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ABSTRACT 

Cypress Mountain, north of Vancouver, is a coastal barrier for moisture-laden 

onshore airflow and subject to large amounts of precipitation.  The athletic events at this 

site during the 2010 Winter Olympics were frequently delayed due to the occurrence of 

rain rather than snow.  Unprecedented data on precipitating systems were obtained 

between January and April 2010 during the SNOW-V10 (Science and Nowcasting 

Olympic Weather for Vancouver 2010) field campaign.  This included information 

collected from specialized radar, enhanced surface weather stations, as well as from 

operational radar and satellite data.  Some precipitation events lasted ≥ 24 h, although 

heavier precipitation rates typically lasted ≤ 6 h.  Freezing rain was also inferred.  

Specialized radar showed changes in reflectivity values with height, yielded information 

regarding melting layer heights, and detected upward motion of precipitation particles.  

Differences in daily precipitation amounts of ≥ 50 mm from on the mountain to its base 

were also measured. 
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CHAPTER 1: INTRODUCTION 

 Precipitation is critically important to life on Earth and is a primary component of 

the hydrologic cycle.  Across the planet, precipitation varies greatly both spatially and 

temporally.  For example, parts of the Indian subcontinent receive several metres of 

rainfall annually (such as Mawsynram, India, with an average of nearly 12,000 mm) 

(Ahmad and Rais, 1998; National Climatic Data Center, 2008), including daily rainfall 

amounts well in excess of 500 mm over many locations (Dhar and Nandargi, 1998).  In 

contrast, the Atacama Desert in northern Chile receives little to no precipitation 

throughout the year (Arica, Chile receives < 0.8 mm annually) (National Climatic Data 

Center, 2008).  Consequently, these locations have stark differences in vegetation 

regimes.  These differences are also temperature dependent, however. 

 Mountainous areas, particularly those near coastal regions, are prone to significant 

precipitation.  The process of orographic precipitation is complex and can yield 

substantially higher rainfall and snowfall amounts than over areas with more uniform 

terrain.  This is due to the upward topographic forcing of air (Figure 1.1) which promotes 

increased condensation, and subsequently precipitation, often at heavy rates.  These 

substantial precipitation amounts are especially likely if the mountain ranges are located 

adjacent to a large body of water where significant onshore advection of moist air 

towards the range is favoured by atmospheric circulation patterns. 

The transition between rain and snow, especially over coastal and mountainous 

regions in the mid- and high-latitudes, is of particular importance.  In other words, the 

factors and mechanisms which determine the occurrence of rain or snow are of specific 

interest.  These factors and mechanisms are complicated, since snow can occur at 
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temperatures above 0°C, whereas rain can occur during periods when temperatures are 

below 0°C, including freezing rain.  What actually occurs depends on the temperature 

and humidity profiles within the atmospheric column (Stewart and King, 1987; Stewart, 

1992; Thériault et al., 2014). 

 

Figure 1.1.  Orographic precipitation process of advection of moist air (Fw) along 

equivalent potential temperature streamlines (θe).  The moist air ascends over the 

mountain, condenses, and precipitation occurs (P).  Frozen precipitation also falls near 

the summit where cooler temperatures exist (Adapted from Colle et al., 2013). 

 

One mountainous region of particular importance as it relates to orographic and 

winter precipitation is the Lower Mainland of British Columbia.  For instance, the 

freestyle skiing and snowboarding events during the 2010 Winter Olympics were delayed 

or postponed numerous times at Cypress Mountain (Guttsman, 2010).  (The location of 
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Cypress Mountain is presented in Figure 1.2.)  This was due to a shift in precipitation 

towards rainfall instead of snowfall, but also because snowfall, itself, was lacking during 

the winter of 2009-10.  Coincidentally, an intensive field campaign, the Science and 

Nowcasting of Olympic Weather for Vancouver 2010 (SNOW-V10) was conducted to 

improve understanding of these precipitation processes and mountain meteorology, in 

general.  This field campaign led to significant data collection and was the first field 

experiment of its kind over the west coast of Canada. 

 

Figure 1.2.  Southwestern British Columbia including Cypress Mountain (Google Earth, 

2013). 

 

There are many implications in terms of anthropogenic climate change on this 

phenomenon, as well.  Atmospheric warming and the resulting increase in moisture 

capacity will likely change the orographic precipitation regime, such as increasing the 
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frequency and intensity of extreme meteorological events, increasing rainfall at the 

expense of snowfall, and increasing the height of snow levels on mountains.  For 

example, Beniston (2003) states that there will be an increase in the elevation of the 

snowline of 150 m/°C of warming; this is approximately equal to the saturated adiabatic 

lapse rate (6°C/km).  This will have significant impacts on some economic engines, 

particularly tourism concerning the alpine skiing industry, as well as the hydrologic 

cycle. 

 

1.1 Development of Orographic Precipitation 

 Houze (2012) examined the production of orographic precipitation and stated that 

the mountains themselves do not trigger precipitation occurrence without other 

mechanisms which promote condensation and precipitation.  Precipitating systems often 

experience intensification, however, due to increased condensation when advected over a 

mountainous region as a result of additional uplift.  Some of the mechanisms of 

precipitation production include fronts and low pressure systems, as well as moisture and 

convergence boundaries.  These fronts, cyclones, and boundaries are advected over a 

mountainous region and produce precipitation when they ascend over more stable 

boundary layers located adjacent to the mountains, or the mountains themselves.  These 

stable boundary layers act as blocking mechanisms (Figure 1.3).  In the unblocked case in 

(a), there exists only one change in direction of the flow of the low-level jet which occurs 

as a result of the mountain range.  However, in the blocked case, there is a secondary 

deviation in the path of the low-level jet, which is produced by the stable boundary layer 

(usually a pool of cooler air resembling a front). 
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Figure 1.3.  Effects of unblocked and blocked flows on low-level jets and mountain 

precipitation (Adapted from Colle et al., 2013). 
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Precipitation in the unblocked scenario in Figure 1.3 (b) occurs as a result of the 

condensation produced by additional upward movement of moist air that occurs solely by 

orographic uplift.  The blocked flow in (b) provides a more gradual upslope flow of the 

moist air as it moves over a stable boundary layer than in the unblocked case, resulting in 

a greater area of precipitation.  The blocking mechanism may also moderate the increase 

in the rate of precipitation on the windward side of the mountain, particularly 

approaching the summit, due to less rapidly ascending air at the base of the mountain, 

although the total amount of precipitation from the system may not change. 

 

1.1.1 Mechanisms Determining Precipitation Amount and Type 

 One area of significant research interest is related to the factors which determine 

precipitation type.  This is a particularly important regional issue for transportation, 

avalanche risk analysis, flood forecasters, and the ski industry (Stoelinga et al., 2013).  

This is especially true given the significant amount of precipitation that occurs during the 

winter months over the British Columbia Lower Mainland and that temperatures during 

this period are typically within a few degrees of 0°C, especially in elevated areas.  As will 

be seen in the climatology section in Chapter 4, three to five times more precipitation 

occurs during the winter months than during the summer months in this region.  

Additionally, there is a shift towards substantially greater rainfall and snowfall with 

elevation, as well as increases in the proportion of overall precipitation which falls as 

snow with altitude. 

 There are several primary characteristics for the region in question (Stoelinga et 

al., 2013).  These characteristics all play a part in whether snow is produced over this 

mountainous environment.  First, moderate upward vertical motion occurs in the general 
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circulation over the region with vertical velocities averaging in the 1 m/s range, but 

ranging from approximately half of that in non-turbulent environments to well over 5 m/s 

in highly convective events (Stoelinga et al., 2013).  Secondly, precipitation development 

within this environment is quite rapid, ranging from minutes to only a couple of hours.  

Third, moderately stable to slightly unstable conditions are generally present in terms of 

moist static stability.  Fourth, due to the temperate conditions present in the region during 

the winter with sea level air temperatures usually being only a few degrees above 0°C, a 

very low freezing level is present, usually within 1 km in elevation, which permits 

multiple phases of precipitation (liquid, frozen, and mixed) being possible within any 

precipitating system.  Lastly, orographically- and baroclinically-forced upward motion is 

present, which can lead to increased occurrence and rate of condensation and 

precipitation. 

 Wallace and Hobbs (2006) explained that mixed-phase clouds (with base 

temperatures between 25°C and -3°C) are possible when the cloud top temperatures are 

cooler than -3°C for pure maritime cumulus and arctic stratus clouds.  In other words, ice 

particles begin to develop through the process of water vapour deposition, where water 

vapour changes to solid ice, when cloud top temperatures drop below -3°C.  They also 

showed that 100% of these clouds contain ice particles at temperatures cooler than -13°C.  

This process of water vapour deposition maximizes at about -15°C (COMET, 2005).  At 

colder cloud top temperatures, the concentration of ice particles also increases, in part 

due to the riming process which causes splintering (Wallace and Hobbs, 2006), 

multiplying the number of ice particles present.  This splintering peaks at temperatures of 

around -5°C (Schmocker, 2008). 
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These ice crystals can form and grow through freezing of supercooled water 

droplets to ice nuclei forming ice crystals, deposition of water vapour on existing ice 

crystals, and freezing of supercooled water droplets on the particles, called accretion 

(Wallace and Hobbs, 2006).  Snowflakes are formed via the collision and aggregation of 

ice crystals, and snowflakes grow to a maximum in size within a thick and humid 

isothermal layer which is just under 0°C (Schmocker, 2008).  Graupel can be produced 

when the accretion of ice crystals or snowflakes occurs.  Riming also may occur if liquid 

water droplets freeze on these ice crystals or snowflakes, which can frequently increase 

particle diameters to ≥ 10 mm. 

Fall velocities of frozen precipitation can be as low as around 0.7 m/s or as high 

as approximately 3 m/s for a particle diameter of approximately 4 mm (Stoelinga et al., 

2013).  For non-graupel, in particular for snowflakes, fall velocities are typically between 

0.5 m/s and 2 m/s, depending on particle size and amount of riming (Stoelinga et al., 

2013).  Furthermore, within the melting layer, as snowflakes and other forms of frozen 

precipitation melt and become rain, these raindrops can become enlarged by collecting 

additional cloud droplets as they fall, often producing substantial precipitation amounts 

(Stoelinga et al., 2013).  Atmospheric characteristics over the British Columbia Lower 

Mainland are often suitable for these mixed-phase clouds to exist during the boreal winter 

months, during which cooler temperatures and higher humidity values are present.  

Therefore, within moist air masses containing substantial quantities of supercooled water 

droplets (conditional upon cloud temperatures being below 0°C), accretion may occur. 

Another process of precipitation formation discussed by Stoelinga et al. (2013) is 

the seeder-feeder method.  This mechanism (Figure 1.4) occurs over this region during 
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the winter months when ice particles precipitate from an upper-level cloud and fall 

through a lower-level, moisture-laden stratus cloud situated above a mountain or hill 

which is produced through topographic uplift.  Precipitation is then produced through the 

accretion of supercooled water droplets around the ice particle.  During cases of 

significant moisture advection, this process may generate substantial precipitation, often 

in the form of snow if temperatures and other conditions permit.  Snowflakes may 

become rimed, as well, resulting in their enlargement.  Therefore, when moist onshore 

flows occur, this seeder-feeder process is possible given the presence of a high cloud 

from which ice crystals fall. 

 

Figure 1.4.  Seeder-feeder method of precipitation production (Adapted from COMET, 

2004). 

 

1.2 The SNOW-V10 Field Campaign 

The SNOW-V10 field campaign was held in conjunction with the 2010 

Vancouver Winter Olympic Games (Isaac et al., 2014).  The most intensive monitoring 
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and data collection began in January 2010 and most of the efforts concluded at the end of 

April 2010.  This campaign, a unique intensive monitoring and data collecting effort in 

terms of orographic winter meteorology, was dedicated to obtaining measurements to be 

used in nowcasting and forecasting winter weather conditions which would affect the 

Olympics for decision-making purposes (e.g. delaying or postponing events until 

conditions permitted).  These nowcasting and forecasting efforts were performed 

particularly with regards to temperature, precipitation, and visibility (concerning 

reductions resulting from the presence of fog, mist, or haze).  It also allowed for rigorous 

study of coastal mountain winter meteorology, given that a significant array of 

instruments was employed in the field, some of which are not utilized routinely by 

forecast centres. 

