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Abstract

:

Solid precipitation falling near 0 °C, mainly snow, can adhere to surface features and produce major impacts. This study is concerned with characterizing this precipitation over the Canadian Prairie provinces of Manitoba and Saskatchewan in the current (2000–2013) and pseudo-global warming future climate, with an average 5.9 °C temperature increase, through the use of high resolution (4 km) model simulations. On average, simulations in the current climate suggest that this precipitation occurs within 11 events per year, lasting 33.6 h in total and producing 27.5 mm melted equivalent, but there are wide spatial variations that are partly due to enhancements arising from its relatively low terrain. Within the warmer climate, average values generally increase, and spatial patterns shift somewhat. This precipitation consists of four categories covering its occurrence just below and just above a wet-bulb temperature of 0 °C, and with or without liquid precipitation. It generally peaks in March or April, as well as in October, and these peaks move towards mid-winter by approximately one month within the warmer climate. Storms producing this precipitation generally produce winds with a northerly component during or shortly after the precipitation; these winds contribute to further damage. Overall, this study has determined the features of and expected changes to adhering precipitation across this region.
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1. Introduction


Winter storms often lead to major impacts. Many of these impacts are directly related to the associated precipitation, which can vary among, for example, snow, freezing rain, and ice pellets [1]. A particular type of hazardous winter storm produces snow that adheres to surfaces, especially with strong winds [2]. The build-up of snow enhances the weight and drag experienced by structures and vegetation. Such storms have to occur with surface air temperatures near 0 °C. If much colder, the snow does not readily adhere to structures; if much warmer, rain falls.



The term ‘wet snow’ is often used to describe this precipitation and, formally, this is “deposited snow that contains a great deal of liquid water” [3]. Wet snow can arise through several processes. For example, [4] showed there are at least four processes with only one, melting, needing to occur at wet bulb temperatures above 0 °C. If due to melting, [5,6] furthermore asserted that it occurs at wet bulb temperatures to at least −0.2 °C; this allows for incomplete refreezing for particles that had fallen through slightly warmer temperatures aloft. Given its various formation mechanisms that can involve particle collisions aloft, even lower temperatures could be associated with snow containing liquid.



Snow that adheres to surfaces is generally associated with being ‘sticky’ if it is wet, but there are other considerations. There does not appear to be a formal definition of ‘sticky’ snow, so the term is simply used here to imply that snow particles have a tendency to ‘stick’ together on collision or adhere onto surfaces. For wet snow, if the temperature is too high, it contains so much liquid that it may simply slide off structures. This limit is approximately 2 °C, although it can be as high as 5 °C under low relative humidity [6,7,8,9]. However, snow does not need to be ‘wet’ [3] to be ‘sticky’. Snow occurring just below 0 °C does not actually melt, but a quasi-liquid layer develops on its surface as temperatures rise to almost 0 °C. [10] found that this layer develops, depending on particle type, at temperatures ≳−4 °C to ≳−2 °C. Studies, such as [11], subsequently referred to snow reaching such temperatures as becoming “stickier”.



Storms producing adhering snow have been examined in different regions of the world. For example, [6] illustrated such storms in different countries that had major impacts on electrical infrastructure. [12] studied such storms over Iceland and noted that adhering snow normally occurred at wet-bulb temperatures below 1 °C. [13] pointed out the consequences on infrastructure and transportation of a devastating wet snow event in Germany, and [14] showed how this precipitation impacted electrical transmission lines in northern Italy. Many studies, for example [15,16,17], have examined storms producing adhering snow over the United States.



Cold season storms lash all regions of Canada [18], and many of these storms produce adhering snow [19]. Such precipitation is common along the Pacific coastline, or within adjacent mountainous regions [20], and is often produced within spring storms in the lee in the Rocky Mountains [21]. In eastern Canada, storms typically produce a wide variety of precipitation types, ranging from rain to snow at cold temperatures, and adhering snow is often embedded within these events [22].



The Canadian Prairies within the central part of the country are also subjected to such storms. [23] described two events that led to major impacts in Saskatchewan, and both had associated surface temperatures in the −1 °C to 2 °C range. [24] examined several storms that produced adhering snow over Manitoba and pointed out the importance of the region’s small topographic features on its spatial distribution. [2] examined an October 2019 event over Manitoba that led to unparalleled damage to electrical utility infrastructure and, in some areas, to more tree damage than from any previously recorded event.



There is concern as to how storms producing adhering snow may change in the future. With our rapidly changing climate [25], attention needs to be placed on future occurrences. Given a general poleward movement of the 0 °C isotherm, such events should as well [26]. However, regional factors also affect the locations of snow near 0 °C, which complicates projections of its future occurrence [24,27].



Because of their importance and relative lack of attention, the focus of this study is on such precipitation, and in particular, over eastern parts of the Canadian Prairies, including its forested areas. Consequently, the objective of this study is to examine changes in adhering solid precipitation over this region’s land areas in a warmer climate. Note that some events with adhering snow also produce snow pellets and ice pellets at near 0 °C temperatures [2], although, if they occur, these latter precipitation types are usually present in small amounts. Nonetheless, and following [28], the term ‘adhering solid precipitation’ will be used to cover all these types.



