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Abstract

The fourteenth session of the WMO Commission for Instruments and Methods of Observation (CIMO-XIV) has established as a priority for the Expert Team on Surface-Based Instrument Intercomparisons and Calibration Methods (ET-SBII&CM), the assessment of the measurement and observation methods for solid precipitation, snowfall and snow depth, at automatic, unattended stations in cold climates (i.e., polar and alpine).
In the first phase of this initiative, a survey was conducted to develop up-to-date national summaries of methods, instruments, and challenges of automatic solid precipitation measurements, at National Meteorological and Hydrological Services (NMHSs) . The results of the assessment will contribute towards the decision of CIMO on whether an intercomparison of instruments measuring solid precipitation will be organized, and provide information necessary for developing the project plan.

Introduction

Precipitation is one of the most important variables, as change in precipitation has a major impact on hydrology, climate, and ecosystems. It is also one of the key components in hydrological modeling and process studies.

Over the past decade, the transition from manual to the automatic observation of precipitation has accelerated in many countries. The migration from human to automatic observations has introduced new challenges with respect to the quality, consistency, compatibility, and representativeness of hydro-meteorological measurements. This transition could affect our ability to acquire accurate measurements of solid precipitation over the expected range of conditions and timescales.

Solid precipitation, although simple to be observed by humans, is one of the more complex parameters to be measured using automatic means. While solid precipitation measurements have been the subject of a multitude of studies, there has been only a limited number of coordinated assessments on the ability and reliability of automatic sensors for measuring solid precipitation accurately.

Background

In 1987-1988, CIMO initiated the first survey of manual precipitation gauges in use at the time. Of 160 countries surveyed, one hundred thirty six (136) responded. Sevruk and Klemm (1989) published the results. 
The demand for increasingly higher spatial and temporal data density and the need to balance the costs of acquiring data led to the decision to replace manual precipitation gauges with automatic Recording Precipitation Gauges (RPG), primarily in the developed countries.

A second CIMO survey was initiated in 1990’ties in collaboration with experts from the WMO Commissions of Hydrology and for Agricultural Meteorology, to get insight into the use of RPG in the member countries. One hundred and nine (109) countries responded to that survey. [ B. Sevruk and J. Michaeli, 2002]
In addition to gathering valuable information on the RPGs in use at that time and their configurations, the results of the second CIMO questionnaire indicated the need to organize an intercomparison of RPG measurements. Such an international intercomparison would provide important information on the accuracy, reliability, configuration, and adjustments to measurement of RPGs. 
To date, the WMO-CIMO organized three intercomparisons of precipitation measurements and participated in one [B. Sevruk and J. Michaeli, 2002, Goodison et al., 1998, Lanza et al 2005]. The third intercomparison [Lanza et al, 2005] has focused on assessing the performance of measurement of rainfall intensity. Lanza et al published in 2005 the results of the laboratory intercomparison. The report of the field intercomparison, currently taking place in Italy, will follow.
The WMO Solid Precipitation Measurement Intercomparison that took place between 1986 and 1993 (Goodison et al 1998) focused on the national measurement methods for solid precipitation at the time, most of them using manual observations. 

Currently, the automatic stations are providing a larger percentage of precipitation measurements, including the measurement of snow depth. In some countries (e.g. Canada, USA), there are attempts to derive snowfall observations from these measurements, as an alternative for the significant decrease in the availability of manual observations. With the increasing percentage of automatic observations, there is a growing need for an intercomparison of the technologies use to obtain observations of parameters related to solid precipitation, in the context of automatic, in many case unattended, stations.

Methodology
The CIMO-XIV has tasked its Expert Team on Surface-Based Instrument Intercomparisons and Calibration Methods to assess the needs and methods of measurement and observation of solid precipitation at automatic stations, to assess the need for an intercomparison of methods and equipment for automatic snowfall/snow depth/precipitation measurements in conjunction with International Polar Year activities, and to develop an intercomparison plan. The 2008 CIMO Questionnaire on Measurement and Observation of Solid Precipitation at Automatic Stations, distributed in July 2008, is the first step in meeting the CIMO objectives.
Using the information provided by Member countries, an up-to-date summary of the current configuration of the in-situ observation of precipitation, solid precipitation in particular, will be prepared. The results will facilitate a better understanding of the global configuration of precipitation measurement and lead to concrete steps to identifying and addressing gaps. This will be followed by a second phase, when the precipitation measurement needs of WMO Technical Commissions and Programs, with emphasis on solid precipitation measurement, will be compiled and documented.
One element of particular interest, and expected to be addressed during this initiative, is the use of shields for precipitation gauges, in particular those measuring solid precipitation (snow).