During SNOW-V10, not only were there intensive measurements and 

observations made, but it was one of the first occasions when a very high-resolution 

weather model was used experimentally in Canada.  [Another notable case was the 

Understanding Severe Thunderstorms and Alberta Boundary Layers Experiment 

(UNSTABLE) described by Taylor et al. (2008).]  The Global Environmental Multiscale 

– Local Area Model (GEM-LAM) 1.0-km model was employed over the Cypress 

Mountain and Whistler areas (Isaac et al., 2014), providing fine-tuned model data for 

many of the same stations at which specialized weather sensors were installed. 

Cypress Mountain has a summit elevation of approximately 1500 m above sea 

level and is located approximately 25 km northwest of downtown Vancouver (Figure 

1.2).  The venue was the host of the snowboarding and freestyle skiing events during the 

Games.  Several meteorological stations were established at this site for observational 
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and monitoring purposes, three of which are shown in Figure 1.5 (Joe et al., 2014).  

Comparisons of the measured and observed meteorological data can therefore be made to 

high-resolution model results to quantify the accuracy of the model. 

 

Figure 1.5.  Topographical representation of Cypress Mountain and primary 

meteorological stations (indicated in red).  WWA is West Vancouver (el. 168 m ASL), 

VOG is Cypress Bowl South (el. 885.5 m ASL), and VOE is Cypress Bowl North (el. 

953 m ASL) (Courtesy of Paul Joe). 

 

1.3 SNOW-V10 Studies 

 A special issue of Pure and Applied Geophysics was published in January 2014, 

which featured 17 articles relating to the SNOW-V10 field campaign.  Two of these 

articles described the SNOW-V10 campaign in general, including discussing instrument 

placement, the monitoring network, and the purpose of the campaign.  Four articles 

examined precipitation processes more specifically at Whistler.  Ten articles discussed 

nowcasting, forecasting, and modeling, in part as it related to the science, but also how 

these issues affected planning and decision-making during the Olympics.  Only three of 
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the articles addressed the climatology and/or meteorology over Cypress Mountain.  

However, these did not examine Cypress Mountain observations directly or meticulously. 

Schuur et al. (2014) discussed the support program that the National Oceanic and 

Atmospheric Administration / National Severe Storms Laboratory (NOAA/NSSL) gave 

to SNOW-V10 in the form of an X-band dual-polarity radar system located at Birch Bay, 

WA, which complimented other radars, especially the Micro Rain Radar, particularly 

over Cypress Mountain during part of the SNOW-V10 field campaign.  This effort was 

important as it provided additional information with respect to the height of the melting 

layer, improvements to precipitation quantification and typing, and assessments of 

convective precipitation and cloud types. 

Doyle (2014) described the forecasting challenges during an El Niño winter and 

the prevalence of warmer conditions, particularly over the Cypress Mountain area, with 

respect to snowmaking efforts to permit the Olympic events to proceed as planned.  

Specifically, Doyle quantified the economic benefits of the snowmaking forecasts, and 

quantitatively assessed the forecasters’ use of seasonal and ensemble forecast models for 

temperatures.  At Cypress Mountain, these forecasts proved useful, since they led 

organizers to bring snow in from elsewhere to improve conditions for the Olympic 

activities. 

Mo et al. (2014) addressed the issue of the warmer winter and the lack of 

snowfall, in part over Cypress Mountain, relating to long-range climate models.  These 

models assessed El Niño – Southern Oscillation (ENSO) and Pacific Decadal Oscillation 

(PDO) signals to forecast anomalies in temperature.  Long-term forecasts were compared 

to observed conditions.  The period of January to March 2010, specifically, was assessed 



13 
 

to be warmer in terms of temperature and approximately average in terms of precipitation 

at Vancouver, with rain falling instead of snow.  The model forecasts began to show a 

strong El Niño signal as early as July 2009 and a warmer and less snowy winter was 

predicted for the region.  These forecasts were distributed to Olympics organizers as to 

provide information for planning purposes, since Cypress Mountain was directly 

implicated given its proximity to the Pacific Ocean and its low elevation. 

 

1.4 Previous Investigations 

 SNOW-V10 was the first of its kind mountain meteorology field campaign to be 

held over western Canada.  However, several similar studies have occurred over the 

Pacific Northwest in the United States.  One notable example was the Coastal 

Observation and Simulation with Topography (COAST) project described by Bond et al. 

(1997).  COAST investigated onshore synoptic weather patterns and the effects of 

orographic features along the west coast of North America from Vancouver Island to 

northern California with particular attention to the Olympic Peninsula and coastal 

Washington State.  The COAST project examined the genesis of new and the changes to 

occurring weather systems by the mountainous topography of the region using aircraft 

measurements, instrumental data, and high-resolution model simulations.  Some of these 

mesoscale systems included events with severe winds (in excess of 100 km/h with gusts 

of over 150 km/h) and heavy precipitation (radar reflectivity values approached 40 dBZ), 

and were subjected to orographic enhancement. 

 Another field campaign held over a similar region was the Improvement of 

Microphysical Parameterization through Observational Verification Experiments 
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(IMPROVE) program which featured two field campaigns in 2001 from southern 

Washington State to northern California (Stoelinga et al., 2003).  During the months of 

January and February, an offshore frontal systems examination occurred.  From 

November to December, analyses of orographic systems took place.  The objectives of 

both were to obtain intensive measurements of cloud microphysical parameters (for 

example, ice particle and water droplet processes), thermodynamic and dynamic 

variables, and surface and upper-air observations (including an array of precipitation 

gauges) and to compare these to contemporary advanced meteorological models to 

improve numerical weather prediction of these variables.  These measurements were 

taken via radar, satellites, and specialized instrumentation which was placed aboard 

aircraft for airborne sensing of cloud processes.  The data output were used to test 

microphysical parameterization schemes in meteorological models to improve upon their 

deficiencies and uncertainties (Stoelinga et al., 2003). 

 A mountain meteorology field campaign over the Canadian Arctic, specifically 

over southern Baffin Island during the autumn of 2007, was the Storm Studies in the 

Arctic (STAR) project (Hanesiak et al., 2010; Fargey et al., 2012).  This examination 

analyzed the interactions between the atmosphere and the ocean, sea ice, and orographic 

features to determine their effects on clouds and precipitation over the region.  A W-band 

radar and cloud spectrometers were placed on an aircraft, which was able to analyze 

cloud structure and precipitation over the study region.  Temperature, pressure, wind, and 

humidity data were also collected from instrumentation on the aircraft.  Sea ice data were 

also obtained.  Various synoptic situations were present during the study, although two of 

the three primary cases examined featured large cyclones.  Small quantities of liquid 
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water droplets were detected within the clouds during each case study, but glaciation of 

clouds was common throughout the period.  The Doppler radar system detected some 

precipitation particles moving upwards over the windward side of the mountains within 

updrafts, whereas over the leeward side, particle motion was downwards within 

downdrafts.  This was largely due to the wavelike airflow pattern over the mountains.  

Enhancement of precipitation on the windward side of the mountains was also detected 

during the field campaign.  Precipitation was frozen instead of in a liquid state during the 

project.  The STAR project showed that the influence of the complex terrain over the 

region poses substantial challenges for forecasting and modeling efforts, which are made 

even more difficult by data scarcity. 
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CHAPTER 2: OBJECTIVES 

As described in Chapter 1, one of the purposes of SNOW-V10 was to improve 

understanding of mountain meteorology.  Numerous studies have been undertaken by 

others to contribute to this base of knowledge.  This thesis does as well. 

In particular, the objective of this thesis is to further the understanding of winter 

precipitation over Cypress Mountain during the SNOW-V10 period.  Little attention has 

been paid to the Cypress Mountain area.  None of the research articles within the special 

issue of Pure and Applied Geophysics published in January 2014 focused on Cypress 

Mountain specifically.  Instead, most of the attention was paid to the field campaign in 

general or the meteorology over the Whistler area.  This thesis begins to address this gap. 

The objective of this thesis will be achieved through the following sub-objectives: 

1) To compare the weather conditions of the study period (January to April 2010) to the 

long-term average.  The primary analyses will be of temperature and precipitation 

differences over Cypress Mountain, particularly the duration and frequency of 

occurrence, as well as the frequency of certain precipitation amounts.  However, 

additional comparisons of sea surface temperatures, relative humidity, and wind 

speed and direction will also be performed. 

2) To evaluate the weather conditions during periods of snow and rain and examine the 

production of this precipitation via case studies.  This includes analyses of data from 

satellite, conventional radar, surface analyses, specialized Micro Rain Radar, and 

operational model products. 

3) To analyze the GEM-LAM 1.0-km model data by comparing its forecast products to 

actual weather conditions to assess model performance.  
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CHAPTER 3: DATA AND METHODOLOGY 

Chapter 3 addresses three critical components of the research. These are a 

description of the many types of information used in the analyses, high resolution model 

products, and a general outline of the approach to these analyses. 

 

3.1 Datasets and Instrumentation 

 During the SNOW-V10 field campaign, specialized meteorological instruments 

(in particular, radar and precipitation sensors) were utilized to improve forecasting and 

nowcasting of weather conditions during the Vancouver 2010 Winter Olympics (Joe et 

al., 2014).  Each instrument will be described, including techniques of measurement and 

the accuracy of the instrumentation, if applicable, accompanied by a description of 

available meteorological observation station data (the location of each station on Cypress 

Mountain is shown in Figure 3.1). 

 

3.1.1 Satellite Imagery 

 Geostationary Operational Environmental Satellite (GOES) 11 satellite imagery, 

centred at 45°N and 140°W with a resolution of 5.5 km x 5.5 km, were provided by 

Environment Canada.  Visible and false-colour visible, infrared and red-tinted enhanced 

infrared, as well as water vapour and green-tinted enhanced water vapour imagery were 

made available.  As well, higher resolution (1.9 km x 1.9 km) visible satellite imagery 

centred at 52°N and 126°W were also available.  
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Figure 3.1.  Cypress Mountain area and meteorological observation network.  Red pins 

denote weather stations most frequently used in this thesis whereas yellow pins denote 

other weather stations operating during SNOW-V10, which are examined less frequently 

within this thesis, as well as historical climate stations (Google Earth, 2013). 

 

3.1.2 Reanalysis Data 

The National Centers for Environmental Prediction – National Center for 

Atmospheric Research (NCEP-NCAR) Reanalysis Project is an effort to amalgamate 

many sources of data (surface, ocean vessel, rawinsonde, satellite, flight, and others), 

processing these data with quality control, and assimilating these data into a continuous 

record for research and climate monitoring purposes (Kalnay et al., 1996).  The initial 

reanalysis covered a 40-year period, from 1957-1996.  However, a subsequent reanalysis 

(the NCEP-NCAR 50-Year Reanalysis Project) was undertaken which provides data from 

1948 to the present (Kistler et al., 2001).  The reanalysis is continuously amalgamating 

current data into the identical system, providing an excellent source of consistent and 

well-calibrated climate and weather data to researchers.  Table 3.1 shows the variables 
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archived by the reanalysis system and which ones were used within this examination.  

Some of these variables are utilized at three different levels: surface or 1000 mb, 850 mb, 

and 500 mb. 

 

Table 3.1.  Meteorological and climate data incorporated into the NCEP-NCAR 

Reanalysis Project.  An ‘X’ in the second column indicates that the variable will be used 

in this examination. 

Data Type Used in this examination 

Geopotential height X 

Surface air temperature X 

Zonal wind  

Meridional wind  

Vector wind X 

Omega  

Sea level pressure (SLP)  

Pressure  

Specific humidity X 

Relative humidity X 

Outgoing longwave radiation (OLR)  

Precipitation rate  

Precipitable water X 

Soil moisture  

Lifted Index (LI)  

Sea surface temperature (SST) X 

Streamfunction  

Velocity potential  

Thickness  

Wind shear  

CO2  

 

3.1.3 Surface Analyses 

 Environment Canada provided surface analysis maps for all of the case studies, all 

of which were analyzed by forecasters.  These are done four times per day (at 00 UTC, 

06 UTC, 12 UTC, and 18 UTC).  These maps cover the area as far as the Bering Strait to 

the northwest and central Idaho to the southeast.  The entire northeast Pacific Ocean and 
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consequently, the entire coast of British Columbia are covered by these maps, which, 

therefore, provide a good characterization of surface circulation patterns and atmospheric 

features for the BC Lower Mainland. 