A key dataset being used in this analysis is the Weather Research and Forecasting (WRF) model 4-km climate simulations [29]. As described in Section 2, these simulations covered the October 2000 to September 2013 period with a retrospective simulation, as well as one using a pseudo-global warming (PGW) assumption.



The article is organized as follows: Section 2 presents the observational and model datasets used in the study and Section 3 provides an evaluation of model capabilities. Section 4 discusses the occurrences and amounts of adhering solid precipitation and Section 5 focuses on the events within which this precipitation occurs. Section 6 provides further analyses of critical features, Section 7 discusses implications, and Section 8 provides concluding remarks.




2. Datasets and Methodology


2.1. Observational Meteorological and Land Surface Data


Hourly surface weather observations from manned Environment and Climate Change Canada’s (ECCC) stations [30] were utilized. These variables included temperature, relative humidity, wind speed and direction, as well as precipitation occurrence and type. The actual measurements were obtained from the ECCC’s National Climate Data and Information Archive [31]. Surface air temperature and humidity were measured at a 2-m height and wind was measured at a 10-m height, which are the standard levels for these observations.



Observations of precipitation amounts over the cold season at the ECCC stations are only available on a daily basis. Values used in this study have been adjusted by ECCC to account for measurement issues, including under-catchment within winds [32].



ECCC records were also used to find previous storms that produced adhering snow and caused major impacts. In particular, the list of top 10 weather stories across Canada for every year from 1996 to 2021, as well as the top weather stories of the 20th century [33], were examined, and storms were selected if they produced significant snow at temperatures close to 0 °C over the eastern Prairies.




2.2. Weather Research and Forecasting (WRF) Simulations


This study used a Weather Research and Forecasting (WRF) model dataset that was developed through a pseudo-global warming assumption (PGW). As described by [29], the simulations used 4-km resolution and explicit calculation of convection over the October 2000 to September 2013 period. The simulations covered the contiguous United States, southern Canada, and northern Mexico.



The simulations were performed in two steps. First, a control (CTRL) run of the historical conditions was carried out using initial and boundary conditions from the European Centre for Medium-Range Weather Forecasts Re-Analysis (ERA-Interim). This was followed by a second run using the PGW approach [34] that was accomplished by perturbing the CTRL with the Coupled Model Intercomparison Project 5 (CMIP5) [35] 19-model ensemble mean, using the Representative Concentration Pathway 8.5 (RCP 8.5) “business as usual” emission scenario at the end of the 21st century. Spectral nudging was used to maintain the historical overall large scale synoptic (of order 2000 km) flows; this forced storms to follow the same general paths in the PGW simulations. Since this approach does not consider changes in large-scale forcing, it can largely be considered as an examination of the consequences of changes in thermodynamic forcing in a warmer, moister climate [29,36].



These simulations used the Thompson aerosol-aware microphysics scheme [37] to predict clouds and precipitation. Only one moment of the size distribution was predicted for cloud water, snow, and graupel, and two moments for cloud ice and rain. Because the hydrometeor categories are only liquid or solid, not all types of precipitation can be computed. Ice pellet formation from partial melting aloft was, consequently, not simulated, but graupel was. As described in Section 2.3, wet snow and freezing rain are diagnosed using temperature criteria.




2.3. Methodology Including Definitions


This study focuses on the eastern Canadian Prairies. This includes the provinces of Manitoba and Saskatchewan, as well as a small corner of northwestern Ontario (Figure 1). This is a relatively flat region, although there are distinct terrain features. The highest terrain, Cypress Hills (1392 m MSL), is situated in southwestern Saskatchewan [38], and another notable feature is the Manitoba Escarpment, which is a series of four peaks straddling the Manitoba-Saskatchewan border, with Riding Mountain (762 m MSL) being the most southerly [39].



This region is characterized by warm summers and cold winters [40]. In terms of its eco-climates [41], much of it is within the Prairie grasslands, but the southern part of the boreal forest [42] cuts through it as well. There is a small area on the southeastern corner, which is part of the Great Lakes–St. Lawrence forest region [43].



To examine this region, a subset of the WRF overall domain was used. The study area was between 49° N and 56° N, and between 94° W and 110° W (Figure 1); this represents 1.01 million km2. The study was furthermore concerned with precipitation over land, so the largest lakes, covering 4.9% of the study area, were not considered in the ensuing analyses. It should be noted that the northern edge of the overall WRF domain is located at approximately 57.5° N (Liu et al., 2017) for our region of interest but, to reduce lateral boundary errors, only information up to 56° N was utilized.



All eight manned ECCC weather stations within this domain were used for evaluation (Figure 1). These are spread over the domain, although there are gaps. Their elevations above sea level range from 224.0 m at Thompson to 577.6 m at Regina.



Adhering solid precipitation is the focus of this study. This precipitation is made up of snow and/or ice pellets and/or snow pellets using observations, and it is made up of snow and/or graupel when using WRF model output. It either occurs on its own or in combination with liquid precipitation.



