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Abstract

The bush gauge and the DFIR have been used as the references for precipitation gauge intercomparison experiments. This document analyzes and compares the long-term (1991-2010) data collected by these gauges at the Valdai experimental station in Russia. The results show that the bush gauge systematically catches more (snow and mixed) precipitation than the DFIR. Wind speed during precipitation is the most important factor for gauge catch. The bush gauge measures 20-50% more snow over 12-hour time period than the DFIR for wind speeds of 6-7 m/s. Therefore, correction of the DFIR for wind-induced undercatch is necessary in order to best represent true snowfall. This study derives new correction equations for the DFIR measurements of snow and mixed precipitation. In comparison to previous analysis, the new equations suggest lower (by 3-6%) snow undercatch by the DFIR relative to the bush gauge, which means better DFIR performance than previously documented in the past WMO intercomparison. This result will affect the evaluation of national standard precipitation gauges again the DFIR. Our effort is underway to determine the impact of this discrepancy through field data collection in Canada and additional data analysis at selected WMO test sites. 

1. Introduction

Large uncertainties and biases exist in gauge-measured precipitation (particularly snowfall) datasets and products. These uncertainties affect water balance calculations, climate change analyses, and calibrations of remote sensing algorithms and land surface models over the cold regions. To quantify and define the systematic errors in precipitation measurements, intercomparison experiments have been organized and carried out at national and international levels, such as the WMO Solid Precipitation Measurement Intercomparison study during 1986 to 1992 [Goodison et al., 1988; 1998]. For any intercomparison to be successful, it is necessary to designate a reference standard for measuring precipitation against which all other measurements can be compared. Various methods, such as snowboards, snow fences, and gauges with wind shields, can be considered as the references for snowfall intercomparison. After reviewing all possible practical methods of measuring "true" snowfall in a variety of climatic environments, the organizing committee of the WMO project designated the Double Fence as the Intercomparison Reference (DFIR) [Golubev, 1985; Goodison et al., 1989]. Since 1985 the DFIR has been operated at 25 stations in 13 countries around the world. 

The DFIR has been carefully tested against the Bush Gauge at the Valdai hydrologic research station in Russia for more than 20 years. The bush site has a shrub area of about three hectares, where the two shielded Tretyakov gauges were placed in the center of plot (Fig. 1) – a 12m diameter working area, where the shrubs are cut routinely to the gauge height of 2m. This gauge has been accepted as the working reference for winter precipitation measurement at Valdai station since 1970 [Golubev, 1985]. The bush gauge is considered as the most appropriate reference, i.e. "true" measurement for solid precipitation and is comparable to the pit gauge for measuring rainfall [WMO, 1991]. Golubev [1989] analyzed the experiment data during November 1971 through December 1978, and concluded that even the DFIR measurements, compared to the shielded Tretyakov gauge measurements in a sheltered bush (Bush gauge, Fig. 1) site at the Valdai, were adversely affected by wind speed. He developed a correction equation for the DFIR measurement which used wind speed, atmospheric pressure, mean air temperature and humidity to adjust the DFIR measurement to the shielded bush gauge [Golubev, 1989]. Analysis of the Golubev’s equation showed that for the same site, atmospheric pressure and humidity had little effect and the equation can be simplified to consider air temperature and wind speed only [Goodison and Metcalfe, 1992]. Yang et al [1993] examined the long-term Valdai data for the period from 1970 to 1990, and found that the bush gauge measurements were systematically higher than those of the DFIR. On average, the bush gauge caught 6%, 8% and 10% more than the DFIR for rain, mixed precipitation, and snow, respectively [Yang et a., 1993]. Yang et al [1993] derived a strong linear relationship between the two gauges except during blowing snow events. They also developed correction procedures to relate the catch ratio (bush gauge/DFIR) with wind speed for various precipitation types. These procedures were recommended by the WMO project to be used to adjust the DFIR data for all the test sites, so as to obtain the best true snowfall amounts for the intercomparison and data analyses [Goodison et al., 1998].  