 

3.1.4 Rawinsonde Data 

 Rawinsondes were launched twice daily (at 00 UTC and 12 UTC) upstream of the 

BC Lower Mainland at Quillayute, Washington (47.95°N, 124.55°W).  These data 

covering the entire period of SNOW-V10 are available in numerical and graphical form 

via the University of Wyoming (http://weather.uwyo.edu/upperair/sounding.html).  These 

data will assist in determining the amount of stability in the atmosphere during the period 

of interest and the presence of any atmospheric blocking mechanisms, such as stable 

boundary layers. 

 

3.1.5 Radar Data 

 Conventional weather radar data were available for the duration of SNOW-V10.  

Aldergrove (WUJ) and Mount Sicker (XSI) radars (see Table 3.2 for information about 

these radars) were compiled into a composite 2 km Constant Altitude Plan Position 

Indicator (CAPPI) image centred at Vancouver International Airport (YVR).  (This radar 

information will be hereafter referred to as YVR composite.)  (WUJ is situated 

approximately 50 km east-southeast of Metro Vancouver whereas XSI radar is located 

approximately 30 km northwest of Victoria.) 

 Additionally, conventional volume (CONVOL) and Doppler volume (DOPVOL) 

data were made available for analyses.  The resolution of the CONVOL data is 1 km.  

However, due to the more complete nature of the CONVOL data (24 tilts from 0.3° to 

http://weather.uwyo.edu/upperair/sounding.html
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24.7° compared to just 3 tilts between 0.3° and 3.5° for DOPVOLs), CONVOLs will be 

utilized for reflectivity analyses (Joe and Lapczak, 2002).  Reflectivity data will also be 

useful in this analysis, given that blocked flows often generate precipitation along the 

mountainside nearer the base of the mountain, whereas unblocked flows show 

precipitation nearer the summit. 

 

Table 3.2.  Conventional radar stations employed during SNOW-V10 (Joe et al., 2014). 

Radar Site Abbreviation Elevation (m) Latitude Longitude 

Aldergrove WUJ 93 49.02°N 122.49°W 

Mount Sicker XSI 716 48.86°N 123.76°W 

 

 Analyses of radar data in both CAPPI/PPI and cross section format will be the 

focus, and the primary radar utilized will be WUJ due to its reduced ground clutter and 

topographic obstacles compared to XSI (Boodoo, pers. comm., 2013).  These data are 

compared to information obtained from the Micro Rain Radar system (described in the 

following section) over WWA.  Reflectivity cross sections were obtained from the WUJ 

radar at an azimuth angle of 307° to a distance of 120 km (an example is shown in Figure 

3.2), as well as from other transects over Cypress Mountain on case-by-case bases 

(Boodoo, pers. comm., 2013).  Each transect passed over Cypress Mountain with the 

mountain positioned ≥ 30 km from the starting point and ending point.  Table 3.3 gives 

information on the latitude and longitude of the start and end points for each transect.  

These were obtained to visualize precipitation patterns and to determine the existence and 
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magnitude of orographic enhancement over Cypress Mountain during the SNOW-V10 

campaign. 

 

Figure 3.2.  Example of radar cross section imagery from WUJ.  Cypress Mountain is 

located at approximately 65 km. 

 

Table 3.3.  Latitude and longitude information for additional radar cross section transects 

from WUJ. 

Direction Starting Point Ending Point 

WSW-ENE 49.3°N, 123.6°W 49.4°N, 123°W 

SW-NE 49.2°N, 123.6°W 49.5°N, 123°W 

SSW-NNE 49.15°N, 123.4°W 49.5°N, 123.1°W 

S-N 49.1°N, 123.2°W 49.5°N, 123.2°W 

SSE-NNW 49.1°N, 123°W 49.5°N, 123.3°W 

 

 Plan Position Indicator (PPI) data at 0.5° were also obtained for radial velocity 

using DOPVOL data from WUJ.  This was done to determine the presence of blocked 

flows via the direction of radial velocities towards the radar, a technique described by Joe 
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et al. (2014), as well as the velocity of motion of precipitating systems.  Blocking is 

shown in cases when downward motion is detected with respect to the windward side of 

the mountain.  Given the 0.5° tilt and that Cypress Mountain is approximately 65 km 

from WUJ, the approximate elevation of the radar beam over Cypress Mountain is 1 km 

ASL (Figure 3.3). 

 

Figure 3.3.  Height above ground level of radar beam tilt angles with distance from radar 

(http://www.novaweather.net). 

 

3.1.6 Micro Rain Radar 

 The Micro Rain Radar (hereafter referred to as MRR) system active at WWA 

during SNOW-V10 is a K-band radar system which projects a beam with a wavelength of 

1.25 cm and width of 2° upwards to detect both particle Doppler velocities and 

http://www.novaweather.net/
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reflectivity (Metek, 2009a).  The height range sampled by the MRR system is between 30 

and 6000 m above the instrument, divided into 30 height intervals (Metek, no date).  This 

is done approximately every 10 seconds to allow for one-minute average data to be 

compiled via the measurement of spectral reflectivity, drop size, and spectral drop 

density.  These variables can then be entered into equations to obtain the reflectivity (Z) 

and Doppler velocities of particles (W) (Metek, 2009b). 

𝑍 =  ∫ 𝑁(𝐷)𝐷6𝑑𝐷
∞

0
     (1) 

   𝑊 =  
𝜆

2
 [∫ 𝜂(𝑓)𝑓𝑑𝑓

∞

0
]/[∫ 𝜂(𝑓)𝑑𝑓]

∞

0
    (2) 

where: 

𝜂(𝑓) =  
𝑁(𝐷)𝜎𝑅(𝐷)

(𝜕𝑓 𝜕𝑣⁄ )(𝜕𝑣)(𝜕𝐷)
    (3) 

D = drop size 

N = spectral drop density 

f = raw spectral power 

v = particle Doppler velocity 

σR = drop diameter  

The MRR determines particle Doppler velocity, which refers to the velocity of 

falling precipitation particles relative to the ground (see Appendix I).  Particle Doppler 

velocity can be expressed using the following equation: 

𝑃𝐷𝑉𝑀𝑅𝑅 = 𝐹𝑉𝑃𝑃 − 𝑉𝑀𝑎    (4) 

where PDVMRR is particle Doppler velocity detected by the MRR, FVPP is fall velocity of 

precipitation particles, and VMa is vertical motion of the atmosphere.  Note that PDVMRR 

and FVPP are positive downwards and VMa is positive upwards.  [Note: the MRR 

graphics display improperly uses the term “fall velocity” (see Appendix I).] 
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The data obtained from the MRR were extracted to develop graphs of the particle 

Doppler velocity and reflectivity with height over the course of each day.  These graphs 

can then be used to visualize changes to particle Doppler velocity and reflectivity at 

specific heights.  Actual numerical values were made available, as well, which can allow 

one to determine vertical changes. 

 Particle Doppler velocities are identified with positive values being downward 

and negative values being upward.  These Doppler velocities of particles use the Nyquist 

velocity, which provides constraints of 0-12 m/s for detection (Maahn et al., 2012).  

[Metek (2009b) stated that the instrument has bounds from 0-12.3 m/s.]  However, the 

constraints of 0-12 m/s are not applied consistently throughout the atmospheric column 

sampled by the MRR.  Precipitation particles of a specific size fall at different velocities 

with height (Metek, 2009b).  Near the ground, the same-sized precipitation particles fall 

at slightly lower terminal velocities and these Doppler velocities of particles gradually 

increase with increasing height.  This change in velocity with height is due to the 

decreasing density of air aloft which provides less resistance to falling objects, allowing 

them to fall more quickly with height. 

Given the Nyquist velocity constraints, if particle Doppler velocities are outside 

these bounds, they will fold over to the other extreme.  In other words, given a Nyquist 

velocity of 0-12 m/s at a specific height, if Doppler velocities of particles at this height 

are -1 m/s (meaning the velocity of particles is upwards at approximately 1 m/s), it will 

be identified as 11 m/s. 

Figure 3.4 shows the WWA MRR Doppler spectrum display for two time steps, 

one without upward particle Doppler velocities (left) and one with the presence of 



26 
 

upward particle Doppler velocities (right).  Both images show the elevation of the 

precipitation layer reaching approximately 5 km AGL.  However, the image on the left 

does not exhibit Nyquist velocity folding given that no upward Doppler velocities were 

detected for precipitation particles.  Downward Doppler velocities increased from 

approximately 0.5 m/s to 1.5 m/s at 5 km AGL to 1 m/s to 2.5 m/s at 1 km AGL, all 

within the downward Doppler velocities expected for snow in a more stable environment.  

At approximately 600 m to 800 m AGL, downward Doppler velocities began to increase, 

reaching 2 m/s to 7.5 m/s within the lowest 200 m of the surface, showing the presence of 

mixed precipitation (rain and snow) within the layer.  There was also a bright-band 

detected between the surface and 400 m AGL.  The image on the right, however, 

exhibited Nyquist velocity folding.  This was observed by the appearance of Doppler 

velocities of 7-12 m/s between 400 m and 3.5 km AGL concurrent with Doppler 

velocities of 0-3 m/s.  Upward particle Doppler velocities shown in the image on the right 

actually increased from up to 1.5 m/s at 400 m AGL to a maximum of approximately 5 

m/s at 1 km AGL and decreased to a maximum of approximately 2 m/s at 3 km AGL.  

There was also the presence of downward particle Doppler velocities at this time, which 

increased from 0-2 m/s at 4 km AGL to 0-3 m/s at 1 km AGL and between 1 m/s and 10 

m/s within the lowest 200 m.  A bright-band layer was also detected, which was present 

from the surface up to 2 km AGL, showing the presence of mixed precipitation (rain and 

snow) through this layer.  Above this layer, snow was likely the sole precipitation type.  

The white line running from the surface to approximately 5 km AGL was supposed to 

indicate the average reflectivity within the Doppler spectrum.  However, these reflectivity 
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values were much lower than the actual values which the MRR detected in most cases.  

Therefore, the white line will be ignored within this thesis. 

 

Figure 3.4.  Example of Micro Rain Radar Doppler spectrum imagery from West 

Vancouver for March 12, 2010, at 1520 UTC (left) and April 3, 2010, at 0310 UTC 

(right). 

 

The MRR system that was situated at WWA can identify several important 

phenomena.  Reflectivity can indicate the precipitation rate and particle Doppler velocity 

can show what precipitation type is likely occurring, since rain and snow fall at 

significantly different speeds, as well as an inference of the melting level.  Rain usually 

falls between 4-8 m/s, depending on drop size and intensity of rainfall (National Oceanic 

and Atmospheric Administration, 2008).  Barthazy and Schefold (2006) investigated fall 

velocities for snowflakes and found that the average fall velocity of any snowflake varies 

between 1 and 2 m/s once a certain size has been attained.  There is a deviation of about 

+/- 0.3 to 0.7 m/s for snowflakes of a given size. 

However, Brandes et al. (2008) found that the fall velocity of falling 

hydrometeors depends on temperature as well as size.  Snowflakes and snow aggregates 

that fall with an environmental temperature of -10°C have slower average fall velocities 
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(about 0.75 m/s for 5 mm diameter particles) than those which fall within an environment 

of -5°C (about 1 m/s for 5 mm diameter particles) and within environments of -1°C 

(about 1.25 m/s for 5 mm diameter particles).  Brandes et al. (2008) showed that the fall 

velocity with increasing particle size increases but at a decreasing rate. 

A visual comparison between some of the MRR data and cross sections of the 

WUJ radar were also performed for each case study.  This was done to better visualize 

the occurrence of precipitation, as well as to determine any differences between these 

radars.  A similar but much more intensive comparison between the MRR and 

conventional X-band dual-polarity radar unit was performed by Schuur et al. (2014) over 

a continuous period, particularly to characterize bright-band layers. 

 

3.1.7 Meteorological Station Data 

 The SNOW-V10 field campaign employed many weather observation stations at 

which meteorological conditions were measured and recorded (Isaac et al., 2014; Joe et 

al., 2014).  Five of these stations were located at or near Cypress Mountain (Figure 3.1): 

Cypress Bowl North (VOE, elevation 953 m), Cypress Snowboard (VWB, elevation 1180 

m), Cypress Freestyle (VOZ, elevation 958 m), Cypress Bowl South (VOG, elevation 

885.5 m), and West Vancouver Autostation (WWA, elevation 168 m).  Table 3.4 shows 

the instruments employed at each station. 