Precipitation was broken down into four categories based on precipitation type and temperature (Table 1). As discussed in the Introduction, there are temperature and relative humidity thresholds between different adhering precipitation particles. To approximate these thresholds, the wet bulb temperature (Tw) and the presence or absence of liquid precipitation were utilized. A wet bulb temperature of −2 °C was used to identify the onset for solid precipitation being able to adhere, and a value of 0 °C was used to identify that it had enough liquid to be deemed ‘wet’. Wet snow can occur when Tw < 0 °C, due to several mechanisms [4], and these occurrences are therefore not considered. Wet snow containing so much liquid that it may simply slide off structures was considered to occur if Tw > 2 °C.



The term ‘adhering solid precipitation’ refers to its occurrence within the whole window of −2 °C ≤ Tw ≤ 2 °C. It can either occur on its own or with liquid precipitation. This liquid precipitation was broken down into freezing rain and rain, using a threshold of 0 °C to separate them. Because wet snow on its own contains liquid water [3], only the category of not-wet/sticky is not associated with liquid. These definitions followed and expanded upon those used in previous studies [24,44].



A value of 0.2 mm melted equivalent was used as a threshold of each explicit model hourly output. However, [30] considered an amount of 0.2 mm to be a trace over a 24 h period. Through this higher threshold, this study will consequently underestimate the number of occurrences in comparison with observations. [24,44] used this same procedure.



To separate the adhering solid precipitation into its respective categories, checks were used to determine when one precipitation type was missing. For example, under the category with only adhering solid precipitation, a criterion was applied to ensure associated liquid was below the 0.2 mm/h threshold.



An event was defined as a continuous period with the appropriate hourly conditions. These conditions are simply the presence of adhering solid precipitation ≥ 0.2 mm in an hour.





3. Model Evaluation


To assess the capabilities of the model simulations, precipitation amounts were first evaluated (Figure 2). As discussed in Section 2.1, observed values are only daily and, in addition, model values are averaged over 4 × 4 grid boxes encompassing station locations. The evaluation separately considered the four stations with the lowest annual precipitation (Saskatoon, Regina, Brandon, and Winnipeg) and the four with the highest annual precipitation (La Ronge, The Pas, Thompson, and Kenora). For the lower precipitation amount stations, averaging 469 mm, CTRL was lower than observations in eight months, although they all agreed within one standard deviation. For the higher precipitation amount stations, averaging 661 mm, CTRL was lower than observations in 10 months and six agreed within one standard deviation. For the six months that did not agree within one standard deviation, CTRL was always lower than observations, with the largest differences being in July and August.



Hourly output variables were utilized next in the evaluation. Figure 3 shows the average monthly number of hours within the −2 °C ≤ Tw ≤ 2 °C window, as well as the number of hours of adhering solid precipitation occurrences. The latter variable requires the simultaneous simulation of both the narrow temperature window as well as the presence of solid precipitation. Here, information from the eight stations was averaged. CTRL provides a good simulation of the wet-bulb temperature window. CTRL values are generally slightly lower than observed values, but they always agree within one standard deviation. CTRL also simulates adhering solid precipitation occurrences well, if a very low precipitation threshold is considered (0.01 mm/h). CTRL values are slightly lower than the observations for all months, except March, which implies an overall underestimation. However, for all months, they agree within one standard deviation. In this study, the focus is on occurrences at higher rates (≥0.2 mm/h). This substantially reduces CTRL values so that average monthly adhering snow hours range from 19% to 43% of observed values if the low values in June and September are excluded. In several months, CTRL values still agree with observations within one standard deviation. Note that there were no occurrences in July and August in either the observations or model output.



Two studies have previously discussed the capabilities of this model dataset within regions relevant to this study. [29] found surface air temperature biases near the Canadian border of Manitoba and Saskatchewan to be 2–3 °C too cold in winter, 1–3 °C too warm in spring, and <1 °C too warm in autumn; the annual precipitation amount was well simulated. [24] examined several precipitation events over southern Manitoba and found surface air temperature biases averaging −1.5 °C, but found precipitation amounts to be well simulated. However, both of these studies just utilized average temperatures; neither specifically evaluated the occurrence of the narrow −2 °C ≤ Tw ≤ 2 °C window that is critical in the present study.



Collectively, these evaluations indicate that CTRL is a suitable dataset for the examination of adhering solid precipitation over this region.




4. Adhering Solid Precipitation Patterns


4.1. Occurrences and Amounts


The occurrence of adhering solid precipitation is not common across the domain. In terms of overall annual occurrence, it averages 33.6 h in CTRL, or approximately 1.5 days annually. In PGW, the average temperature across the domain, computed using hourly information, increases by 5.9 °C and, considering the 10 months with adhering solid precipitation (Section 3), the average monthly temperature increase ranges from 4.3 °C in May to 8.1 °C in December. These temperature increases are associated with an increase in occurrences of 7.7% to 36.2 h in PGW.



The average annual amount of adhering solid precipitation is small. It averages 27.5 mm annually in CTRL and increases slightly (2.9%) to 28.3 mm in PGW.