The report on the 1987-1993 Intercomparison (Goodison et al, 1998) has indicated that the Nipher shield was the most effective in minimizing the effect of wind (undercatch). However, windshields that are typically good for human observations are responsible for other issues with snow measurements at automatic stations, such as the snow capping. Although Nipher shields reduce wind effectively, the snow capping could result in a larger error of measured precipitation, both as amount and timing of the observation. Therefore, alterative shield configurations may have to be considered for gauges operating at automatic stations, in particular those unattended. While there is evidence that a double fence, similar to that accepted as secondary reference during the 1987-1993 intercomparison, works well for automatic stations, its very large footprint translates into a large real-estate requirement at the instrument site, which is not always affordable or feasible, e.g. using smaller wind shield. The poor under-catchment in windy conditions related to the use of smaller shields could be compensated with better wind adjustments.
Additionally, the 1987-1993 intercomparison recommended the use of a Double Fence Intercomparison Reference (DRIF) with manual Tretyakov gauge as a secondary reference standard (Goodison et all, 1998). Since then, in many applications, the manual gauge in the DFIR has been replaced with automatic gauges to address various limitations, e.g. unavailability of human observers, remote locations, etc. The instrument experts have identified the re-evaluation of the DFIR using automatic gauges as a priority (e.g. Meteorological Service of Canada’s Second Snowfall Workshop, 2008).
The second aspect of interest is related to the application of adjustments to precipitation measurements and the parameters used for determining the adjustments. The poor under-catchment in windy conditions, including those related to the use of smaller shields could be compensated with better wind adjustments.
In the final report of the 1987-1993 intercomparison (Goodison et al, 1998), the wind adjustments recommended were developed using observations available at the time, mainly daily precipitation and synoptic observations, taken 6 hrs apart. Today’s automatic stations provide precipitation values hourly, and in many cases, at 15-minute (e.g. Canada) or 5-minute (USA, NOAA- Climate Reference Network –CRN-) intervals. At this time scale, the dynamic and climatology of precipitation is different. Goodison et al (1998) indicated that the wind during precipitation events is usually less intense than following the event when it often picks up in intensity. Therefore, the wind adjustment function using instantaneous or short-interval observations of both wind and precipitation is significantly different from the wind adjustment using daily precipitation and wind data. 

Furthermore, the 1987-1993 (Goodison et al, 1998) intercomparison results used 10m winds available at the time at most study sites, to estimate the wind at gauge height.  Following the recommendations of the 1987-1993 intercomparison, currently, in many countries, the automatic stations are equipped with wind sensors installed at the level of the precipitation gauge, thus providing a better indication of the wind impacting the precipitation measurements. 

Given the issues outlined above, a potential intercomparison could include the comparison of various wind shields to determine those appropriate for unattended automatic stations in conjunction with the development of a new wind adjustment functions using wind observations at the level of the precipitation gauge, and taken at shorter intervals, one hour or less.

The third component of the assessment will provide a synopsis of the development work taking place in Member countries, related to new instruments and methods of observation of solid precipitation at automatic stations, including work on the derivation of additional parameters from already available measurements (e.g. the derivation of snowfall amount). 
Preliminary results
The results included in this report are very preliminary; and more responses to the 2008 CIMO Questionnaire on solid precipitation measurement, are expected. However, the summaries so far do provide one with insights into the current state of the use of automatic instruments for measuring precipitation in the world. A complete report on the results will be available in 2009.
By October 2008, fifty-one countries have responded to the 2008 CIMO Questionnaire. These countries, taken together, cover approximately 40% of the global landmass, at all latitudes, excluding Antarctica. Forty-five of the respondents provided detailed information on their measurement programs, which include a combination of manual observations and automatic instruments. Six of the respondents indicated that they operate only manual observation programs, with no additional information of their programs.
The NMHSs of the 45 countries, collectively operate 27812 stations where the precipitation, either liquid or solid, is measured. This amounts to an average density of one station per about 1280 sq km. Thirty-two of the respondents indicated that they measure various parameters of solid precipitation at a total of 13614 stations, or one station per 2097 sq km.