These weather stations recorded meteorological elements at 1-min and 15-min 

intervals by way of the instruments which are described in subsequent sections of 

Chapter 3.  Every station did not measure the same elements, however.  Tables 3.5 to 3.8 

show which data were recorded at each station. 
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Table 3.4.  Instruments employed at each meteorological station during SNOW-V10.  Y 

denotes that the instruments were present at the respective stations. 

Instrument WWA VOG VOE VOZ VWB 

Precipitation Occurrence Sensor System Y Y    

FD12P Weather Sensor  Y    

Pluvio 1 Precipitation Gauge Y  Y   

44212EC Temperature Sensor /  

HMP45C Relative Humidity Sensor 
Y Y Y Y Y 

R. M. Young 05103-10A Wind Monitor Y Y Y Y  

CL31 / CT25K Ceilometers Y Y    

 

Table 3.5.  1-min meteorological station data availability.  X means available and blank 

means not available. 

 

Station Temperature 

(°C) 

Pressure 

(mb) 

Relative 

Humidity (%) 

Precipitation 

Amount (mm) 

Precipitation 

Type 

VOE X X  X  

VWB X  X   

VOZ X  X   

VOG X   X X 

WWA X X  X X 

 

Table 3.6.  1-min meteorological station data availability.  X means available and blank 

means not available. 

Station Wind Speed 

(m/s) 

Wind 

Direction (°) 

Wind 

Gust (m/s) 

Visibility 

(m) 

Ceiling (m) 

VOE X X X   

VWB      

VOZ X X X   

VOG X X X X X 

WWA X X X  X 
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Table 3.7.  15-min meteorological station data availability.  X means available and blank 

means not available. 

 

Station Temperature 

(°C) 

Relative 

Humidity (%) 

Precipitation 

Rate (mm/h) 

Precipitation 

Amount (mm) 

Ceiling 

(m) 

VOE X  X X  

VWB X X    

VOZ X X    

VOG X  X X X 

WWA X X X X X 

 

 Three stations had the most robust meteorological datasets: WWA, VOG, and 

VOE.  The only missing variables in the 15-min data were visibility at WWA, relative 

humidity at VOG, and precipitation type, ceiling, and visibility at VOE.  These three 

stations will be the primary ones used in the analyses.  However, at VOZ, valuable 

temperature, relative humidity, and wind data were recorded, and at VWB, temperature 

and relative humidity information were available.  These datasets were useful in 

describing changes in temperatures, relative humidity, and surface winds with altitude. 

 

Table 3.8.  15-min meteorological station data availability.  X means available and blank 

means not available. 

Station Precipitation 

Type 

Wind Speed 

(m/s) 

Wind 

Direction (°) 

Wind Gust 

(m/s) 

Visibility 

(m) 

VOE  X X X  

VWB      

VOZ  X X X  

VOG X X X X X 

WWA X X X X  

 

One of the main benefits of the 1-min data is to determine time differences of 

precipitation onset between stations.  This can improve the understanding of how 
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precipitation develops during episodes of moist, onshore flows.  The 1-min data can be 

problematic to use, however (Mo, pers. comm., November 23, 2012).  Frequently, there 

are missing minutes, as well as potential errors in precipitation measurement of up to 0.5 

mm, depending on the instrumentation used.  This is a significant concern given that most 

1-min measurements are < 0.5 mm.  Also, the data are too noisy to be properly 

interpreted.  The 15-min data act as a method of smoothing the 1-min data to allow one to 

examine the prevailing conditions and trends, and in particular, precipitation, for which 

an error of up to 0.5 mm is substantially more forgiving.  Therefore, only the 15-min data 

will be examined. 

 

3.1.8 Precipitation Occurrence Sensor System 

 The Precipitation Occurrence Sensor System (POSS) is an X-band Doppler radar 

system which measures particle velocity within the lowest two metres above the sensor 

(Environment Canada, 2004; Sheppard and Joe, 2007).  The minimum drop size 

detectable by the POSS system is 0.35 mm.   The maximum Doppler velocity measured 

is 14.7 m/s.  From this information, numerous variables can be inferred: 

 Precipitation occurrence 

 Precipitation type (i.e. rain, snow, drizzle, hail) 

 Precipitation intensity (i.e. heavy, moderate, light, very light) 

 Rain drop size distribution (and derivatives such as rate and liquid water content) 

 Snow water equivalent precipitation rates 
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Precipitation type measurements from the POSS system were available at WWA 

and VOG.  (Table 3.9 shows the numbers assigned to each precipitation type.)  These will 

be compared with other data within this examination. 

 

Table 3.9.  Numerical values assigned to each precipitation type for the POSS. 

Number Precipitation Type 

5 Hail 

4 Snow 

3 Rain 

2 Drizzle 

1 Unknown precipitation 

0 No precipitation 

 

Precipitation intensity values are in liquid water equivalent (Meteorological 

Service of Canada, 2004).  Given non-drizzle situations, very light precipitation is 

classified as being < 0.1 mm/h.  Light precipitation occurs at ≥ 0.1 ≤ 2.5 mm/h.  

Moderate precipitation is classified as being > 2.5 mm/h and ≤ 7.5 mm/h.  Heavy 

precipitation occurs when rates are > 7.5 mm/h.  The POSS has the ability to measure 

precipitation rates as low as 0.001 mm/h for liquid precipitation and 0.002 mm/h of liquid 

water equivalent in frozen precipitation (Sheppard and Joe, 2007). 

The use of the POSS to determine precipitation rates, however, can be 

problematic with respect to snow (Sheppard and Joe, 2007).  For rainfall, the error in 

precipitation measurement is small, but for snowfall, this error can be substantial.  This is 

in part due to wind blowing snowflakes farther from a vertical path than raindrops due to 

their lower Doppler velocities.  Also, the presence of mixed precipitation (liquid and 

solid precipitation), such as in a “bright-band” situation, can render the calibration 
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functions unusable.  Therefore, the POSS system will not be used for precipitation rate 

and accumulation analyses. 

Data from the POSS sensor indicate dominant precipitation types.  Therefore not 

every type of precipitation present within precipitating systems. 

 

3.1.9 FD12P Weather Sensor 

 The FD12P Weather Sensor measures visibility, as well as solid and liquid 

precipitation rate and amount, through forward scattering (Vaisala, 2006).  This visibility 

measurement is accomplished via a near-infrared light beam projected at 16.5° towards 

the ground (resulting in a scattering measurement at an angle of 33°).  The instrument has 

a range in visibility measurement of 10 to 50,000 m, and an accuracy of ± 10% between 

10 and 10,000 m and ± 20% between 10,000 and 50,000 m.  Precipitation rate and 

amount, however, is determined based on the amount of moisture on the sensor elements, 

which is assessed by an electronic signal.  The accuracy of the precipitation 

measurements is within 0.05 mm/h over a 10 minute interval, can detect 11 types of 

precipitation, and has a range of 0-999 mm/h (accurate to ± 30% between 0.5 and 20 

mm/h when liquid precipitation occurs).  The FD12P operates between -40°C and +50°C, 

up to 100% relative humidity, winds must be no greater than 60 m/s, and any sunlight 

(direct or indirect) incident on the instrument must be avoided. 

 The FD12P sensor was integrated into the instrumentation at VOG, but at no other 

station.  There is some useful information within the FD12P in terms of precipitation type 

and visibility measurements.  (Table 3.10 shows the numerical values assigned to each 

precipitation type.)  Therefore, this sensor will be included in the analyses. 
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 Sheppard and Joe (2007) indicated that the FD12P system does not perform well 

at detecting precipitation rate during snowfall.  This is due to water content of snowflakes 

being poorly inferred by the instrument.  Due to these general precipitation measurement 

errors, the FD12P will not be used in precipitation rate and accumulation, as well as 

visibility analyses. 

Data from the FD12P sensor indicate dominant precipitation types.  Therefore not 

every type of precipitation present within precipitating systems is included.  For instance, 

if snowflakes comprise a small proportion of precipitation particles within a system in 

which rain is dominant, only rain will be mentioned and snow will be discarded. 

 

Table 3.10.  Numerical values assigned to each precipitation type for the FD12P. 

Number Precipitation Type 

10 Freezing rain 

9 Freezing drizzle 

8 Ice pellets 

7 Snow grains or snow pellets 

6 Ice crystals 

5 Hail 

4 Snow 

3 Rain 

2 Drizzle 

1 Unknown precipitation 

0 No precipitation 

 

3.1.10 Pluvio
 
1 Precipitation Gauge 

 The Pluvio
 
1

 
precipitation gauge uses a tipping-bucket technique.  The gauge 

measures precipitation by the weight of collection within the bucket to the 0.01 mm.  The 

Pluvio can be operated at temperatures between -5°C and +70°C (OTT MESSTECHNIK, 

2011), and the instrument accuracy is ± 0.04 mm for every 10 mm collected in terms of 
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the measured amount.  In terms of precipitation intensity, the gauge has the capability to 

measure up to 50 mm of liquid water equivalent per minute and has a capacity of 250 

mm.  Since this instrument has the smallest error in precipitation measurement, it will be 

used to quantify precipitation rate and amount.  At WWA, the Pluvio was unheated with 

one Tretyakov-style shield, whereas at VOE the Pluvio was heated but without a shield 

(Joe et al., 2014).  Precipitation data recorded using the Pluvio 1 precipitation gauge were 

not corrected for wind or other factors around the collection area, although automated 

filters are used to negate the effects of wind on measurement and precipitation enters the 

gauge without the use of a funnel, preventing evaporation loss (Gordon, 2003).  Gordon 

(2003) stated that the Pluvio was the most accurate gauge following an examination of 

six gauges. 

Rasmussen et al. (2012) determined that the catch efficiencies of the Pluvio for 

snow given the lack of a shield at VOE or with the shield utilized at WWA are below the 

WMO standard.  However, snow was never inferred as the dominant precipitation type at 

WWA.   At VOE, the average wind speed was approximately 1.5 m/s when snow was 

inferred at VOG, which would reduce the catch loss at VOE.  Figure 3.5 shows the 

distribution of wind speeds at VOE when snow was inferred at VOG using the POSS and 

FD12P sensors. 

 In terms of rainfall, Devine and Mekis (2008) found that a Geonor precipitation 

gauge (similar in operation to the Pluvio) with an Alter shield, which is slightly improved 

from the Tretyakov shield (Rasmussen et al., 2012), had a catch efficiency of 

approximately 86% compared to a pit gauge when rainfall was < 5 mm and between 95% 

and 102% with rainfall > 5 mm when an Alter shield was used.  Therefore, actual 
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precipitation rates and accumulations from these two locations were likely greater than 

those measured.  However, since snowfall was never the dominant precipitation type at 

WWA, precipitation amounts measured at this location were generally more accurate 

than at VOE, which experienced long periods of snowfall. 

 

Figure 3.5.  Wind speed distribution at Cypress Bowl North during periods when snow 

was inferred at Cypress Bowl South. 

 

3.1.11 44212EC Temperature Sensor and HMP45C Relative Humidity Sensor 

 The 44212EC temperature sensor was employed at WWA, VOG, and VOE (Joe 

et al., 2014).  The sensor is a thermistor probe which operates between -50°C and +50°C 

and has an accuracy of ± 0.15°C at -50°C and ± 0.03°C at +50°C (Campbell Scientific, 

no date). 
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 The HMP45C sensor measures temperature and relative humidity via a resistance 

thermometer and a humidity capacitor.  It is accurate to ± 0.4°C at -20°C, ± 0.3°C at 0°C, 

and ± 0.2°C at 20°C in terms of temperature (Campbell Scientific, no date).  Its field-

calibrated accuracy with respect to relative humidity is ± 2% between 0% and 90% and ± 

3% between 90% and 100% at 20°C and its measurements are dependent on temperature 

at ± 0.05%/°C.  This sensor was operational at WWA, VOG, and VOE as a primary 

relative humidity sensor and backup temperature sensor (Joe et al., 2014).  However, 

relative humidity was not recorded at VOG. 