4.2. Spatial Patterns of Occurrences and Amounts


4.2.1. Occurrences


There is considerable variation across the domain (Figure 4). Highest values in CTRL occur in the higher terrain of Cypress Hills, with values of approximately 80 h, and there are slightly lower values in several other areas that are also mainly associated with higher terrain. In contrast, lowest values of approximately 20 h occur in several areas.



A similar spatial pattern occurs within PGW. Highest values are slightly lower in the southeastern corner (approximately 70 h), but values in other regions of higher terrain, approximately 60 h, are now closer. Lowest values are similar to those in CTRL, and they occur in approximately the same areas. Across the whole domain, there is an almost unbroken band of increases between approximately 52° N and 55° N. Overall, the largest changes between PGW and CTRL are approximately 20 h increases and decreases.



There are large differences in the average annual occurrence of the different categories. In CTRL, the most frequently occurring category is not-wet/sticky (19.6 h or 58.4%), followed by not-wet/sticky with freezing rain (7.2 h or 21.2%) and wet/sticky with rain (6.1 h or 18.2%). In PGW, the same ordering occurs, and all categories increase their average annual values, although not-wet/sticky increased the most (1.9 h).



There are large spatial variations in the occurrence of the different categories across the domain with CTRL (Figure 5). Cypress Hills experiences some of the highest values for all categories except wet/sticky. High values of all categories also occur near and within the Manitoba Escarpment and in different areas on the eastern side of the domain. Lowest values generally occur within the central and western parts of the domain for all categories, and the highest ones occur in varying locations.



Similar patterns occur under PGW, although values change somewhat. There are still large values of all categories except wet/sticky in the Cypress Hills, and not-wet/sticky is more prominent near and within the Manitoba Escarpment (up to 45 h). Between CTRL and PGW, wet/sticky with rain shows the largest increase (up to 6 h) in southern Saskatchewan. All categories show decreases in several areas within the domain, with the largest values being approximately 6 h.




4.2.2. Amounts


The amount varies substantially across the domain (Figure 6). Highest values occur in the Cypress Hills (up to 80 mm), but a large area experiences values of only approximately 20 mm.



In PGW, the highest values of approximately 80 h still occur in the Cypress Hills, but comparable values occur near and within the Manitoba Escarpment. There are still large areas with approximately 20 mm, but their extent is less than in CTRL. In general, there is an overall decrease in the amount in the southern and northern areas and an increase in the central areas.



The spatial patterns of amount within the different categories are similar to their occurrence pattern (Figure 5). Although not shown, the largest amount is associated with not-wet/sticky (approximately 50 mm) in the Cypress Hills, but this category only produces approximately 10 mm in some areas within Saskatchewan, in particular. The higher terrain of the Manitoba Escarpment also exhibits high amounts in all categories. In PGW, the patterns are similar, although increases in amounts associated with the Manitoba Escarpment are more pronounced than those associated with the Cypress Hills.



Overall, changes between CTRL and PGW illustrate complex patterns of increases and decreases that also depend on category.





4.3. Temporal Patterns


The temporal patterns of adhering solid precipitation occurrence are examined (Figure 7). The corresponding patterns for amount are similar and are not shown. In CTRL, the highest number of occurrences is generally in autumn (October) and spring (generally March or April). Mid-winter has a relative dearth of occurrences; it is too cold. Summer has an absence of them; it is too warm.



Within PGW, there is a dramatic change evidenced by a more even distribution of occurrence. This results from increases in mid-winter. October is no longer associated with the largest autumn occurrences; these now generally occur in November and December. At many locations, April is no longer associated with the largest number of spring occurrences; many now occur in March. Overall, the period with no adhering solid precipitation increases in the summer but is largely eliminated in mid-winter.





5. Events with Adhering Solid Precipitation


5.1. Number and Duration


Events containing adhering solid precipitation were investigated. As discussed in Section 2.3, an event is defined by the period over which adhering solid precipitation is continuously present. In CTRL, there are an average of 11 events per annum with an average duration of 3.0 h, although the average maximum duration is 17.7 h. In PGW, these values change somewhat. There are an average of 11.4 events, with an average duration of 3.2 h, but with an average maximum duration of 19.2 h. Overall, there are slightly more events and these last slightly longer.



However, there are large variations from average conditions across the domain (Figure 8). The largest number of events is in the Cypress Hills (approximately 25), which also has the highest frequency of occurrence and amount. The number of events also shows higher values (15–20 events) within and near the Manitoba Escarpment. A large area of the domain, nonetheless, only experiences approximately five events annually. The overall pattern is similar in PGW. There are differences, however, with increases (up to five events) mainly being an area across the middle of the domain, and with decreases (up to five events) mainly being in the corners of the domain.



Figure 8 also shows the average duration of events. In CTRL, the longest durations are in the northern parts of the domain, with values approaching 4.5 h. Large areas are characterized by values of approximately 2.5 h. In PGW, the longest durations mainly occur in elongated areas, mainly within the central part of the domain, with values typically being 3.5 h. This area is associated with the largest increases from CTRL (up to 2.0 h), whereas the largest decreases (approximately 1.0 h) generally occur in the corners.