The DFIR and the bush gauge have been selected as the references for the WMO SPICE project. Both manual and automatic gauges have been used with the DFIR to provide reference data for the intercomparison at more than 12 SPICE sites in 9 countries. Given the importance of the DFIR as the reference for the WMO SPICE project, it is necessary to re-examine and update the DFIR and bush gauge relationship. Through the WMO SPICE project and collaboration, intercomparison data from the Valdai station recently become available for the period 1988-2010. This study, focusing on the period during 1991-2010, examines the relationship between the DFIR and the shielded Tretyakov gauge in the bush, and assesses the major factors contributing to any significant differences between the two gauges. It also compares the results from the datasets between the 1970-1990 [Yang et al., 1993] and 1991-2010 time periods. The methods and results of this work will directly contribute and benefit the WMO SPICE project and other gauge intercomparison experiments.   

2. Sites, data collections, and methods of analyses 

The Valdai hydrological research station is situated on the flat shore of Valdai lake. It has an open area and a bush site. This station has a long history for testing various meteorological instruments. Precipitation measurements by different gauges have been made at this site since 1963. Approximately 300m northwest of the open site is the bush site, where 2-4m high shrubs occupy a three-hectare area. There is a fenced area of 70x70 m, where the bushes are pruned (in autumn) at height of 2m above the ground. The mean bush density is about 4 stems/m2, and the mean diameter of the shrub tops (2 m above the ground) is approximately 25-50cm. This plot is located at a distance of more than 50 m from the nearest edge of the bushes. At the center of the site sit the bush gauges (Tretyakov gauge with a wind shield). Precipitation measurements were conducted generally twice daily: at 9:00 and 21:00 of Moscow standard time. The contents of the gauges were both weighed and measured volumetrically to determine precipitation amount, and over a period of time an average wetting loss was determined. Since 1966, a correction for wetting loss of the Tretyakov gauge has been added to every volumetric precipitation measurement, and therefore no additional correction for this systematic loss is required. Wind speed and direction were measured at 2m and 3m heights. Atmospheric pressure, air temperature, and humidity were also measured at the site. 

During the data collection, precipitation types were classified as dry snow, wet snow, mixed precipitation and rain. Drifting or blowing snow events were also identified and reported by the observers. This study focuses on the analyses of snow and mixed precipitation to compare the DFIR and bush gauge observations. Specific data analyses include calculations of total snow and mixed precipitation amounts over the study period, and determination of the mean catch ratios (bush gauge/DFIR and Tretyakov gauge/DFIR), mean air temperature and wind speed for all the days with snow, blowing snow, and mixed precipitation. 

The statistical tools used here, such as the regression and correlation analyses of gauge catch ratios as a function of wind speed, have been recommended and tested in the previous WMO gauge intercomparison. For instant, in order to minimize the scatter in the gauge catch ratios, only precipitation amounts with the DFIR measurement greater than 3.0mm were used in the previous regression analysis [Goodison et al 1998]. This analysis applies the same threshold, as consistency in the method of data analyses is necessary to ensure that the results from this work are comparable with those from the last WMO project.    

3. Data analyses and results 

The main results of data analysis include a) mean catch ratios of the gauges, b) relationship of gauge catch vs. wind speed, and c) comparison of results with previous studies. 

3.1. Mean catch ratio

All data collected during 1991 to 2010 were used to determine the mean ratios of Bush gauge to the DFIR, and the Tretyakov gauge to the DFIR for snow and mixed precipitation. With sufficient data, mean catch ratios reveal the general gauge efficiency and performance for a given climate and snow regime. Gauge catch varies greatly among individual observations with different weather conditions; we thus also compare gauge data on the 12-hour time scale (i.e. the actual observation time step); this comparison is useful to understand and quantify the variability in gauge catch. 

For the period of 1991 through 2010, 1486 observations were made and recorded at the Valdai station. These events were classified as dry snow, wet snow, mixed precipitation, and blowing snow. Statistical analyses of the data show that the mean temperatures were -6ºC for dry snow, -3ºC for wet snow, -5ºC for blowing snow, and 1ºC for mixed precipitation. The average wind speeds at 3 m height were about 3.8-3.9m/s for wet and dry snow, and 5.7m/s for blowing snow. The bush gauge measurements were generally higher than those of the DFIR for all precipitation types. On average, the bush gauge caught 5-6% more than the DFIR for snow and mixed precipitation, and 12% more for blowing snow, respectively (Table 1). The difference in mean catch ratios between snow and blowing snow events clearly suggests potential blowing snow impact on gauge observations at this site. 