 

3.1.12 R. M. Young 05103-10A Wind Monitor 

 The R. M. Young 05103-10A Wind Monitor was employed at WWA, VOG, and 

VOE (Joe et al., 2014).  It is a thermoplastic four-blade propeller instrument, which 

measures wind speed and direction (Campbell Scientific, no date).  The wind monitor 

operates between -50°C and +50°C, unless riming is occurring.  The range of wind 

speeds recorded is from 0-100 m/s and is accurate to ± 0.3 m/s or ± 1% of the 

measurement.  Wind direction is measured from 0-360° and is accurate to ± 3°. 

 

3.1.13 CL31 and CT25K Ceilometers 

 The CL31 Ceilometer measures cloud heights using the Light Detection and 

Ranging (LIDAR) technique (Vaisala, 2004).  The instrument measures cloud heights up 

to 7500 m with an accuracy of ± 1% or 5 m, whichever is greater, and has a resolution of 

5 m.  The LIDAR technique is performed by sending a light beam upwards and once the 

beam reaches a cloud, it is returned back to the instrument.  The return strength permits 
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the instrument to log cloud levels.  Measurements can be programmed to occur from 2-

120 s, depending on preference, and can be used between -40°C and +60°C.  The CL31 

has the capability of detecting three levels of clouds, which can improve understanding of 

the vertical structure of the cloud formations.  The CL31 was employed at VOG (Joe et 

al., 2012). 

 The CT25K Ceilometer performs the same LIDAR technique as the CL31 to 

detect three levels of clouds (Vaisala, 1999).  It too measures cloud heights to 7500 m, 

but has a resolution of approximately 16 m and an accuracy of ± 2% or ± 8 m.  The cycle 

frequency can be calibrated to occur from 15-120 s, and is usable between -50°C and 

+60°C.  The CT25K was employed at WWA (Joe et al., 2014). 

 

3.2 High-Resolution Model Data (GEM-LAM 1.0-km) 

 Mailhot et al. (2014) described the GEM-LAM 1.0-km high-resolution 

experimental numerical weather prediction model used during SNOW-V10.  The model 

is a triple-nested system which takes 15-km resolution model data from the GEM 

Regional model down to the 2.5-km GEM-LAM model, then down to the GEM-LAM 

1.0-km model.  This was done to improve the simulation of small-scale processes, which 

are highly influenced by the complex topography of the region.  The 1.0-km model has a 

forecast projection out to 19 h per run with simulations twice daily at 11 UTC and 20 

UTC.  The model has a 15-min spin-up period, meaning the first time steps it forecasts 

are at 1115 UTC and 2015 UTC. 

Two stations, WWA and VOE, will be analyzed with respect to their respective 

model simulations to assess the accuracy of the model.  The model points for the 
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respective stations were selected based on proximity and most similar elevation.  The 

primary meteorological variables simulated by the GEM-LAM 1.0-km model are 

included in Table 3.11. 

 

Table 3.11.  Meteorological variables included in the GEM-LAM 1.0-km model (Mailhot 

et al., 2014). 

Meteorological Variable Units 

Surface (2 m) temperature °C 

Surface (2 m) potential temperature K 

Surface (2 m) relative humidity % 

Surface (2 m) dewpoint temperature °C 

Surface (10 m) winds kts and ° 

Precipitation rate and accumulation mm and mm/h 

Solid-to-liquid precipitation ratios unitless 

Cloud cover and cloud base height % and m 

Visibility m 

Freezing level m 

Snow level m 

Wind chill °C 

Incoming solar radiation incident on the surface W/m
2
 

Surface skin temperature °C 

 

3.3 Methodology 

 Several analyses will be conducted to describe the conditions present during the 

entire duration of SNOW-V10 and also for several case studies.  The examination of 

meteorological data in conjunction with climate data, satellite and radar information, 

MRR data, and model simulations will provide information on the prevailing weather 

conditions for the period.  All dates and times will be stated in UTC to standardize 

analyses and comparisons. 

 Climatological analyses will be carried out using Environment Canada climate 

normals and long-term averages.  These data will be examined in conjunction with 
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average station data (of ≥ 10 years) for which normals and long-term averages were not 

calculated.  This information will be compared to SNOW-V10 data to determine whether 

the meteorological conditions during the field campaign were anomalous or near-average.  

(See Appendix I for definitions of “normals”, “average”, and “mean”.) 

Case studies will be presented to identify the mechanisms of precipitation 

production, particularly those which include frozen precipitation.  These case studies will 

be selected based on the presence of typical and/or anomalous conditions, which will be 

further clarified in Chapter 6.  
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CHAPTER 4: CLIMATOLOGY OF CYPRESS MOUNTAIN 

4.1 Large-Scale Climate Patterns 

Cypress Mountain, a mountain which can be characterized as having the shape of 

a pyramid with slopes facing south, northwest, and northeast (see Figures 1.5 and 3.1), is 

situated within the Lower Mainland region of British Columbia and is located 

approximately 25 km northwest of downtown Vancouver (Figure 1.2).  The west coast of 

British Columbia, including the Lower Mainland and Cypress Mountain, is one of the 

wettest regions within the mid-latitudes of the Northern and Southern Hemispheres (i.e. 

between 30°N and 60°N and between 30°S and 60°S) (Figure 4.1).  This region 

experiences upwards of 2000 mm of precipitation annually, particularly over areas of 

higher elevation where substantially higher precipitation amounts occur, and is 

climatologically the wettest region in Canada (Figure 4.2).  This abundant precipitation 

results from several factors.  Sea surface temperatures (SSTs) are sufficient for 

substantial evaporation and the prevailing surface and low-level winds over the oceans 

often bring substantial moisture from the southwest. 

A primary mechanism for the substantial amounts of precipitation over this region 

is the phenomenon of atmospheric rivers (Neiman et al., 2008).  Atmospheric rivers 

advect significant amounts of moisture from over the oceans towards land.  In this case, 

the atmospheric circulation pattern over the North Pacific is situated such that a low level 

jet moves from an area of significant ocean water evaporation to the west coast of North 

America.  Neiman et al. (2008) have shown that atmospheric rivers affect the BC Lower 

Mainland, particularly during the winter months.  Given the extensive topographical 

barrier in place (the Coastal and Rocky Mountains), much of this water vapour condenses 
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producing clouds, and precipitation occurs over the mountains, sometimes in great 

quantities. 

 

Figure 4.1.  Global mean annual precipitation (mm/year) from the AgMERRA dataset: 

1980-2010 (Adapted from http://data.giss.nasa.gov/impacts/agmipcf/). 

 

 
 

Figure 4.2.  Mean annual precipitation for Canada (Natural Resources Canada, 2009). 

http://data.giss.nasa.gov/impacts/agmipcf/
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4.2 Cypress Mountain Climate Patterns 

 To quantify this precipitation regime further, the City of Vancouver and its 

environs experience well over 1000 mm of annual precipitation (Figures 4.3 and 4.4).  

Areas of higher elevation just north and east of the city are affected by substantially 

higher amounts of precipitation, as much as two to three times greater than over the 

Vancouver lowlands (Oke and Hay, 1998).  Oke and Hay also suggested that there is an 

average annual precipitation increase of approximately 100 mm per 100 m increase in 

elevation.  During the boreal winter months (December to February), monthly 

precipitation amounts are typically no less than twice that during the boreal summer 

months (June to August).  This is apparent from the normals and averages (see Appendix 

I for definitions of “normals” and “average”) for Vancouver International Airport (el. 

4.3 m), West Vancouver Autostation (el. 168 m), West Vancouver Ballantree Place (el. 

289.6 m), and Hollyburn Ridge (el. 930 m) (the locations of the latter three stations are 

shown in Figure 3.1) in Figures 4.5 to 4.8 (Environment Canada, 2012).  Information on 

precipitation typing does not exist for West Vancouver Autostation, meaning 

precipitation amount data were not partitioned between rain and snow.  As expected, 

snowfall during the cool season occurs in greater quantities at higher elevations. 

 The precipitation patterns with respect to type are associated with the different 

temperatures at the sites shown in Figures 4.9 to 4.11.  Approximately 90% of the normal 

precipitation for Vancouver during the cool season (December to February) occurs in the 

form of rain, whereas roughly 45% of the average precipitation over Hollyburn Ridge 

during the same period falls as snow. 
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Figure 4.3.  Average annual precipitation for the British Columbia Lower Mainland 

(Natural Resources Canada, 2009). 

 

 
 

Figure 4.4.  Average annual precipitation for the Vancouver, BC, area.  The location of 

Cypress Mountain is within the green ellipse, Vancouver International Airport (YVR) is 

situated at the blue circle, West Vancouver Autostation (WWA) is located at the red 

circle, Cypress Bowl South (VOG) is situated at the purple circle, and Cypress Bowl 

North (VOE) is located at the orange circle (Adapted from Oke and Hay, 1998). 
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Figure 4.5.  Normal monthly precipitation for Vancouver International Airport: 1971-

2000 (Environment Canada, 2012). 

 

 

Figure 4.6.  Average monthly precipitation for West Vancouver Autostation: 1992-2013.  

Note: averages for this station were calculated using a reduced duration of data than the 

30 years required for the production of climate normals, as well as using some estimated 

monthly averages (Environment Canada, 2012). 
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Figure 4.7.  Average monthly precipitation for West Vancouver Ballantree Place: 1972-

1988.  Note: averages for this station were calculated using a reduced duration of data 

than the 30 years required for the production of climate normals, as well as using some 

estimated monthly averages (Environment Canada, 2012). 

 

 

Figure 4.8.  Average monthly precipitation for Hollyburn Ridge: 1971-1995.  Note: 

averages for this station were calculated using a reduced duration of data than the 30 

years required for the production of climate normals, as well as using some estimated 

monthly averages (Environment Canada, 2012). 
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This variation can be explained by the elevation difference of approximately 926 

m between the two stations.  Given a standard lapse rate of approximately 6.5°C/km 

within this environment, this would lead to a temperature decrease of approximately 6°C 

between these stations.  However, the actual monthly mean temperatures for these 

stations in December and January are approximately 3°C and -2°C for Vancouver and 

Hollyburn Ridge (a difference of 5°C), respectively, whereas in February, the monthly 

mean temperatures are 4.5°C and -0.5°C for Vancouver and Hollyburn Ridge, 

respectively (again, a 5°C difference). 

These differences are consistent with expectations.  The atmosphere is generally 

near saturation; the climatological relative humidity during the SNOW-V10 period is in 

excess of 90% (Figure 4.12).  The approximate 5°C decrease in temperatures from 

Vancouver to Hollyburn Ridge over the 926 m difference in elevation (a change of nearly 

-5.4°C/km) is slightly lower than the saturated adiabatic lapse rate of 6°C/km.  The 

annual temperature range in the region is also small.  There is approximately a 15°C 

temperature range between the warmest and coldest months.  West Vancouver has the 

smallest annual temperature range (approximately 14°C) whereas Hollyburn Ridge has 

the largest range (approximately 16°C). 

A primary explanation for the small annual temperature range in the region is the 

presence of cool-to-moderate sea surface temperatures (SSTs) of between 5°C and 15°C 

over the Pacific Ocean throughout the year within a few hundred kilometres of the coast.  

These SSTs also do not experience substantial interseasonal variation, with a range 

between 3°C and 5°C.  The prevailing westerly winds and land-sea breezes are 
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responsible for moderating interseasonal surface air temperature ranges over the Lower 

Mainland, reducing the likelihood of extreme low and extreme high temperatures. 

 

Figure 4.9.  Normal monthly temperatures for Vancouver International Airport: 1971-

2000 (Environment Canada, 2012). 

 

 

Figure 4.10.  Average monthly temperatures for West Vancouver Autostation: 1992-

2013.  Note: averages for this station were calculated using a reduced duration of data 

than the 30 years required for the production of climate normals, as well as using some 

estimated monthly averages (Environment Canada, 2012). 
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Figure 4.11.  Average monthly temperatures for Hollyburn Ridge: 1971-1995.  Note: 

averages for this station were calculated using a reduced duration of data than the 30 

years required for the production of climate normals, as well as using some estimated 

monthly averages (Environment Canada, 2012). 
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Figure 4.12.  Surface relative humidity climatology (in %) near the BC Lower Mainland: 

1981-2010.  Order of panels is as follows: December to February (upper-left), March to 

May (upper-right), June to August (lower-left), September to November (lower-right) 

(Earth System Research Laboratory, 2012, from the 2.5° resolution NCEP/NCAR 

reanalysis project by Kalnay et al., 1996). 