Additionally, Figure 8 shows maximum duration. Overall, its pattern is similar to that of average duration. However, maximum duration is not linked as closely to terrain features as are the number of events and their average duration. For example, the maximum overall duration in CTRL (approximately 40 h) occurs in the northeastern corner of the domain, although some areas of high values in PGW (approximately 50 h) are associated with the Manitoba Escarpment.




5.2. Amount and Duration


Over the domain in CTRL, there is an average of 2.1 mm per event, although the average maximum value is 23.1 mm. In PGW, the average does not change, but the average maximum value decreases slightly (−5.6%) to 21.8 mm.



Figure 8 shows the maximum amount within events across the domain. Within CTRL, some of the highest maximum values (approximately 80 mm) are linked with the Cypress Hills and Manitoba Escarpment, but other areas exhibit similar values. Within PGW, values linked with the Cypress Hills are less pronounced, but those linked with the Manitoba Escarpment are enhanced (to approximately 100 mm). Note that the average amount within events in both CTRL and PGW only varies across the domain from approximately 1.5 mm to 3.5 mm, with the higher values generally occurring in the same areas as the maximum values.



Figure 9 shows the cumulative average annual amount as a function of the average duration at the eight stations. Within CTRL, events lasting from 3.9 h (Saskatoon) to 7.5 h (La Ronge) account for 50% of the overall amount. There is a tendency for the overall amount to directly depend upon the average annual number of events and the occurrence of long-duration events. For example, Brandon (16.5 mm) experiences 7.8 events, with the longest duration being 10 h, whereas Winnipeg (25.0 mm) experiences 10.5 events, with the longest duration being 32 h. However, there are several exceptions, such as Saskatoon (14.5 mm) experiencing 8.0 events, with the longest duration being 18 h. These features largely persist within PGW. The 50th percentile lies between similar values (4.2 h to 6.1 h) and the overall amount still only depends somewhat upon the number of events and the occurrence of long-duration events.




5.3. Longest Duration Events


The five longest duration events are examined for each station (Figure 10). These last for at least 8 h in both CTRL and PGW, and their timing illustrates distinct patterns. Within CTRL, most events occur in October (50%), followed by April (20%), and only 6% occur mid-winter (December to February). Six of the stations experience these events in both spring and autumn, except for Regina that only experiences them in spring and Thompson that only experiences them in autumn. In PGW, most events now occur one month later in November (22%), but the second highest occurrences are still in April (12%). Additionally, 30% occur mid-winter, and all stations experience events in both spring and autumn.



Events may be composed of different categories and, to illustrate this, the occurrence of categories within the longest duration events was examined (Figure 10). Except for two events in CTRL and five in PGW, all events have more than one category. However, the fractional occurrence of categories varies between events and between CTRL and PGW, although not-wet/sticky is most common and it occurs within every event. In one event, a PGW one at Kenora, all four categories occur.



There are also different patterns in the evolution of categories within events. Many begin with not-wet/sticky, although several begin as wet/sticky, sometimes with rain and, in some events, the final category is the same as the initial one. In CTRL, two events are characterized by six changes in category (02-31-03-2001 Winnipeg and 12-24-10- 2001 Kenora). Similar patterns occur within PGW, and one event even has seven changes in category (08-10-02-2009 Regina). Overall, there are numerous category evolutions within these long-duration events in both CTRL and PGW.





6. Interpretation and Related Features


6.1. Precipitation Amount Perspective


Broad spatial patterns of adhering solid precipitation are evident within the preceding results. Along a band near the southern portion of the domain, values are high on the western edge, dip in the central area, and increase towards the eastern edge. There is a general decrease north of this band, at least over the western portion of the domain, and values generally increase towards the northern edge of the domain. Some of these patterns are linked with topographic features, as discussed in Section 6.3. Such patterns are consistent with those considering all precipitation. According to [32], the average annual precipitation increases eastward, near the southern portion of the domain (Figure 1), from 385 mm at Regina in the central area to 842 mm at Kenora near the eastern edge; values north of these locations are similar or lower, such as 380 mm at Saskatoon; values near the northern edge increase with values of 606 mm at La Ronge and 630 mm at Thompson.



The amount of adhering solid precipitation, nonetheless, represents just a small fraction of the annual amount of all precipitation. Relative to average annual values, its fraction varies from as low as 2.9% at Brandon to only as high as 5.1% at Regina. Fractions are much higher for the months of October, March, and April, when adhering snow is most common (Section 4.3). These fractions are above 11% at all locations and range up to 34% at Thompson in October.



It is not surprising that the overall patterns of adhering solid precipitation do not change dramatically from CTRL to PGW (Figure 7). This approach forces the large-scale circulation to remain the same, so storm tracks will as well. However, under warmer conditions, the storms producing adhering solid precipitation over a particular area cannot be the same ones as in CTRL. As shown by [24], storms producing adhering snow over a particular area within PGW often just produce snow at colder temperatures within CTRL and as implied in Section 4.3, they occur more often towards mid-winter than in CTRL.




