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1. Background

Many regions of the world are subjected to precipitation occurring near 0°C during the cold and shoulder (spring/autumn) seasons (hereafter, near-0°C precipitation).  Major snowstorms obviously occur but a wide variety of precipitation types (including freezing rain, freezing drizzle, ice pellets and wet snow) do as well.  Several types often occur simultaneously and rain occurring on top of snow is a critical, related phenomena.
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Figure 1. Examples of near-0°C precipitation events and their consequences.

Small changes in atmospheric conditions lead to major changes in the types or amount of near-0°C precipitation. For example, if near-surface temperatures are slightly above (below) 0°C, rain or wet snow (snow) occurs; if a slightly above-freezing inversion occurs (or not) aloft, freezing rain (snow) can reach the surface. It also needs to be recognized that solid precipitation amounts near 0°C (such as wet snow) can be the highest in a winter storm. Such temperatures represent the maximum water vapour holding capacity (saturated water vapour pressure) of the atmosphere with its value at 0˚C (6.1 hPa) being more than twice its -10˚C value (2.9 hPa). 
There are many impacts of near-0°C precipitation. Heavy snowfall generates hazards for infrastructure and transportation. Wet snow and freezing rain may create hazardous traffic conditions and icing on communication lines (Changnon 2003), and they can have major effects on ecosystems and wildlife (Millward and Kraft 2004; Zhou et al. 2011). Rainfall on mountainous terrain covered by melting snowpack (rain-on-snow events) may initiate intense snowmelt with flash flooding (Groisman et al. 2003; McCabe et al. 2007). 
Even when the total amount of near-0°C precipitation is not considered unusual, it can represent a natural hazard.  For example, 25.4 mm of rainfall usually goes unnoticed as a hazardous weather event but, if the same precipitation falls as freezing rain, as wet snow, or as rain on a mountain snowpack, it may become a hazard-generating event. Houston and Changnon (2007) showed that freezing rain in the U.S. has the potential for a more severe societal impact than snowfall or rainfall for the same mass of precipitation.  
Near-0°C precipitation affects large regions of the world. Higher latitude areas such as Russia, Fennoscandia, Canada and United States are particularly prone but, on occasion, lower latitude regions are as well. For example, an ice storm in 1998 (Henson et al., 2007) remained the most costly natural disaster affecting Canada until rain-on-snow enhanced 2013 flooding in Alberta. Eastern portions of North America suffered from such an event at Christmas 2013 with infrastructure losses in the billions of dollars, a number of fatalities, and inconvenience for millions of people.  Shanghai suffered a devastating 2008 freezing rain event (Zhou et al., 2011). In Germany, Frick and Wernli (2012) pointed out the many consequences on infrastructure and transportation of a devastating 2005 wet snow event.  
With global climate change in the extratropics, the 0°C isotherm will not disappear and associated precipitation events will continue to occur.  Some studies have been conducted on recent trends in N0P and its parent storms in Europe (Førland and Hanssen-Bauer (2000; Zolina et al 2013) and North America (Mekis and Vincent 2011; Hanesiak and Wang 2005; Henson and Stewart 2007; Zhang et al 2012). Analyses of the frequency of winter extratropical cyclones over Eastern Europe (Partasenok et al. 2014) show that, while their number is decreasing, their intensity (atmospheric central pressure) is strengthening which increases the possibility of more intense precipitation and stronger winds.  Farther eastward over the Russian Federation (east of 40°E), higher amounts of maximum snow water equivalent in the snowpack (Bulygina et al. 2011) also suggest intensification of infrequent snowfalls.  It is worth to note that over oceans as well as along the coastal regions of North America the cold season storminess has been increased (Wang et al. 2012; Vose et al. 2014).
Given overall warming, patterns of winter precipitation are expected to continue changing. Rain should fall farther upslope in mountainous regions, thereby increasing the risk of flooding. Alterations in temperatures, storm intensity and track will alter the likelihood and occurrence of N0P including freezing rain (e.g. Lambert and Hansen 2011).  Weakening of the atmospheric circulation in the extratropical regions (e.g., Tilinina et al. 2013; Wang et al. 2012) may lead to more polar jet stream meandering (e.g., Francis and Vavrus 2012) that can lead to more persistent near 0°C events.  The overall warming, together with a larger influx of the water vapour in the winter atmosphere from the oceans (including ice-free portions of the Arctic Ocean) will allow more water vapour in the winter atmosphere that can increase the amount of N0P. And, near 0°C temperatures should generally move poleward and arrive at many locations earlier in spring or later in autumn. This could potentially affect the seasonal cycle of near-0°C precipitation. It may increase the duration of near-0°C conditions in the first half of the year and what we term 'transition from winter to spring' periods when this precipitation occurs, and it may also be associated with swifter shifts  from autumn to winter which may potentially lead to a greater number of severe near-0°C precipitation events. 