 

 To quantify the amount of moisture within the atmosphere further, during the 

boreal winter months, the Cypress Mountain area is generally subjected to specific 

humidity values of between 4.5 g/kg and 5 g/kg (Figure 4.13).  The seasonal temperature 

climatology is apparent in this climatology, which is partly because the moisture capacity 

within the atmosphere is temperature dependent.  However, during the summer months, 

the BC Lower Mainland experiences some of the lowest specific humidity values 

compared to other locations indicated in these figures, since it has some of the coolest 

summer temperatures. 
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Figure 4.13.  1000 mb specific humidity climatology (in kg/kg) near the BC Lower 

Mainland: 1981-2010.  Order of panels is as follows: December to February (upper-left), 

March to May (upper-right), June to August (lower-left), September to November (lower-

right) (Earth System Research Laboratory, 2012, from the 2.5° resolution NCEP/NCAR 

reanalysis project by Kalnay et al., 1996). 

 

4.3 Climatology during SNOW-V10 Period 

 During the period encompassing the SNOW-V10 field campaign, climatological 

surface air temperatures over Cypress Mountain do not vary greatly (Figure 4.14).  From 

January to April, monthly mean surface air temperatures vary between 0°C and 4°C.  

Meanwhile, approximately 100 km southwest of Vancouver Island, monthly mean 

surface air temperatures range between 6°C and 9°C within the January to April period. 
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Figure 4.14.  Surface air temperature climatology (in Kelvin) near the BC Lower 

Mainland: 1981-2010.  Order of panels is as follows: January (upper-left), February 

(upper-right), March (lower-left), April (lower-right) (Earth System Research Laboratory, 

2012, from the 2.5° resolution NCEP/NCAR reanalysis project by Kalnay et al., 1996). 

 

The surface air temperature climatology in Figure 4.19 correlates well with the 

SST climatology in Figure 4.15.  The overall surface air temperature and SST contour 

patterns and, to some degree, their values show some consistency.  This is explained 

using the climatological surface and 850 mb vector winds in Figures 4.16 and 4.17, 

which show a circulation between southerly and westerly entering the Cypress Mountain 

area.  These winds shift slightly towards the west from January to April and show a 

definitive weakening, from approximately 3.5 m/s to 1.5 m/s at the surface and roughly 6 

m/s to 3.5 m/s at 850 mb over the January to April period.  There is also a significant 
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decrease of the winds from over the oceans towards the coast of about 1.5 m/s over 5° 

latitude at the surface and 1.5 m/s to 2 m/s over 5° latitude at the 850 mb level, both of 

which indicate that atmospheric convergence occurs along the coast over the BC Lower 

Mainland.  This convergence is an important ingredient for atmospheric lifting, 

particularly over a topographic barrier.  This convergence is the result of the air piling up 

on the windward side of the mountains as the winds slow as they reach the coast, due to 

increasing surface friction along the coast. 

   

Figure 4.15.  Sea surface temperature climatology (in Kelvin) near the BC Lower 

Mainland: 1981-2010.  Order of panels is as follows: January (upper-left), February 

(upper-right), March (lower-left), April (lower-right) (Earth System Research Laboratory, 

2012, from the 2.5° resolution NCEP/NCAR reanalysis project by Kalnay et al., 1996). 
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Figure 4.16.  Surface vector wind climatology (in m/s) near the BC Lower Mainland: 

1981-2010.  Order of panels is as follows: January (upper-left), February (upper-right), 

March (lower-left), April (lower-right) (Earth System Research Laboratory, 2012, from 

the 2.5° resolution NCEP/NCAR reanalysis project by Kalnay et al., 1996). 
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 Figure 4.17.  850 mb vector wind climatology (in m/s) near the BC Lower Mainland: 

1981-2010.  Order of panels is as follows: January (upper-left), February (upper-right), 

March (lower-left), April (lower-right) (Earth System Research Laboratory, 2012, from 

the 2.5° resolution NCEP/NCAR reanalysis project by Kalnay et al., 1996). 

 

 Cypress Mountain is also subject to very humid conditions, with relative humidity 

values typically ≥ 90% (Figure 4.18).  It is also useful to present the climatologies of 

precipitable water and specific humidity values during the same period to show how 

much precipitation can occur over the region (Figures 4.19 and 4.20).  The latter 

climatologies provide a quantification of the amount of moisture present over the Pacific 

Ocean, which is often advected towards the Cypress Mountain region, resulting in 

substantial precipitation, given orographic uplift and condensation.  Surface winds are 

generally 3-4 m/s in January and February and 850 mb winds are 5-6 m/s during the same 

period, both directed toward the coast.  These winds are among the highest over the west 
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coast, with winds increasing as one gets closer to the Alaska Panhandle.  However, 

humidity levels reach a maximum over the Vancouver Island area, with 9-12 kg/m
2
 

columnar precipitable water and 5.5 g/kg specific humidity values within the areas with 

highest onshore flows.  Although columnar precipitable water and specific humidity 

values increase southward (to 14 kg/m
2
 and 6.5 g/kg, respectively, at the Oregon-

California border), relative humidity values and onshore flows decrease with decreasing 

latitude (< 90% relative humidity and approximately 2 m/s and 4 m/s at the surface and 

850 mb, respectively, at the Oregon-California border).  Decreasing onshore wind speed 

with increasing distance southward results in a reduction of moisture advection. 

 

Figure 4.18.  Relative humidity climatology (in %) near the BC Lower Mainland: 1981-

2010.  Order of panels is as follows: January (upper-left), February (upper-right), March 

(lower-left), April (lower-right) (Earth System Research Laboratory, 2012, from the 2.5° 

resolution NCEP/NCAR reanalysis project by Kalnay et al., 1996). 
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Figure 4.19.  Precipitable water climatology (in kg/m
2
) near the BC Lower Mainland: 

1981-2010.  Order of panels is as follows: January (upper-left), February (upper-right), 

March (lower-left), April (lower-right) (Earth System Research Laboratory, 2012, from 

the 2.5° resolution NCEP/NCAR reanalysis project by Kalnay et al., 1996). 
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Figure 4.20.  1000 mb specific humidity climatology (in kg/kg) near the BC Lower 

Mainland: 1981-2010.  Order of panels is as follows: January (upper-left), February 

(upper-right), March (lower-left), April (lower-right) (Earth System Research Laboratory, 

2012, from the 2.5° resolution NCEP/NCAR reanalysis project by Kalnay et al., 1996). 
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CHAPTER 5: METEOROLOGICAL CONDITIONS DURING SNOW-V10 

5.1 General Climatological Patterns 

The winter of 2009-10 was greatly affected by the occurrence of an El Niño 

(Seager et al., 2010).  The El Niño event was not particularly strong, but was the 

strongest one since the episode of 1997-98, according to the Multivariate ENSO Index 

(Figure 5.1).  Warmer conditions over the region typically prevail during El Niño events, 

though precipitation anomalies are more difficult to characterize during these episodes 

(Shabbar, 2006). 

 

Figure 5.1.  Multivariate ENSO (El Niño-Southern Oscillation) Index. Red colours 

signify El Niño events, whereas blue colours signify La Niña episodes.  Standardized 

Departures of 1 or more are usually required to be considered beyond ENSO-neutral 

conditions (i.e. El Niños are ≥ +1 and La Niñas are ≤ -1) (Adapted from 

http://www.esrl.noaa.gov/psd/enso/mei/) 

 

Over the BC Lower Mainland, Environment Canada (2010a) analyses (Figures 

5.2 and 5.3) show near-normal precipitation amounts, whereas temperatures were 

approximately 1.5°C above normal.  The reduced snowfall combined with the warmer 

temperatures (which led to precipitation falling as rain instead of snow), led to numerous 

postponements of events during the 2010 Winter Olympics (Guttsman, 2010; Ivens, 

2010).  Snow had to be imported from elsewhere prior to the Games’ commencement to 

ensure the events could proceed (Wigmore, 2010).  Seager et al. (2010) also stated that 

http://www.esrl.noaa.gov/psd/enso/mei/


60 
 

the Pacific Northwest region of the United States experienced a significant negative 

anomaly in terms of snowfall.  Precipitation amounts, in general, were below normal for 

this region, unlike for the BC Lower Mainland, but definitive positive temperature 

anomalies occurred during the winter months (National Oceanic and Atmospheric 

Administration, 2010), which followed the same pattern as for the BC Lower Mainland. 

 

Figure 5.2.  Temperature anomalies for Canada during the winter of 2009-10 

(Environment Canada, 2010a). 
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Figure 5.3.  Precipitation anomalies for Canada during the winter of 2009-10 

(Environment Canada, 2010a). 

 

5.2 Sea Surface Temperatures 

 Sea surface temperatures (SSTs) in the northeast Pacific within a few hundred 

kilometres of the BC Lower Mainland were near-normal during SNOW-V10 (generally ≤ 

± 1°C of normal).  During February and March, SSTs were approximately 0.5°C above 

normal, whereas in April, SSTs were approximately 0.5°C below normal.  These are 

shown in Figure 5.4.  SST anomalies became slightly cooler in this region between 

January and April. 
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Figure 5.4.  Monthly mean sea surface temperatures (left, in degrees Celsius) and 

anomalies (right, in degrees Celsius) over the northeast Pacific Ocean: January to April 

2010 (Fisheries and Oceans Canada, 2013). 
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5.3 Surface Air Temperatures 

 Monthly mean temperatures at WWA and at VOE during SNOW-V10 were 

generally warmer than the long-term average, particularly during the months of January 

and February (Table 5.1).  (See Appendix I for an explanation of the usage of the terms 

“mean” and “average”.)  This validated the aforementioned large-scale regional warm 

anomaly, and was consistent with the presence of El Niño conditions.  A comparison of 

monthly mean temperatures at WWA between 1992 and 2013 including those during 

SNOW-V10 is presented in Figure 5.5.  January 2010 was sufficiently warm that the 

average minimum temperature for the month exceeded the average monthly maximum 

temperature from the most recent 21 years, and the mean minimum temperature for 

February was within one degree Celsius of the long-term average monthly maximum 

temperature.  The progression of West Vancouver temperature anomalies mirrored 

somewhat those of Pacific Ocean SSTs within 5° latitude and longitude of the BC Lower 

Mainland (shown in Figure 5.4), in that the warm anomalies became negligible by April. 

 

Table 5.1.  Monthly mean temperatures and anomalies at West Vancouver (WWA) and 

Cypress Bowl North (VOE): January to April 2010.  WWA temperatures were compared 

to the 1992-2013 average.  VOE temperatures were compared to the 1971-1995 average 

for Hollyburn Ridge, the nearest station of similar elevation with available long-term 

average data.  Data underwent only preliminary checking (Environment Canada, 2012). 

Month 
WWA Monthly Mean 

Temperature (°C) 

Anomaly 

(°C) 

VOE Monthly Mean 

Temperature (°C) 

Anomaly 

(°C) 

January 7.4 +3.3 2.2 +3.6 

February 7.8 +2.4 1.6 +2.0 

March 7.6 +0.9 1.1 +0.3 

April 9.3 +0.1 2.3 -0.7 
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 Figures 5.6 and 5.7 show the monthly maximum and minimum temperatures for 

the 1992-2013 period, as well as for SNOW-V10.  These figures also compare the 

highest, average, and lowest monthly temperatures at WWA for both periods.  

Temperatures for January and February 2010 in all three categories were the highest over 

the 21-year period.  Towards the end of SNOW-V10, temperatures returned to the long-

term average. 

 

Figure 5.5.  Monthly mean temperatures at West Vancouver during SNOW-V10, as well 

as the highest, average, and lowest monthly mean temperatures between 1992 and 2013.  

Data underwent only preliminary checking (Environment Canada, 2012). 

 

 In general, WWA daily temperatures were within a few degrees Celsius of the 

highest recorded values with respect to the 1992-2013 average.  This was particularly true 

of the daily minimum temperatures.  Figures 5.8 to 5.10 show how daily maximum, 

mean, and minimum temperatures compared to the 21-year average, as well as to the 

daily extreme temperatures.  Daily mean temperatures during SNOW-V10 approached or 

set record highs on 18 days (out of 120 days) and reached record lows on 2 days (Figure 

5.8).  Daily maximum temperatures during SNOW-V10 approached or exceeded record 
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high values for the period on 11 occasions (out of 120 days) and decreased to extreme 

low values on 4 days (Figure 5.9).  For minimum temperatures, however, SNOW-V10 

daily values approached or set record high values on 23 occasions (out of 120 days) over 

the 21-year period and set record low values on 2 days (Figure 5.10). 