6.2. Storm Feature Perspective


A critical aspect of many events is the associated wind. An evaluation of CTRL capabilities to simulate wind was first carried out (Figure 11) using the strongest winds occurring during the top five duration events, or within 24 h of their cessation (Figure 10). CTRL values agree very well with the observations and can therefore be used for further analyses.



Northerly flows dominate the strongest winds during or within 24 h of the cessation of the events (Figure 11). In CTRL, these characterize 80% of the events and, of these, 60% have an easterly component. Within PGW, similar patterns are evident, although there is more variation. Nonetheless, 82% of these winds are northerly and, of these, 39% have an easterly component.



Although not shown, winds at the beginning and ending of these events reveal consistent patterns. Northerly flows dominate when considering winds at the beginning of the events: 75% (85%) are northerly in CTRL (PGW) and, of these, 90% (74%) have an easterly component. Additionally, wind shifts between the beginning and ending of these events generally show surface backing. Within CTRL (PGW), 85% (68%) illustrate this characteristic, which implies low centres tracking to the right of stations. Collectively, the dominance of northerly or northeasterly winds and surface backing would suggest that the associated low centres are generally situated to the south and/or east of the stations.



These findings are consistent with previous studies and reports. As discussed in the Introduction, three studies of such events have been carried out over this region [2,23,24]. In all of these, storms producing the adhering solid precipitation tracked to the right of locations, and always to their south and/or east, and consequently produced northerly and/or easterly winds. As discussed in Section 2.1, Environment and Climate Change Canada (ECCC) annually chooses the country’s top 10 weather stories [33]. Five of these were associated snow occurring near 0 °C over the study region (12 October 1998; 2 November 2000; 11 May 2004; 29–30 April 2011; 29–30 September 2019). All of these also tracked to the right of locations affected by this precipitation and, in particular, to their south and/or east.




6.3. Topographic Effects


As shown in Section 4 and Section 5, elevated terrain affects the occurrence and amount of adhering solid precipitation. Both these features are either at their highest values, or near highest, over elevated terrain within CTRL and PGW. To illustrate the impacts of terrain, two of the higher terrain features were selected. These are the Cypress Hills in southwestern Saskatchewan and Riding Mountain in western Manitoba (Figure 1).



The amount of adhering precipitation around and over these features was investigated (Figure 12). The precipitation gradients up these terrain features were determined by computing averages every 10 m of elevation in areas encompassing them (Figure 1). There is no variation of precipitation amount with elevation over the lower portions of these features, but there is a near-linear increase with elevation over the upper portions. Within CTRL, over the upper 310 m of Cypress Hills, the gradient (with r2 of 0.85) is 19 mm/(100 m), whereas over the upper 150 m of Riding Mountain, the precipitation gradient (with r2 of 0.86) is 18 mm/(100 m). Although not shown, the near-linear increase is maintained within PGW, and gradients are similar, although it decreases (with r2 of 0.87) to 17 mm/(100 m) for Cypress Hills and increases (with r2 of 0.74) to 24 (100 m) for Riding Mountain.



Both higher and lower precipitation gradients occur in other regions. [45] found a gradient of 39 mm/(100 m) within a section of the Canadian Rocky Mountains, and [46] found a gradient of 100 mm/(100 m) in annual precipitation over the Cypress Mountain in the coastal mountains of British Columbia. The adhering solid precipitation gradients are 20–50% of these values, even though these latter ones include all types of precipitation. In contrast, [47] found a gradient of only 2.4 mm/(100 m) in cold season precipitation in west-central Alberta, on the eastern slopes of the Rocky Mountains. The adhering solid precipitation gradients are in order of magnitude higher.



The spatial distribution of adhering solid precipitation also shows a consistency over these terrain features. Although more dramatic over Riding Mountain, the highest precipitation amounts are biased to occur on their northern or eastern flank in both CTRL (Figure 13) and PGW. This is consistent with the dominating northerly or northeasterly flows (Section 6.2) impinging on this terrain.





7. Implications


Although a detailed examination of adhesion onto infrastructure and vegetation is beyond the study’s scope, some inferences can be made.



7.1. Adhesion, Categories, and Winds within Events


Adhering solid precipitation can lead to major impacts, although its severity depends upon which categories are occurring. For example, precipitation in the two ‘wet’ categories (Section 2.3) undoubtedly adheres more effectively than precipitation in the ‘not-wet’ category, as discussed by, for example, [8]. However, 28.9% (25.6%) of the not-wet/sticky precipitation’s occurrences are accompanied by freezing rain within CTRL (PGW); this combination would readily adhere to surfaces.



In addition, as discussed in Section 5.3, long duration events normally contain more than one category, their ordering varies, and liquid may occur simultaneously. Accretion models need to be very sophisticated to be able to handle such characteristics, due to the consequently varying adhesion efficiencies, latent heat exchanges, and character of the accumulating solid precipitation on structures.



