysis will carefully consider the more centralized costs associated with supporting a network of AWS.

Autostations can be powerful alternatives to human-based observation programs and often represent the only option; but, they are only as good as the NMHS commitment to manage them.
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