 

Figure 5.6.  Monthly maximum temperatures at West Vancouver during SNOW-V10, as 

well as highest, average, and lowest monthly maximum temperatures between 1992 and 

2013.  Data underwent only preliminary checking (Environment Canada, 2012). 

 

 

Figure 5.7.  Monthly minimum temperatures at West Vancouver during SNOW-V10, as 

well as highest, average, and lowest monthly minimum temperatures between 1992 and 

2013.  Data underwent only preliminary checking (Environment Canada, 2012). 
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Figure 5.8.  SNOW-V10 daily mean temperatures at West Vancouver compared to 1992-

2013 average, extreme high, and extreme low mean temperatures (Environment Canada, 

2012). 

 

 

Figure 5.9.  SNOW-V10 daily maximum temperatures at West Vancouver compared to 

1992-2013 average, extreme high, and extreme low maximum temperatures 

(Environment Canada, 2012). 
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Figure 5.10.  SNOW-V10 daily minimum temperatures at West Vancouver compared to 

1992-2013 average, extreme high, and extreme low minimum temperatures (Environment 

Canada, 2012). 

 

5.4 Precipitation 

WWA experienced near-average precipitation during the four months of SNOW-

V10, whereas precipitation amounts over VOE were substantially higher than the long-

term average (Table 5.2).  VOE experienced 1523 mm of precipitation during SNOW-

V10, whereas 798 mm of precipitation fell over WWA for a difference of 725 mm 

between the two stations (nearly 1 mm precipitation increase per m of elevation increase).  

The 1971-1995 average precipitation at Hollyburn Ridge (a station near VOE with a 

similar altitude) during the SNOW-V10 period was 1039 mm, whereas the 1992-2013 

average precipitation at WWA was 829 mm, giving a difference of 210 mm between the 

two locations from January to April.  This matches aforementioned analyses.  For WWA, 

monthly precipitation accumulations are depicted graphically in Figure 5.11.  The 

SNOW-V10 period was actually ranked seventh in precipitation amounts between 1992 
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and 2013 (Figure 5.12).  The evolution of the large difference in precipitation 

accumulation between WWA and VOE throughout the duration of SNOW-V10 is shown 

in Figure 5.13. 

 

Table 5.2.  SNOW-V10 monthly precipitation amounts and anomalies at West Vancouver 

(WWA) and Cypress Bowl North (VOE): January to April 2010.  West Vancouver 

precipitation amounts were compared to the 1992-2013 average.  Cypress Bowl North 

precipitation amounts were compared to the 1971-1995 average at Hollyburn Ridge.  

Data underwent only preliminary checking (Environment Canada, 2012). 

Month 
WWA Monthly 

Precipitation (mm) 

Anomaly 

(mm) 

VOE Monthly 

Precipitation (mm) 

Anomaly 

(mm) 

January 315 +9 564 +254 

February 164 +20 367 +65 

March 162 -44 291 +41 

April 156 +12 302 +124 

 

Compared to the maximum and minimum recorded precipitation for each month 

at WWA, SNOW-V10 was far from extreme; it was ordinary (Figure 5.14).  March was 

the only month during SNOW-V10 when the precipitation accumulation showed a large 

departure from long-term averages, with a negative anomaly of 44 mm.  A substantial 

proportion of the precipitation during SNOW-V10 occurred during January and, in 

particular, during a five-day period from January 11-15 during which 174 mm of 

precipitation was measured (Figure 5.15).  Precipitation amounts were substantially 

higher at VOE, particularly during January, with 318 mm of precipitation during the 

same five-day period between January 11 and 15 (Figure 5.16).  Even so, monthly 

precipitation amounts for January were barely above the 1992-2013 average and over 100 

mm less than the highest recorded value for the period.  In terms of the daily record, 
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WWA experienced 8 days of precipitation accumulations which approached or exceeded 

the maximum recorded values from the 1992-2013 record (Figure 5.17). 

 

Figure 5.11.  Average monthly precipitation amounts at West Vancouver from 1992-2013 

and for SNOW-V10.  Data underwent only preliminary checking (Environment Canada, 

2012). 

 

 

Figure 5.12.  January to April precipitation amounts at West Vancouver: 1992 to 2013.  

Data underwent only preliminary checking.  *The 2010 value is less than that of SNOW-

V10 due to missing data at the Environment Canada station (Environment Canada, 2012). 
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Figure 5.13.  West Vancouver (WWA) and Cypress Bowl North (VOE) precipitation 

accumulation during SNOW-V10. 

 

 

Figure 5.14.  Maximum and minimum monthly precipitation at West Vancouver along 

with the 1992-2013 average and SNOW-V10 monthly precipitation.  Data underwent 

only preliminary checking (Environment Canada, 2012). 
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Figure 5.15.  Daily precipitation measurements at West Vancouver: January to April 

2010. 

 

 

Figure 5.16.  Daily precipitation measurements at Cypress Bowl North: January to April 

2010. 
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Figure 5.17.  SNOW-V10 daily precipitation amounts at West Vancouver compared to 

maximum daily and average daily accumulations: 1992-2013 (Environment Canada, 

2012). 

 

 The number of days which met specific precipitation accumulation criteria and a 

comparison to the 1992-2013 average at WWA are shown in Figure 5.18.  Out of the 120 

days within the four months, measurable precipitation occurred on 80 days, covering two-

thirds of the period.  The total number of days which met these criteria during SNOW-

V10 was nearly average for the period, apart from a slightly higher number of days, 36 

for SNOW-V10 compared to the long-term average of 30, with the smallest criteria.  

Otherwise, the differences were ≤ ± 1 day for each criterion. 

The distribution of precipitation amounts between months at WWA during 

SNOW-V10 was subjected to a shift towards smaller events compared to the 1992-2013 

average (Figures 5.19 and 5.20).  There were more days with moderate and heavier 

precipitation accumulations (i.e. ≥ 10 mm) during the first half of SNOW-V10 than 

during the second half; 18 days during January and February had precipitation amounts ≥ 
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10 mm, whereas precipitation amounts ≥ 10 mm occurred on 9 days during March and 

April. 

 

Figure 5.18.  Daily precipitation accumulation distribution at West Vancouver during 

SNOW-V10 compared to the 1992-2013 average (Environment Canada, 2012). 

 

 

Figure 5.19.  Average daily precipitation amount distribution at West Vancouver for 

January to April: 1992-2013 (Environment Canada, 2012). 
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Figure 5.20.  Daily precipitation amount distribution at West Vancouver during SNOW-

V10. 

 

 Substantially higher daily precipitation amount distributions were observed at 

VOE than at WWA (Figure 5.21).  WWA experienced fewer precipitation days than 

VOE (80 for WWA and 84 for VOE).  There were also a greater number of days with 

moderate to heavier precipitation accumulations at VOE than at WWA.  Precipitation 

amounts ≥ 10 mm occurred on 40 days at VOE and on 27 days at WWA, whereas 

precipitation amounts ≥ 25 mm occurred on 21 days at VOE and 9 days at WWA. 

 Another important aspect of SNOW-V10 was the number of consecutive days 

with precipitation.  At WWA (Figure 5.22), there was one period of 13 consecutive days 

with measurable precipitation (i.e. ≥ 0.2 mm) (between January 25 and February 6), one 

period of 5 consecutive days with ≥ 5 mm, and seven periods of 2 consecutive days with 

≥ 10 mm.  There were nine occurrences of single days with ≥ 25 mm, and there were two 

occasions of single days with ≥ 50 mm at WWA.  Figures 5.15 and 5.16 show this pattern 

in which several consecutive days with precipitation were followed by several days 
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without precipitation at both WWA and VOE.  There were few outlying days when 

measurable precipitation occurs one day without being preceded or followed by other 

days of precipitation. 

 

Figure 5.21.  Daily precipitation amount distribution over Cypress Bowl North during 

SNOW-V10. 

 

During SNOW-V10 at WWA, the number of consecutive days exceeding certain 

precipitation amounts (shown in Figure 5.22) was similar to the 1992-2013 average 

(Figure 5.23).  WWA had more occurrences and fewer consecutive days of smaller 

precipitation amounts (i.e. ≥ 0.2 mm and ≥ 5 mm) during the SNOW-V10 period 

compared to the long-term average.  As well, the number of consecutive days with larger 

precipitation amounts (i.e. ≥ 25 mm and ≥ 50 mm) was smaller than the long-term 

average.  A greater number of consecutive days with both larger precipitation amounts 

and with ≥ 5 mm of precipitation occurred at VOE (Figure 5.24) than at WWA.  The 
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number of consecutive days with ≥ 0.2 mm was not much different for either location; 

two occasions of 13 consecutive days at VOE compared to one at WWA. 

 

Figure 5.22.  Consecutive days with specific precipitation amount thresholds at West 

Vancouver during SNOW-V10.  Note: for all single-day occurrences, these were cases 

for which precipitation amounts did not meet or exceed the specific criteria for the 

previous and following days. 

 

 

Figure 5.23.  Consecutive days with specific precipitation amount thresholds for West 

Vancouver for the January to April period between 1992 and 2013.  Data are annual 

averages.  Note that for all single-day occurrences, these were cases for which 

precipitation amounts did not meet or exceed the specific criteria for the previous and 

following days (Environment Canada, 2012). 
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Figure 5.24.  Consecutive days with specific precipitation amount thresholds for Cypress 

Bowl North during SNOW-V10.  Note that for all single-day occurrences, these were 

cases for which precipitation amounts did not meet or exceed the specific criteria for the 

previous and following days. 

 

 No snowfall was inferred by the POSS instrument at WWA during SNOW-V10 

(Table 5.3).  A total 425 hours of rainfall was inferred, including a maximum duration of 

9 consecutive hours at WWA. 

At VOG (Table 5.3), a total of 107 hours of snowfall and 428 hours of rainfall 

were inferred using the POSS.  Using the FD12P instrument, however, a total of 328 

hours of snowfall and 434 hours of rainfall were inferred at VOG.  The longest duration 

of uninterrupted rainfall was 13 hours (POSS) and 22 hours (FD12P).  8 consecutive 

hours (POSS) and 17 consecutive hours (FD12P) of snowfall were also inferred at VOG.  

No comparisons can be made between WWA and VOG precipitation type and long-term 

averages, since precipitation type data do not exist beyond SNOW-V10. 
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Table 5.3.  Total hours of rain and snow, as well as maximum uninterrupted duration of 

rain and snow, for West Vancouver (WWA) and Cypress Bowl South (VOG) during 

SNOW-V10.  Data were rounded to the nearest hour.  The instruments utilized are 

specified for each within parentheses.  A dash indicates the instrument was not in 

operation at the specific station. 

 WWA VOG 

Total Duration of Rain (POSS) (h) 425 428 

Total Duration of Rain (FD12P) (h) - 434 

Total Duration of Snow (POSS) (h) 0 107 

Total Duration of Snow (FD12P) (h) - 328 

Maximum Rain Duration (POSS) (h) 9 13 

Maximum Rain Duration (FD12P) (h) - 22 

Maximum Snow Duration (POSS) (h) 0 8 

Maximum Snow Duration (FD12P) (h) - 17 

 

 WWA had fewer occurrences and a shorter duration of precipitation events than 

VOG as inferred using the POSS sensor (Figures 5.25 and 5.26).  VOG had a maximum 

duration of precipitation of 13 h compared to 9 h at WWA.  Cumulatively, VOG also had 

approximately 70 more occurrences of consecutive hours of precipitation throughout the 

period than WWA.  Substantially more occurrences were distributed within the shorter 

durations than longer durations; approximately 35 additional occurrences of 1-h periods 

of precipitation were recorded at VOG compared to WWA, whereas 2 additional 

occurrences of 4-h periods of precipitation were inferred at VOG compared to WWA. 

The FD12P instrument inferred a substantially larger number of occurrences, as 

well as a longer duration of precipitation at VOG during SNOW-V10 than the POSS 

sensor.  The number of occurrences of consecutive hours of snowfall at VOG is included 

in Figure 5.27.  These differences between POSS and FD12P instruments with respect to 

the number of occurrences and their duration are similar for snowfall (Figure 5.25), 

although the numbers for snowfall are substantially smaller.  The number of precipitation 

events of 1-h duration was nearly equal for each instrument, but for snowfall, the FD12P 
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inferred more than three times the number of occurrences as did the POSS sensor for 1-h 

duration events (79 to 25).  The longest durations of precipitation inferred at VOG were 

37 h (FD12P) and 13 h (POSS), whereas for snowfall, durations of 16 h (FD12P) and 7 h 

(POSS) were recorded. 