Wind also has a major impact on adhesion by enhancing the drag experienced by structures and vegetation. To examine this issue, the strongest winds were found during or within 24 h of the cessation of the longest duration events (Figure 10 and Figure 11). These strong winds often occur in both CTRL and PGW after the precipitation has been falling for some time or after it has finished. For example, within CTRL (PGW), strongest winds occur in 38% (68%) of events after 10 h of adhering solid precipitation and, in 20% (40%) of events, they occur after all this precipitation has fallen. In addition, as evidenced in Figure 10 and Figure 11, directions of these winds often have a northerly or northeasterly component. For perspective, [2] found that the strongest and northerly winds occurred after 20 h of continuous adhering solid precipitation within one very damaging event over Manitoba. Overall, these findings imply that substantial adhesion onto surfaces may generally occur before the strongest winds, often with a northerly or northeasterly component.




7.2. Electrical Transmission Lines and Vegetation


One type of infrastructure vulnerable to adhesion is electrical transmission lines. A considerable amount of research has examined this complex issue [6,8]. The eastern Prairie domain of this study (Figure 1) is laced with electrical transmission lines of varying voltages, and these are aligned in all directions. It is expected that lines passing through the highest occurrences and largest amounts of adhering solid precipitation, overall and within specific events, are most adversely affected. Higher terrain areas are, consequently, particularly vulnerable. The most impacted lines would also be expected to be aligned perpendicular to the strongest winds. For the longest duration events, this implies that lines aligned east-west or northeast-southwest may be most affected.



The study region is also characterized by several ecosystems, including forests (Figure 1). In general, the forested area is dominated by deciduous trees on its southern edge, but conifers make up an increasing fraction northward. Deciduous trees are most prone to impact from adhering solid precipitation during their ‘leaf period’. There are wide year-to-year variations in the timing of both leaf emergence and leaf senescence, but these typically occur in May and October, respectively. As shown in Section 4.3, much of the adhering solid precipitation occurs in spring, generally highest in March or April, but still often substantial in May, and in the autumn, highest in October. May and October occurrences therefore coincide with the typical timing of leaf emergence and senescence. Deciduous trees are must often within their ‘leaf period’ when adhering solid precipitation occurs.



Deciduous leaf evolution is expected to change under future warmer conditions. It is generally assumed that spring leaf emergence should shift earlier, and autumn leaf senescence should shift later. However, there is considerable uncertainty as to the magnitudes of such shifts because, for example, leaf senescence’s timing does not just depend on temperature; it also depends on other variables, including precipitation [48] and CO2 levels [49]. As discussed in Section 4.3, periods with the highest occurrences of adhering solid precipitation also shift towards mid-winter. Collectively, a warmer climate does not necessarily reduce impacts from adhering solid precipitation on deciduous trees.





8. Concluding Remarks


Solid precipitation in cold conditions (snow, snow pellets, and ice pellets) that adheres to structures and vegetation often leads to devastating impacts. This study has examined the occurrence of this precipitation over much of the Canadian provinces of Manitoba and Saskatchewan. The study relied on high resolution (4 km) simulations (CTRL) over a 13-year period (October 2000 to September 2013), and on a future climate, following a pseudo-global warming assumption (PGW) with an average 5.9 °C temperature increase. This precipitation is considered to occur within the wet-bulb temperature range of −2 °C ≤ Tw ≤ 2 °C, and with a lower hourly threshold of 0.2 mm melted equivalent. This hourly threshold does not account for very low precipitation rates, so occurrences of adhering solid precipitation are lower than would be experienced in both CTRL and PGW. The ensuing analysis has led to several findings.



Adhering solid precipitation in CTRL, on average, occurs for 33.6 h and produces 27.5 mm per year, although the highest values reach approximately 80 h and 80 mm, respectively. Nearly half of this precipitation occurs with liquid either within it (wet snow) or separately (freezing rain and rain). In terms of its four categories, not-wet/sticky is the most common, followed by not-wet/sticky with freezing rain and wet/sticky with rain. Events with continuous adhering solid precipitation occur, on average, 11 times annually, although this can be up to 25, they can last up to 40 h, and they can produce up to 40 mm of precipitation. Within PGW, values are similar, although there are small increases in some features.



The features of the adhering solid precipitation illustrate spatial and temporal patterns. Within both CTRL and PGW, occurrences, amounts, and events are generally highest in the Cypress Hills of southwestern Saskatchewan, in the Manitoba Escarpment straddling the Manitoba-Saskatchewan border, and in eastern (often northeastern) Manitoba. Within CTRL, this precipitation most often occurs in spring (generally March or April) and autumn (October). Within PGW, these peaks are typically shifted by approximately one month towards mid-winter.



Events with a long duration often lead to the greatest impacts. Their overall durations change little between CTRL and PGW, and they were typically associated with storms producing northerly or northeasterly winds, during or shortly after the adhering precipitation. They were also usually made up of more than one precipitation category; all four categories can occur within a single event, and the ordering of categories varies within events.



The findings have important implications for adhesion onto infrastructure and vegetation. For example, this domain is crossed by many electrical transmission lines, and it contains many deciduous trees. Both are susceptible to damage from adhering solid precipitation and this potential is, overall, slightly increased within PGW.



Although significant progress has been made, it is recognized that this study has limitations. For example, the future projection assumes that large scale atmospheric circulations do not change. Incorporating changing dynamics would undoubtedly alter some of the findings involving future conditions.