Despite significant progress in addressing near-0°C precipitation, it remains a challenging issue.  Kunkel et al. (2013) indicated that freezing precipitation was associated with the lowest level of understanding for both detection and attribution amongst several types of hazardous weather conditions affecting the U.S. Some of this uncertainty stems from the difficulty of accurate measurement of key variables. It is difficult to measure some forms of cold season precipitation including their combinations. Also, we are not aware of any articles which have developed a global climatology of, say, freezing rain. There have been regional studies for North America (e.g., Changnon 2002, 2003; Changnon and Bigley 2005; Cortinas et al. 2004) and Europe (e.g., Carriere et al. 2000) but these studies have not been brought together and combined with information over other regions. The general large scale precursors for the occurrence of these hazardous conditions are somewhat known in that, for example, warm frontal circulations during the cold season may commonly lead to freezing rain but there are still fundamental issues linked with detailed processes.  This includes the precise manner through which hazardous precipitation arises including the conditions leading to ice nucleation that is often critical as to whether freezing drizzle will occur or not. It is crucial to have a good sense of the physical processes before one can increase confidence in future projections.

2. Rationale 
Cold/shoulder season precipitation near 0°C is of interest to several components of GEWEX. It is certainly an important issue in some of GHP’s (GEWEX Hydroclimatology Panel) regional projects such as CCRN (Changing Cold Regions Network) over western Canada, Baltic Earth and NEESPI (Northern Eurasian Earth Science Partnership Initiative). Such precipitation is also important for GDAP (GEWEX Data and Applications Panel) as it seeks to characterize precipitation globally, including its phase. 
Cold/shoulder season precipitation issues have justifiably been recognized by GEWEX in its Science Questions.  One of the activities identified in Science Question 4 (Extremes) is to examine “cold season extremes such as snowstorms, rain-on-snow episodes, freezing precipitation”.  Such an activity is undoubtedly of interest to CliC and is within the scope of the WCRP Grand Challenge on Extremes that is being developed.

3. Objective
Given the importance of this issue and its contributions to GEWEX and WCRP, it is proposed that a GHP cross-cut be developed to improve our understanding of future changes in hazardous cold/shoulder season precipitation, especially occurring near 0°C.
This requires understanding past and present changes and as well as considering future conditions.  Addressing these requires an examination of several issues including data requirements and availability, climatology of key variables and phenomena, simulation and understanding of key driving processes, and assessment of projections and their shortcomings. Assessing the current situation in these various categories will undoubtedly lead to the identification of specific gaps. 
Studies of near-0°C precipitation cannot focus only on projections of changes in its duration, timing, intensity, and frequency.  These studies should also include assessments of their impact. The researchers have to evaluate and quantify the inconveniences associated with near-0°C precipitation and reveal as accurate as possible each hazard associated with the inclement weather events, quantify it, develop the mitigation measures, and project the future of these events in their interactions with societal response.
4. Ongoing and further studies
With precipitation falling at surface air temperature near 0°C, the It is a human perception when the unpleasant weather becomes hazardous. Generally speaking, the difference is in the event intensity characterized by the thresholds when different sectors of human activities begin to feel its disruptive impact. Therefore, some criteria can be suggested based on (a) property losses (e.g., fallen trees and power lines, damaged buildings, bridges, pipelines, and vehicles), (b) losses of opportunities to conduct business as usual (e.g., transport delays, crop and livestock losses), and (c) danger to human health and life (e.g., fallen icicles, road ice accidents, building collapses, ship capsizing, and technogenic catastrophes, to mention a few).     
There are at least two broad perspectives to be considered in relation with precipitation near 0°C. First, one must consider the actual impact. As summarized in the Introduction, this includes numerous issues including icing, visibility, etc. Some of these are somewhat ‘everyday’ in terms of consequences whereas others (such as major freezing rain storms) can be catastrophic. What are the thresholds for the various impacts?