Fig. 2a compares all 12-hour dry snow data (including blowing snow) between the DFIR and the Tretyakov gauges (one in the open and the other in the bush, respectively). It is clear that the bush gauge consistently catches more snow than the DFIR, while the Tretyakov gauge (at the open site) generally measures less snow than the DFIR. It is important to note that the difference between the DFIR and bush gauges is small for the snowfall amount up to 25mm, mostly in the range of 1-2mm for the 12-hour time period. There are some scatters and several outliers on the plot, the outlines are likely related with blowing snow events or misclassification of precipitation type. On the other hand, the standard Tretyakov guage measures less snowfall by up to 7-9mm in the 12-hour period for the snowfall amounts higher than 15mm. This result clearly reflects Tretyakov gauge undercatrch of snowfall relative to the DFIR and the bush gauge. It is useful to relate gauge precipitation observations by different gauges. Regression analysis reveals a close correlation between the DFIR and Tretyakov gauges (12-hour) snow data. A linear relationship is statistically significant at 90-95% confidence (Fig. 2a). This relation may be considered as a transfer functions to convert the Tretyakov gauge observations to the true snowfall and DFIR at this site and perhaps in other regions with similar climatic conditions.     
Fig. 2b shows the all wet snow data (including blowing snow) collected by the DFIR and the 2 Tretyakov gauges. Similar to the dry snow data, the bush gauge measures more snow, and the standard Tretyakov gauge catches less snow than the DFIR. The overcatch of the bush gauge ranges from 2-4 mm over the 12-hour period, while the undercatch of the Tretyakov gauge varies from 2 to 5 mm. The correlations between the gauge observations are very high - higher than the dry snow cases. 
Blowing snow is a problem at this site. This analysis identifies 79 blowing snow events in total 1146 snow cases during 1991 to 2010. For these blowing snow events, wind speeds at 3m ranged from 3.6-8.1 m/s with a mean of 5.3 m/s, and air temperatures varied from 0ºC to -17ºC, average of -5ºC. Comparison of the bush and DFIR gauge data for the blowing snow cases (Fig. 2c) shows that the dry and wet snow data mixed together very well. Both gauge measured very similar amounts of snowfall for the events up to 8mm, and the bush gauge caught more snow for the cases greater than 10mm perhaps due to blowing snow flux into the bush gauge in high wind conditions. 

Fig. 2d compares the DFIR and Tretyakov gauge observations for the mixed precipitation. The results are similar to the snow cases, but the difference between the DFIR and the bush gauge is very small for mixed precipitation, less than 2mm for most events in the 12-hour time period. The undercatch of mixed precipitation by the standard Tretyakov gauge is less, as well, relative to the dry/wet snow cases. This result is expected and reasonable, as many studies have found gauge undercatch decreases from snow to rain [Yang et al., 1993; Goodison et al., 1998], as mixed/wet snow is heavier than the dry snow, and the wind-induced undercatch is therefore smaller for the same wind conditions.   