A limitation of this assessment is due to the fact that in many countries the measurement of precipitation is configured and managed through several independent agencies, in addition to National Meteorological and Hydrological Services. For example, in Canada, in addition to the monitoring networks measuring and reporting precipitation managed by the Meteorological Service of Canada (MSC), extensive networks are managed and operated by other federal and provincial agencies and their data is not always included in the MSC database. Therefore the density of stations measuring precipitation, may, in effect be higher than that mentioned here, however the data may not be readily available thought the NMSHs databases.
Parameters measured
The accumulated precipitation over a given period is measured and reported by all the stations of the 45 NMHSs.

The solid precipitation parameters most widely monitored and reported are the depth of snow on the ground (27 countries) and the snowfall amount (13 countries). Snow water equivalent is reported, either as snowfall water equivalent or as snow on the ground water equivalent, in 17 countries. 

In addition to these, the participants indicated that they monitor the type of precipitation, snow water equivalent, and snow temperature.

The use of automatic instruments to monitor and report precipitation:
Overall, manual observation continues to be the most widely used method for measuring precipitation, worldwide. 
Thirty of the forty-five respondents operate automatic instruments for the measurement of the accumulated precipitation (liquid and solid) at a total of 6590 stations, which is 24% of all the stations operated by these NMHSs. We note that many of these stations with automatic precipitation measurement operate in conjunction with a human observation program. 
Less than 10% of the stations reporting either snowfall amount or depth of snow on the ground use automatic sensors, specifically installed for this purpose. The results, so far, indicate that ten of the responding services operate automatic instruments to measure the depth of snow on the ground, and only three, Canada, Germany, and Japan, use instruments to derive the snowfall.
The analysis of the types of instruments used to measure accumulated precipitation and snowfall/snow on the ground yields some notable results. Of the total of automatic instruments for measuring precipitation amounts, currently in use by the NMHSs participating in this survey, 14% are weighing type gauges and 86% are tipping bucket type gauges.
These gauges are also used to derive the snow water equivalent, where in use.

The weighing type precipitation gauges are used in 15 NMHSs and are from one of the following five manufacturers Geonor, Vaisala, OTT, Belfort, and MPS System. Their collection capacity varies from 500 to 1000 cm3, and are operated with either a Nipher or an Alter type wind shields. Canada operates the largest network of weighing type precipitation gauges, 384 gauges, followed by Germany with 134 gauges, Sweden with 111 gauges, Norway 70, and Iceland 38. The other HMHSs use weighing gauges in much smaller numbers, potentially for targeted applications.
The wide use of the tipping bucket type gauges for the measurement of accumulated precipitation, including for solid precipitation, is a remarkable result of this questionnaire. Twenty-three types of tipping bucket gauges are in use in eighteen countries, including in countries where snow is expected. A total of 5420 tipping bucket gauges are reported in use, most of them equipped with heated funnels.
As the questionnaire had not inquired on the height of the gauges, there is no information available at this time regarding the installation of the tipping bucket gauges, especially where snow occurs.
Most of the tipping buckets are used without wind shields.

For the measurement of snow on the ground, two types of instruments are used in ten of the NMHSs participating in this survey; these are sonic ranging sensors, and optical forward scatter sensors. 
Although the most widely used sonic ranging sensor is the SR-50 manufactured by Campbell Scientific, four other sensors are currently in use, Sommer Ultrasonic snow depth sensor USH-8 (Austria and Iran), MPS System SwS-3 (Slovakia), Ultrasonic snow level meter Ogasawara Keiki Seisakusho JMA-95-1, and Ultrasonic Kaijo Sonic Corp JMA-89, JMA-93, JMA-04-1 (Japan).

Conclusions
The preliminary results of the 2008 CIMO questionnaire on the instruments and methods for measuring solid precipitation indicate that manual observation is still the primary method for measuring precipitation. For solid precipitation, only a small fraction of the stations (less than 10%) use automatic instruments to measure snowfall or snow on the ground.
Additional analysis of the questionnaire results will be conducted to gain a better understanding on the use and configuration of automatic sensors for the measurement of precipitation, solid precipitation in particular, the use of additional measurements to derive adjustment to precipitation measurements, and current work underway on new technologies for the measurement of precipitation. 
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