In summary, events with persistent adhering solid precipitation represent a significant issue over the eastern Canadian Prairies. The occurrence, amount, timing, and other features of such events vary across this region, and these are all expected to change at least somewhat in the future warmer climate.
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Figure 1. Map of the terrain height for much of the Canadian provinces of Manitoba and Saskatchewan, as well as a small area of northwestern Ontario. The black dotted line signifies the domain of this study. Surface weather observation stations used in this study are depicted as red dots. The terrain data are from the Weather Research and Forecasting model. The cyan line encompasses Cypress Hills, and the red line encompasses Riding Mountain. The green dashed line shows the southern edge of the boreal forest region. The dark blue dashed line shows the western edge of the Great Lakes–St. Lawrence forest region, which covers the extreme southeastern portion of the domain. The insert highlights this domain within a portion of North America. 
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Figure 2. Average monthly precipitation amount (melted equivalent) over the October 2000 to September 2013 period. Data are averaged from the four stations with the (a) lowest and (b) highest annual amount of precipitation. Bars indicate ± one standard deviation from the average 13-values, indicating interannual variability. 
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Figure 3. Average monthly hours of (a) −2 °C ≤ Tw ≤ 2 °C temperatures and (b) adhering solid precipitation over the October 2000 to September 2013 period. Data from the eight stations are averaged. Bars indicate ± one standard deviation from the average 13-values, indicating interannual variability. 
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Figure 4. Average annual occurrence of adhering solid precipitation over the October 2000 to September 2013 period for (a) CTRL, (b) PGW, and (c) their difference (PGW—CTRL). 
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Figure 5. Average annual occurrence of adhering solid precipitation, broken down into its four categories, over the October 2000 to September 2013 period for (a–c) not-wet/sticky, (d–f) not-wet/sticky with freezing rain, (g–i) wet/sticky, and (j–l) wet/sticky with rain. Each category has panels for CTRL, PGW, and their difference (PGW—CTRL). Note that the scale varies with adhering solid precipitation category. 
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Figure 6. Average annual amount of adhering solid precipitation (melted equivalent) across the domain over the October 2000 to September 2013 period in (a) CTRL, (b) PGW, and (c) their difference (PGW—CTRL). 
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Figure 7. Average monthly occurrence of adhering solid precipitation at the eight stations over the October 2000 to September 2013 period. Bars indicate ± one standard deviation from the average 13-values, indicating interannual variability. Note that some of these values are above the indicated scale. 
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Figure 8. Characteristics of events across the domain over the October 2000 to September 2013 period for (a–c) average annual number of events, (d–f) average duration, (g–i) maximum duration, and (j–l) maximum amount (melted equivalent). Each variable has panels for CTRL, PGW, and their difference (PGW—CTRL). 
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Figure 9. Cumulative amount of average annual adhering solid precipitation (melted equivalent), as a function of the average duration of events, for the eight stations over the October 2000 to September 2013 period within (a) CTRL and (b) PGW. The average annual number of events and the average annual amount of adhering solid precipitation (mm) are shown in brackets. 
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Figure 10. The five longest duration events of adhering solid precipitation, and their associated categories and strongest winds, over the October 2000 to September 2013 period at the eight stations in (a) CTRL and (b) PGW. The initiation of each event is shown as time (UTC)-day-month-year, and the timing of the strongest wind within 24 h of the event’s cessation is shown by the red positive sign (+), along with its speed (km/h) and direction (degrees). 
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Figure 11. Hodographs associated with the strongest winds (km/h) for the five longest duration events at the eight stations. (a) CTRL and observed (obs) 10-m winds and (b) PGW 10-m winds. In (a), open symbols indicate observations and filled ones indicate CTRL, and lines connect these values. 
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Figure 12. Average amount of adhering solid precipitation (melted equivalent) in CTRL over Cypress Hills and Riding Mountain, within the indicated areas shown in Figure 1, and in relation to contour elevations every 10 m, as well as their best fit lines over the October 2000 to September 2013 period. Elevation refers to the upper part of these terrain features. 
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Figure 13. Average amount of adhering solid precipitation (melted equivalent), within CTRL as a function of elevation (m, MSL), within the indicated areas shown in Figure 1 over the October 2000 to September 2013 period for (a) Cypress Hills and (b) Riding Mountain. Note that the scales of amount are different between (a) and (b). The white contours indicate elevation above sea level (m). 
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Table 1. Adhering solid and associated liquid precipitation categories and their associated wet-bulb temperature (Tw) windows. Categories are explained in the text.






Table 1. Adhering solid and associated liquid precipitation categories and their associated wet-bulb temperature (Tw) windows. Categories are explained in the text.





	
Precipitation

	
Wet-Bulb Temperature






	
Adhering solid precipitation

	
−2 °C ≤ Tw ≤ 2 °C




	
Categories:




	
Solid precipitation not-wet/sticky

	1. 

	
on its own




	2. 

	
with freezing rain







	
−2 °C ≤ Tw ≤ 0 °C




	
Solid precipitation wet/sticky

	3. 

	
on its own




	4. 

	
with rain







	
0 °C < Tw ≤ 2 °C
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