The second perspective is the physical phenomenon itself. One can consider three broad categories of N0P events: blizzard (just snow), rain on snow (both phases with a particularly importance of the precipitation interaction with pre-existed snowpack), and freezing rain and drizzle.  The specific hazards associated with these events include:
4.1.  Heavy snowfall/rainfall transition around °C 
In the cold weather (when surface air temperatures  are less than 1°C) precipitation, P, occurs more frequently in the days when surface air temperature is near 0°C and, because of the larger water holding capacity of the atmosphere compared to the days with colder temperatures, the amount of this precipitation is also higher.  For example, when we selected all six-and 12-hourly observations with corresponding P totals above 3 mm (above 10 mm) over 517 Russian stations in the cold weather during the past five decades, we counted around 62, 000 (8,600) observations for temperatures in the interval [0°C, 1°C]  and 35,500 (4,300) observations for temperatures in the interval [-1°C, 0°C]  that comprise one third of all precipitation values above 3 mm or 35% of their totals and 45% of precipitation values above 10 mm or 42.5% of their totals. 
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Figure 1. Frequency (% of the total number) of precipitation events above 3 mm (blue dots) and above 10 mm (red dots) in the cold season as function of long-term mean cold season temperatures for the days with reported precipitation, P, above 3 mm and 10 mm respectively. This analysis is based upon Archive “Sroki” with synoptic information for the 1966-2013 period at the 517 Russian synoptic stations (http://meteo.ru/data/163-basic-parameters).  
Figure 1 presents the relative frequency (in %) of noticeable precipitation events (above 3 mm and 10 mm) during the cold season for the same set of stations and analysed period sorted by the temperatures at the time of events. This figure shows that, while the cold season precipitation may occur at quit low temperatures, most of them (especially those with substantial total amount of precipitation, e.g., above 10 mm per observation) are observed at warmer cold season temperatures that are close to 0°C.  Part of this precipitation was liquid (cold rainfall) and transition between its two phases (liquid / frozen) may occur with a small variation of weather conditions (e.g., of near-surface air temperatures).  This transitions occur with nearly half of heavy cold season precipitation (at least, in Russia) and may represent numerous hazards impacting infrastructure (e.g., roof load by snowpack and ice) and transportation (e.g., icy roads). When heavy snowfall is followed by rainfall, the liquid precipitation does not flow away but accumulates in the wet snowpack, changes its structure, and forms ice on the top of the ground. In montane terrain, the wet snowpack is frequently a prerequisite for flash floods (cf. 4.3). 
4.2.   Blizzards
Blizzards occur in the days with snowfall accompanied with strong winds.  The presence of snow on the ground, especially of light non-compressed dry snow may serve an additional source for blizzards when blowing snow is raised from the surface into the air.  Blizzards may occur in the middle of the winter as well as in the shoulder seasons.  They are associated with atmospheric cyclones passing the region and, when strong, represent natural hazard that interrupt human activities (e.g., transportation).  Cyclone passages in the cold season are associated with substantial surface air temperature increase in high latitudes (Groisman et al. 1996). For example, while mean cold season temperature averaged for the past fifty years over the entire cold season (when temperature is below 1°C) at 517 first-order Russian stations is – 12.2°C, the same temperature values when non-zero (3 mm or more) precipitation, P, are reported is two  (seven) degrees warmer: -10.0°C and –4.9°C respectively (Figure 2).  Furthermore, when at the same time non-zero (> 3 mm) P is accompanied by the near-surface wind that exceeds 5 m s-1 (“blizzard weather conditions”), temperatures become warmer by 4.5°C reaching -7.7°C  (by 6.8°C reaching -5.4°C) respectively.  Our analyses show that about 40% of blizzards over Russia with precipitation above 10 mm occur when surface air temperatures associated with the blizzard is in the 1°C vicinity of 0°C.
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Figure 2. Mean surface air temperature deviations during precipitation (ΔTwith P) from long-term mean cold season temperature values, T, plotted versus T for the days with non-zero precipitation, P (blue dots) and for the days with reported precipitation, P, above 3 mm.  Each dot represents a single station mean value averaged for the 1966-2013 period. 
The relative frequency distribution of blizzard events has the same shape. The same set of stations and period of averaging as in Figure 1. 