3.2: Catch ratio vs. wind speed 

This analysis focuses on the DFIR catch efficiency as a function of wind speed. In order to minimize the scatter in the ratio of bush gauge to DFIR that could occur when assessing small absolute differences between gauges for small precipitation events, only amounts when the DFIR measurement was greater than 3.0mm were used in the ratio vs. wind analysis. Fig. 3a presents the scatter plot of the dry snow catch ratio (bush gauge/DFIR) for wind speed up to 8 m/s at 3 m above the ground. The catch ratios are 90% to 120% for lower winds below 3m/s, and they generally increase to 90%-150% for wind speeds around 6-7 m/s. This means that the scatter in gauge catch is bigger for the higher wind speeds. Regression analysis derives a best-fit curve by means of the least square estimation, i.e. the relationship between catch ratio and wind speed, which is statistically 95% significant. This relationship suggests that the DFIR catch is very close to true snowfall for the low winds, it however measures, on average, about 93% of "true snowfall" for wind speeds up to 6-7 m/s.  Fig. 3a also shows the bush/DFIR catch vs. wind speed for the wet snow data. The result is very similar to the dry snow case, in both catch ratio range and its variation with wind speed. Consequently, the best-fit curve is almost identical to the dry snow equation. The similarity is an important point because it supports the use of the DFIR as an intercomparison reference - ideally the DFIR would measure the same as the bush gauge for all types of precipitation.
Fig. 3b shows the blowing snow data for the DFIR and bush gauge at Valdai. The wind speeds for all the data are greater than 3 m/s over the 12 hours time period. The catch ratios of bush gauge to DFIR are generally similar to the snow cases, except a few outliers with very high ratios up to 180% maybe due to blowing snow into the bush gauge. As recommended by Yang et al [1993] and Goodison et al [1998], it is not practical to correct the DFIR data for blowing snow cases, because the bush gauge is not reliable to measure true snowfall in blowing snow conditions. It is likely that the bush gauge at 2 m height may catch more blowing snow than the DFIR at 3 m, as blowing snow flux reduces with height.  
For mixed precipitation (Fig. 3c), the catch ratios of the bush gauge/DFIR generally vary from 100% to 120% for wind speeds around 2m/s, from 90% to 130% for winds of 4-9m/s. The variation of catch ratios is similar to the snow cases, quite higher particularly for mid winds, perhaps due to uncertainty in the classification of mixed precipitation events. Given the fact that the observer determines precipitation type at the time of the observation, it is likely that misclassifications may occur to some precipitation events. Yang et al [1995, 1998] used air temperature information to separate precipitation type for bias corrections. The thresholds are above 2ºC for rain, -2ºC to + 2ºC for mixed, and below –2ºC for snow.  Regression result suggests bush gauge catch close to 100% for lower winds and up to 110% for winds speeds up to 7-9m/s. Relative to the snow equations, the rate of catch increase with wind speed is smaller for mixed precipitation. This result is consistent with the DFIR mean catch ratios for snow and mixed precipitation.     

The regression equations derived from this analysis are given below for snow and mixed precipitation: 

Dry Snow:

BUSH/DFIR(%) = 100 + 0.171(WS)^2  + 0.20 WS,   (N=148, R2=0.52)                               (1)

Wet Snow:

BUSH/DFIR(%) = 100 + 0.226 (WS)^2 + 0.031 WS,    (N=108 , R2=0.44)                           (2)

Mixed precipitation:

BUSH/DFIR(%) = 100 + 0.081(WS)^2 + 0.605 WS,     (N=176, R2=0.67)                           (3)

3.3: Comparison of results

Comparison of results is useful to understand the difference between various studies on gauge observations of snowfall. Fig. 4 compares the curves of Buh/DFIR catch ratios vs. wind speed for snow and mixed precipitation at Valdai. The equations have been derived using the same methods, but for different data periods of 1971-1990 [Yang et al, 1993] and 1991-2010 (this study), respectively. There are differences and similarities between the two studies. For dry snow, the Bush/DFIR ratios from this analysis are systematically lower than those from Yang et al. [1993]; the differences are 2-4% for wind range of 2-8m/s (Fig. 4a). For wet snow, the ratio differences vary from 3% to 8% for wind speeds 4-8m/s. The curve from this study seems more reasonable than Yang [1993], as the old curve is linear and it gives ratios less than 100% for wind speeds below 2m/s (Fig. 4b). Yang et al [1993] also suggests higher ratios for mixed precipitation, with the differences being 2-7% for wind speeds of 2-8m/s (Fig. 4c). The results of Yang et al [1993] have been applied to most WMO intercomparison data/sites [Goodison et al. 1998]. This study, using the recent data with a larger sample size, indicates lower Bush/DFIR ratios for snow and mixed precipitation. This means, in other words, less undercatch of the DFIR relative to the bush gauge at Valdai, or slight over corrections of the DFIR at other WMO intercomparison sites. Since the DFIR is the reference for the intercomparison, any over corrections of the DFIR will affect the evaluations of the national standard gauges, i.e. under evaluations of other gauges with less DFIR undercatch or over correction to the bush gauge. This potential problem may not be very serious, as the magnitude of the over corrections of the DFIR to the bush gauge snow data is only about 2-5% for wind speeds up to 6-7m/s. However, additional data analysis is certainly necessary and currently underway in Canada, so as to quantify the impact of DFIR accuracy to the evaluation of other precipitation gauges tested in the past WMO intercomparison project [Goodison et al 1998].    