4.3. Rain-on-snow events
Rain falling on snow causes more rapid snowmelt and, when the rainfall is intense, this  may result in flash flooding. Along the western coast of North America rain-on-snow events are the major cause of severe flash floods.  Figure 3 show the frequencies of the rain-on-snow events over northern North America and Russia and their changes during the past fifty years. At this stage, a formal criterion was used to define these events: number of days with rainfall  ≥ 1 mm when snow depth is ≥ 3 cm without accounting for ripening of the snowpack.  Left panel in Figure 3 shows a significant increase in the frequency of rain-on-snow events (as defined above) in winter over western Russia  (by 50% per 50 years) and a significant reduction of similar size over western Canada.  In spring, there is a significant increase of rain-on-snow events over Russia (mostly over its western part), but there is also a significant decrease of the frequency of these events in the western Canada. This decrease is mostly due to snow cover retreat.
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Figure 3. Rain on snow climatology and regional changes (Archive of ACIA 2005; Groisman et al. 2003)
The above pilot analysis was made initially for the Arctic Climate Impact Assessment (ACIA 2005). However, not every rain-on-snow event represents a peril.  The ACIA analyses should be revisited with a thorough attention to factors that were initially left beyond its scope: state (“ripening”) of the snowpack prior to the rain-on-snow event and the rain intensity.  
4.4.  Intense ice and freezing rains
Changnon (2002) developed a climatology of large-scale catastrophic ice and freezing rain events for the conterminous United States for the 1949-2000 period and quantified direct property losses (using insurance claims expressed in year 2000 dollar values) with the largest historical loss of $1.2billion per five days, from January 29 to February.2, 1951, as a combined impact of heavy freezing rain and high winds over the northeastern, central, and southern states of the country. Henson et al. (2011), for example, pointed out that a freezing rain storm in eastern Canada was one of Canada’s most costly natural disasters. National archives of each country affected by such events preserve history of largest events but they were never put together and/or analyzed in a joint fashion. For this proposal, we have not performed additional analyses of intense ice and freezing rain events, their climatology and tendencies.  
4.5. Impact of changes of maximum ice load on communication lines, roofs, and other man-made infrastructure.
With global warming, more water can be held by the atmosphere. It may manifest itself by increasingly intense precipitation as it is seen across the entire extratropics (Trenberth et al. 2007; Groisman et al. 2013). However, if we consider the regions and seasons with surface air temperatures close to 0C, this way of thinking does not work because the temperatures there are “fixed”.  Only over those regions with such fixed temperatures where precipitation is caused by advection from warmer areas, e.g., from the Ocean, we can expect higher air mass humidity at the same near-zero C temperatures.  A brief look through climatic changes in the cold and shoulder season in the extratropics, analyses shown in Figure 4 as well as a general increase in the water-holding capacity of the atmosphere in the maritime[footnoteRef:1] regions of the continents hints that we can expect:  [1:  Here under maritime regions we understand not coastal areas of land but vast land regions where the near-0°C precipitation originated directly from the air masses arriving from the warm oceans, e.g., large parts of North America and Europe.   ] 

· substantial shifts of the occurrences of intense ice and freezing rain events (geographically and within the seasonal cycle) and 
· increasing occurrence of intense fraction of these rains.     
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Figure 4. Dynamics of the monthly maximum icing weight (IW) area-averaged over meteorological stations of northernmost and southernmost regions of European Russia (Bulygina et al. 2014).
Recently, Bulygina et al. (2014) used the Russian “Atmospheric Events” archive for the past 30 years to show a significant increase in the maximum icing quantities over the three Western Russia regions adjacent to the Barents, Baltic and Black Seas (Figure 4).  Here they make use of the unique quantitative observations of icing weight observations conducted at the Russian Meteorological network.  These icing events can occur during intense ice and freezing rains as well as during freezing drizzles. Therefore, both require our attention.
Arctic sea ice retreat in the end of the warm season (Fetterer et al. 2002 updated) and significant regional warming (SWIPA 2012) resulted in statistically significant increase in the dangerous maximum icing load in the Russian West Arctic where it may impact the trawler fleets and off-shore oil and gas platforms being built (or being planned to build) across the Barents and Kara Seas.  Generally, such changes can be expected in all “humid” Arctic regions with significant open sea areas that are more and more experiencing regional warming.   Further studies are needed in order to properly quantify this development potentially hazardous for human activity in High Seas.