4. Summary and Discussion

The bush gauge is the only reference available to check the DFIR measurement accuracy in the field. The bush gauge at Valdai systematically catches more precipitation (snow and mixed precipitation) than the DFIR. Wind speed during the storm affects gauge catch, for instance, the bush gauge measures 20-50% more snow over 12 hour time period than the DFIR for wind speed of 6-7 m/s. Therefore, the correction of the DFIR for wind induced loss is necessary in order to best represent true precipitation. It is important to point out that this error is not a constant loss at all wind speed; it changes with wind speed and precipitation type. This study derives new correction equations for snow and mixed precipitation. In comparison to previous analyses [Yang et al., 1993; Goodison et al 1998], this study produces similar but more reasonable results; which suggest lower snow undercatch by the DFIR relative to the bush gauge by 3-6%. This means that the DFIR performance is better than what has been preciously documented in the past WMO intercomparison [Goodison et al., 1998]. This result will affect the evaluation of national precipitation gauges again the DFIR. More effect is needed to quantify this impact through field data collections and additional data analyses at selected WMO test sites. 

Uncertainties exist in data collections and analyses for precipitation gauge intercomparison experiments. For Valdai, the observers did the classification of precipitation types at the times of the observations. Some misclassifications are likely particularly for mixed precipitation and blowing snow events. Air temperature is useful to check or estimate precipitation type. Yang et al. [1999; 2005] has used air temperature to determine precipitation type when this information is not available for the northern regions. In this study, wind speed and air temperature are the 3 to 6-hour means, they do not best represent the weather condition during the storm. The use of such mean wind speed is one of the reasons for the higher variability in catch ratios for normal wind speeds. Data collections and analyses on shorter timescales, such as hourly or 6 hourly, is expected to produce better results, since wind speeds may vary throughout the day and 12 hourly mean wind speeds may not be representative of wind conditions over precipitation periods. Automatic sensors will also be important to decide precipitation types at both operational and research networks. 

Many blowing snow events were recorded in the intercomparison data at Valdai. The observers indentified and decided blowing snow events at the time of observations (2 times per day at Valdai). Blowing snow events were reported, without additional information of blowing snow duration and intensity, which are critical to quantify blowing snow flux. As recommended by the past WMO Intercomparison [Goodison et al., 1998], the identification and separation of blowing snow are necessary, because blowing snow conditions are a special case when correcting gauge data. Blowing snow generally takes place at mean wind speeds above 5m/s at 3 m height at this location. During blowing snow events, the bush gauge (at 2m) caught, on average, 12% more snow than the DFIR (at 3m height). However, the average ratio of bush to DFIR is only 105-106% for snow conditions. Because of the uncertainty in gauge performance in high wind conditions, correction of the DFIR data when blowing snow is reported during the observation period is not recommended by WMO [Goodison et al., 1998]. Certainly the flux of blowing snow is greater at 2m than at the DFIR height of 3m, and it is possible that under certain conditions, any gauge can catch some blowing snow. Since wind speeds are generally greater during blowing snow events, a large correction "for undercatch" could be applied to a measured total already augmented by blowing snow. This problem is most severe for the gauges mounted close to the ground. 