5. Proposed Tasks
Events associated with near-0°C precipitation are not necessarily always ‘extreme’ but they do represent natural hazards.  Moreover, these events will not wane with global warming but some may became more intense and their temporal and spatial patterns are expected to shift. However, many uncertainties remain and further in-depth studies are warranted.  Therefore, we propose to:
Task 1. Prepare a review article for the Bulletin of the American Meteorological Society. Its objective will be to assess our current understanding of near-0°C precipitation, its trends and future occurrence and it will also highlight key scientific uncertainties related to it. It will utilize selected examples of phenomena and impacts from several different countries. 
A number of other tasks are being considered after this review is completed or as it is in progress. Initial ideas include the following.
Task 2. Compile the metadata for each large national and international archive that has synoptic information relevant to the near 0°C precipitation; these include (in addition to coordinates, elevation, surrounding land cover type) a suite of observing practices and instrumentation specific to the country, region, and station type and develop algorithms of accurate precipitation quantification during the near-0°C precipitation events. 
Task 3. Using contemporary reanalyses and RCM simulations, study the physics of atmospheric processes that can be potentially associated with near-0°C precipitation events such as 
· extratropical cyclone trajectories, their intensity, temperatures anomalies, and water vapor transport along these trajectories 
· land surface conditions preceding the cyclone arrivals (surface temperature, snowpack accumulation and its state )
and develop regional impact criteria of near-0°C precipitation events:
· intensity thresholds (if any) when each type of near-0°C precipitation events begin representing specific hazards (e.g. the Beaufort Wind Scale) 
· composite weather conditions with high probability of flood (for rain-on-snow events in mountainous terrain), man-made infrastructure and vessels damages, and subsistence hazards for (a) wild life and (b) humans.
Task 4. Create contemporary climatology of each type of N0P events (since the major shift in the Earth system in the mid-1980s) and compare them with previous climatologies prepared in the past (e.g., those documented in the Reference Books on Climate in Canada, former USSR, and the United States) to evaluate empirically the dynamics of changes in these events frequency and intensity.  
We shall use the presently existing archives of synoptic information for the extratropics accumulated in the national (e.g., Archives “Sroki” and “Atmospheric Events” delivered synoptic information for the Russian Federation at http://meteo.ru/data) and World Data Centers for Hydrometeorological Information (e.g., Integrated Surface Database distributed by the NOAA National Climatic Data Center (http://www.ncdc.noaa.gov/data-access/land-based-station-data/land-based-datasets/integrated-surface-database-isd) ).  For the weather events not associated with hazards  we shall update the climatologies of near 0°C precipitation events, identify the latest tendencies of changes in their intensity, frequency and distribution within the annual cycle., For the near-0°C precipitation events associated with specific hazards, each hazard will be assessed separately.
Task 5. Merge (establish coherence/relationship/linkages) observed changes in characteristics of N0P events (in particular, the hazardous near-0°C precipitation events) with physical processes that define them. Using these relationships and the credible GCM projections (e.g., CMIP5), we shall perform projections of future characteristics of these near-0°C precipitation events and their impact on societal activity and well-being.
Task 6. Improve the model representation of near-0°C precipitation. A substantial issue for this precipitation is that its driving mechanisms are complex and small changes in environmental factors can tip the precipitation from one type to another with large consequences. The assumptions and parameterizations in current models need to be assessed and recommendations made for their improvement. 
6. Timing
This proposal will be presented at the upcoming GHP meeting in December, 2014 in Pasadena.  It is hoped that the effort will be formally endorsed as a cross-cut activity at that meeting.
The proposed BAMS review article has just been started. The initial task will be to write a proposal to BAMS to approve the concept. This should be done by January 2015 and a good draft should be completed by July 2015. 
No formal meeting of the whole group is currently planned. Informal meetings will occur at other workshops and conferences, e.g., the Annual AGU Meeting (December 2014) and Annual EGU Assembly (Vienna, April 2015). Prior to November 30, 2014, we shall propose a dedicated Parallel Session on the Cross-Cut Topic at the International Science Conference “Our Common Future under Climate Change”, July 2015, Paris, France  http://www.commonfuture-paris2015.org/ and will investigate an opportunity to use this venue for a topical side event. Much of the interaction will be through e-mails and conference calls.
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