The intercomparison data between the bush and DFIR gauges come only from the Valdai station in Russia. These data are valuable to represent the climate and snow conditions near that site. There is, however, a need to further test the reference (gauge) systems in a broader range of climate regimes. As part of Canada’s contribution to the WMO SPICE project, a test site has been set up in the southern Canadian Boreal forest to compare the DFIR and bush systems with automatic gauges. This site, called the Caribou Creek, has been installed within a modified young Jack Pine forest stand - north of Prince Albert in Saskatchewan. Data collections began since February of 2013, and will continue for some years. The intercomparison of automatic gauges at this site will provide finer time scale data (sub-hourly time range), which will allow us to evaluate the performance of both references for snowfall observations at shorter time scales. This will enable us to compare recent DFIR and bush gauge data from the Valdai and Caribou Creek sites, and better assess both references in the broader northern regions and climate regimes. The outcomes of such analyses will directly support and impact the WMO SPICE project and other gauge intercomparison studies.  

It is necessary for SPICE IOC/project to review the methods and results of this analysis, and recommend future actions. 
Acknowledgment: The WMO SPICE project helped to facilitate the data sharing and collaborations on data analysis.  
References:  

Adam, J., and D. P. Lettenmaier, Adjustment of global gridded precipitation for systematic bias, J. Geophys. Res., 108(D9), 4257, doi:10.1029/2002JD002499, 2003.

Golubev,V . S., On the problem of actual precipitation measurements at the observations site, in Proceeding of the International Workshop on the Correction f Precipitation measurements W MO/TD 104, pp. 61-64, World Meteorol. Organ., Geneva, Switzerland1, 1985.

Golubev, V.S., Assessment of accuracy characteristics of the reference precipitation gauge with a double-fence shelter. In, Final Report of the Fourth Session of the International Organizing Committee for the WMO Solid Precipitation Measurement Intercomparison, St.Moritz, Switzerland. WMO, Geneva. 1989. 

Goodison, B.E., Accuracy of Canadian snow gauge measurements. J. Appl. Meteorol., 27, 1542-1548, 1978.

Goodison, B.E., S. Klemm and B. Sevruk, WMO Solid Precipitation Measurement Intercomparison. TECO-1988 WMO/TD-No. 222, Leipzig, Germany, 255-262, 1988.

Goodison, B.E. and Metcalfe, J.R., The WMO solid precipitation intercomparison: Canadian assessment. In, WMO Technical Conference on Instruments and Method of Observation, WMO/TD, No. 462, 221-225, 1992. 

Groisman,P . Y., and D. R. Legates, The accuracy of United States precipitation data, Bull. Am. Meteorol Soc., 7 5(2), 215-227, 1994.

Larson, L . W., Approaches of measuring "true" snowfall, Proceedings of Eastern Snow Conferencep, p. 65-76, Oswego N.Y., 1972.

Legates D, .R., and T . L. DeLiberty, Precipitation measurement biases in the United States, Water Resour Bull., 29(5), 854-861, 1993.

Mekis, É and L.A. Vincent, An overview of the second generation adjusted daily precipitation dataset for trend analysis in Canada. Atmosphere-Ocean, 49 (2), 163-177, 2011.

Metcalfe, J.R. and Goodison, B.E., Correction Canadian winter precipitation data. In, Eighth Symposium on Meteorological Observations and Instrumentation, Anaheim, CA, 17-22 January 1993, AMS Boston, 338-343, 1993.

Sevruk, B. and Klemm S., Types of standard precipitation gauges. In Proceedings of International Workshop on Precipitation Measurement, St. Moritz, Switzerland, WMO/IAHS/ETH: 227-236, 1989.

WMO/CIMO, International Organizing Committee for the WMO Solid Precipitation Measurement Intercomparison, Final Report of the Fifth Session, Valdai, Russia. WMO, Geneva, 31pp, 1991.

Yang, D., J. R. Metcalfe, B. E. Goodison E. and Mekis, An Evaluation of double fence intercomparison reference (DFIR) gauge. Proc. Eastern Snow Conference), 50th Meeting, Quebec City, 105-111, 1993.

Yang, D., Goodison B. E, Metcalfe, J. R, Golubev, V.S,  Elomaa, E, Gunther, T., Bates, R., Pangburn, T., Hanson, C., Emerson, D., Copaciu, V., Milkovic, J., Accuracy of Tretyakov precipitation gauge: Result of WMO intercomparison. Hydrological processes 9(8): 877-895, 1995.

Yang, D., B. E. Goodison, C. S. Benson, and S. Ishida, Adjustment of daily precipitation at 10 climate stations in Alaska: Application of World Meteorological Organization intercomparison results, Water Resour Res., 3 4(2), 241-256, 1998.

Yang, D., An improved precipitation climatology for the Arctic Ocean, Geophys Res. Lett., 26(11), 1625-1628, 1999.

Yang, D. and Ohata, T., A Bias-Corrected Siberian Regional Precipitation Climatology. Journal of  Hydrometeorology 2: 122–139, 2001.

Yang, D., Kane, D., Zhang, Z., Legates, D., Goodison, B., Bias corrections of long-term (1973–2004) daily precipitation data over the northern regions. Geophysical Research Letters 32(19): L19501, 2005.

Ye, B., Yang, D., Ding, Y., Han, T., Koike, T., A bias-corrected precipitation climatology for China. Journal of Hydrometeorology 5(6): 1147-1160, 2004.

Zhang, Y., Ohata, T., Yang, D., Davaa, G., Bias correction of daily precipitation measurements for Mongolia. Hydrological Processes 18: 2991-3005, 2004.  

[image: image4.emf]

Fig. 1: Photos of the Double Fence Intercomparison Reference (DFIR, top) and the Bush gauge 
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Fig. 2: Scatter plots of Bush and Tretyakov gauges vs. the DFIR, a) snow, b) wet snow, c) blowing snow, and d) mixed precipitation. 
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[image: image1.emf]Dry snow data at Valdai 
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[image: image2.emf]Wet snow data at Valdai 
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[image: image3.wmf]c) Blowing snow data at Valdai 
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[image: image9.wmf]d) Mixed precip data at Valdai 
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[image: image10.wmf]b) Valdai blowing snow data, DFIR > 3mm   
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Fig. 3: Ratio of Bush gauge/DFIR vs. wind speed at 3 m for DFIR > 3mm, a) snow, b) blowing snow, and c) mixed precipitation. 

[image: image11.wmf]c) Mixed precip data, DFIR > 3mm 
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[image: image12.wmf]c) mixed precip
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Fig. 4: Comparison of relationships for Bush/DFIR vs. wind speed between Yang et al [1993] and this study, a) dry snow, b) wet snow, and c) mixed precipitation. 
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Table 1: Summary of all twice daily observations at Valdai WMO Intercomparison site during 1991-2010.�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
No of �
       Air Temperature (c )�
�
             Wind Dir and Speed �
 �
�
           Total precip and ratio�
�
�
�
Event�
max�
min�
mean�
�
dir�
3m �
2m�
�
DFIR�
Tret�
Bush�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
dry snow�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
mean /total�
�
640�
-3.8�
-8.1�
-5.9�
�
201�
3.8�
3.5�
�
1378 mm�
1020 mm�
1445 mm�
�
CR (%)�
�
�
�
�
�
�
�
�
�
�
100�
74�
105�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
wet snow�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
mean /total�
�
506�
-1.1�
-4.9�
-3.0�
�
227�
3.9�
3.7�
�
952 mm�
726 mm�
1012 mm�
�
CR (%)�
�
�
�
�
�
�
�
�
�
�
100�
76�
106�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
blowing snow�
�
�
�
�
�
�
�
�
�
�
�
�
�
mean /total�
�
79�
-2.6�
-7.6�
-5.1�
�
217�
5.7�
5.2�
�
 338 mm�
207 mm�
380 mm�
�
CR�
�
�
�
�
�
�
�
�
�
�
100.00�
61.00�
112.00�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
mixed �
�
�
�
�
�
�
�
�
�
�
�
�
�
�
mean /total�
�
322�
3.2�
-0.8�
1.2�
�
219�
4.4�
4.1�
�
1476 mm�
1316 mm�
1554 mm�
�
CR (%)�
�
�
�
�
�
�
�
�
�
�
100�
89�
105�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
Notes:�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
CR = catch ratio (%); Tret = Tretyakov gauge; Bush= bush gauge.�
�
�
�
�
�
�
�
�
Wind speeds (m/s) at 2m and 3m heights, and direction (degree) at 3m.  �
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
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