 

Figure 5.25.  Number of occurrences of consecutive hours of precipitation at West 

Vancouver during SNOW-V10.  Precipitation was inferred using the POSS sensor. 
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Figure 5.26.  Number of occurrences of consecutive hours of precipitation at Cypress 

Bowl South during SNOW-V10.  Precipitation was inferred using the POSS and FD12P 

sensors. 

 

 

Figure 5.27.  Number of occurrences of consecutive hours of snowfall at Cypress Bowl 

South during SNOW-V10.  Snow was inferred using the POSS and FD12P sensors. 
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5.5 Air Temperature, Precipitation, and Wind Comparisons 

 Surface winds were generally light at all locations.  At WWA, winds were 

typically easterly and averaged ≤ 2 m/s (Figure 5.28).  Winds are presented using the u- 

and v-coordinate system, where positive u-wind measurements are westerly, negative u-

wind measurements are easterly, positive v-wind measurements are southerly, and 

negative v-wind measurements are northerly.  The vast majority of these winds had a u-

component between -4 m/s and 1 m/s and a v-component between -2 m/s and 2 m/s.  At 

VOG, the average surface wind was easterly at approximately 1 m/s (Figure 5.29) and the 

substantial majority of the winds had a u-component between -2.5 m/s and 1 m/s and a v-

component of -2.5 m/s to 2.5 m/s.  At VOE, the average surface wind was approximately 

1 m/s from the southeast (Figure 5.30) and the vast majority of the winds had a u-

component between -2 m/s and 1.5 m/s and a v-component of -2 m/s to 4 m/s.  For all 

three stations, there was a very slight weakening of the monthly average winds from 

January to April. 

 

Figure 5.28.  Surface wind vectors at West Vancouver including monthly and SNOW-

V10 averages. 
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Figure 5.29.  Surface wind vectors at Cypress Bowl South including monthly and 

SNOW-V10 averages. 

 

 

Figure 5.30.  Surface wind vectors at Cypress Bowl North including monthly and 

SNOW-V10 averages. 
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 There was a greater range in wind speeds during precipitation at VOE than at 

WWA.  U-wind speeds ranged from nearly -7 m/s to approximately 2.5 m/s and v-wind 

speeds were from nearly -3.5 m/s to over 2 m/s at WWA during precipitation.  At VOE, 

u-winds of between -6 m/s to nearly 2 m/s and v-winds from -6 m/s to 13 m/s were 

recorded during precipitation.  Precipitation amounts at WWA were the highest during 

periods with easterly winds of approximately 3 m/s and northerly winds of approximately 

1 m/s (Figures 5.31 and 5.32).  These winds were not upslope with respect to the south 

face of Cypress Mountain.  At VOE, however, precipitation amounts increased with 

easterly winds of between 1 m/s and 2 m/s and southerly winds of approximately 1 m/s to 

3 m/s (Figures 5.33 and 5.34).  The greatest precipitation amounts occurred with 

southerly winds of approximately 4 m/s.  The wind direction of maximum precipitation at 

VOE was generally upslope incident to the south face of the mountain, although with a 

small easterly component of approximately 1 m/s. 

 

Figure 5.31.  15-min precipitation amounts and u-wind vectors at West Vancouver. 
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Figure 5.32.  15-min precipitation amounts and v-wind vectors at West Vancouver. 

 

 

Figure 5.33.  15-min precipitation amounts and u-wind vectors at Cypress Bowl North. 
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Figure 5.34.  15-min precipitation amounts and v-wind vectors at Cypress Bowl North. 

 

There was a wide range in temperatures and relative humidity values with respect 

to the occurrence of different precipitation types on Cypress Mountain.  Using the POSS 

sensor, snow at VOG occurred when temperatures were as warm as 2°C, whereas rainfall 

was inferred while temperatures were as cold as -1.1°C (Figure 5.35).  The FD12P 

instrument inferred rain at temperatures as cold as -0.8°C (Figure 5.36).  The FD12P 

instrument inferred very different values, however, with respect to frozen precipitation.  

Snowfall (as well as ice pellets, snow grains/pellets) was inferred on many occasions with 

temperatures warmer than 5°C. 



86 
 

 

Figure 5.35.  Cypress Bowl South temperatures and precipitation types (inferred with the 

POSS sensor) during SNOW-V10.  Snow is shown with a precipitation type of 4, rain is 

displayed as a precipitation type of 3, drizzle is given by a precipitation type of 2, and 1 

indicates unknown precipitation. 

 

 

Figure 5.36.  Cypress Bowl South temperatures and precipitation types (inferred with the 

FD12P sensor) during SNOW-V10.  Freezing rain is given as 10, freezing drizzle is 

shown as 9, ice pellets are indicated as 8, snow grains/pellets are displayed as 7, snow is 

shown with a precipitation type of 4, rain is displayed as a precipitation type of 3, drizzle 

is indicated as 2, and unknown precipitation is shown as 1. 



87 
 

A smaller range in temperatures and relative humidity values was present at VOE 

compared to WWA for the occurrence of all precipitation types.  Temperatures for VOE 

were between -0.7°C and 7.6°C during periods of rain inferred by the FD12P sensor at 

VOG (Figure 5.37), and the range in relative humidity values at VOE was between 54% 

and 99%.  Using the POSS sensor (Figure 5.38), the temperature range at VOE was 

between -1.8°C and 9.1°C, with an identical range in relative humidity values as with the 

FD12P instrument.  VOE was the station with temperature and relative humidity data 

which was closest to VOG and had the smallest elevation difference (< 70 m).  The low 

relative humidity values present during some periods of rain were likely the initial values 

at precipitation onset prior to atmospheric moistening. 

 

Figure 5.37.  Cypress Bowl North temperatures and relative humidity values during 

periods of rain inferred with the FD12P sensor at Cypress Bowl South. 
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Figure 5.38.  Cypress Bowl North temperatures and relative humidity values during 

periods of rain inferred with the POSS sensor at Cypress Bowl South. 

 

 Snowfall occurred at VOG under different temperature and relative humidity 

ranges with respect to the detection instrument utilized.  Temperatures at VOE ranged 

from -4.6°C to 4.9°C during periods of snow inferred at VOG by the FD12P sensor 

(Figure 5.39), and were between -6.3°C and 1.3°C while snowfall at Cypress Bowl South 

was inferred by the POSS instrument (Figure 5.40).  During snowfall at VOG, relative 

humidity values were between 56% and 100% (FD12P) and 71% and 100% (POSS) at 

VOE. 

 One aspect of these data which is important is that often, WWA relative humidity 

values were subsaturated, frequently below 80%, during periods of precipitation at VOG.  

Figure 5.41 compares VOG and WWA precipitation type to temperature and relative 

humidity values at different elevations.  During some periods of rain at WWA, as well, 

subsaturation occurred, although that likely describes the period of precipitation onset 
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with subsequent moistening thereafter.  An additional important aspect of the data is the 

comparison between the FD12P instrument and the POSS sensor.  During some instances 

of frozen precipitation at VOG as inferred by the FD12P, temperatures at VWB and VOE 

were ≥ 4°C.  This may have indicated faulty precipitation typing, but may be accurate, 

given that precipitation onset may have occurred at those temperatures with the 

atmosphere cooling consequently. 

 

Figure 5.39.  Cypress Bowl North temperatures and relative humidity values during 

periods of snow inferred with the FD12P sensor at Cypress Bowl South. 
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Figure 5.40.  Cypress Bowl North temperatures and relative humidity values during 

periods of snow inferred with the POSS sensor at Cypress Bowl South. 

 

Liquid precipitation was inferred at temperatures below freezing and frozen 

precipitation occurred during conditions with temperatures above freezing on Cypress 

Mountain during SNOW-V10.  VOE temperatures during periods of rain at VOG were as 

low as -0.7°C (FD12P) and -1.8°C (POSS), with relative humidity values at VOE as low 

as approximately 53% and as high as 99% (FD12P and POSS).  For snowfall, 

temperatures at VOE were as high as 4.9°C (FD12P) and 1.3°C (POSS), with relative 

humidity values of approximately 97% during the detection of snow at 4.9°C (FD12P) 

and approximately 90% with the measurement of 1.3°C (POSS).  There was one instance 

of snow inferred by the FD12P when the VOE temperature was approximately 2.5°C.  

Otherwise, the lowest relative humidity value during snowfall was approximately 70% 

(FD12P and POSS).  Temperatures at VOE were even higher, approximately 5.5°C, 

during the inference of snow pellets/grains or ice pellets (FD12P), with relative humidity 
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values reaching 97%.  (The presence of snowfall inferred by the FD12P at 4.9°C, as well 

as snow pellets/grains or ice pellets at 5.5°C, seems difficult to accept.  However, this and 

other inferences by the instrument should not be discarded outright.  There was a 

substantial agreement between the FD12P and the POSS for many instances of 

precipitation.)  These temperature and relative humidity data for occurrences of different 

precipitation types indicate that freezing rain, as well as mixed-phase precipitation, was 

likely present. 

There was a substantial difference in the total duration of rainfall inferred at VOG 

at sub-freezing temperatures depending on the instrument used.  From January to March, 

there was a total of 8 h of rain when temperatures were < 0°C, with a minimum 

temperature during rainfall of < -1°C using the POSS sensor.  However, for the FD12P 

instrument, only 15 min of rainfall was inferred at sub-freezing temperatures during this 

period.  For the entire field campaign, at VOG, the POSS and FD12P sensors inferred 15 

h 45 min and 1 h 30 min of rain, respectively, when VOE temperatures were < -0.4°C, 

with a maximum duration of 1 h 45 min (POSS) and 30 min (FD12P) given these 

conditions.  The -0.4°C temperature was used to take into account of the temperature 

difference between VOG and VOE, which are 68 m apart in elevation.  Given the average 

lapse rate and atmospheric conditions for the region, this temperature was used to cover 

SNOW-10 in its entirety.  The use of -0.4°C is not necessarily ideal, since Cypress 

Mountain is bowl-shaped and may be frequently subjected to nocturnal temperature 

inversions as a result. 
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Figure 5.41.  Temperature and relative humidity comparisons at Cypress Snowboard 

(VWB), Cypress Bowl North (VOE), and West Vancouver (WWA) for specific 

precipitation types during SNOW-V10.  Cypress Bowl South rain (FD12P, top left), 

Cypress Bowl South rain (POSS, top right), Cypress Bowl South snow (FD12P, middle 

left), Cypress Bowl South snow (POSS, middle right), Cypress Bowl South snow 

grains/pellets and ice pellets (FD12P, bottom left), and West Vancouver rain (POSS, 

bottom right). 

 

5.6 GEM-LAM 1.0-km Model Performance 

Temperature simulations at WWA using the GEM-LAM 1.0-km high-resolution 

model were largely within ± 3°C of the actual value, but showed an average cold bias of 
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approximately 2°C (Figure 5.42).  This cold bias may have been the cause of simulations 

of relative humidity values being biased toward higher relative humidity values (Figure 

5.43).  Relative humidity values at WWA were also largely poorly simulated, particularly 

at lower values, with up to a 40% difference from actual measurements. 

 

Figure 5.42.  Comparison between measured and modeled temperatures at West 

Vancouver during SNOW-V10 for the 11 UTC (top) and 20 UTC (bottom) runs. 
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Figure 5.43.  Comparison between measured and modeled relative humidity values at 

West Vancouver during SNOW-V10 for the 11 UTC (top) and 20 UTC (bottom) runs. 

 

 The model showed a poor ability to forecast hourly precipitation amounts at 

WWA, as well (Figure 5.44).  The 20 UTC run showed improvement over the 11 UTC 

run.  The model tended to under-forecast precipitation amounts and was generally 

inaccurate in predicting precipitation onset. 
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Figure 5.44.  Comparison between measured and modeled hourly precipitation amounts 

at West Vancouver during SNOW-V10 for the 11 UTC (top) and 20 UTC (bottom) runs. 

 

At WWA, the model had difficulty in forecasting wind speeds (Figures 5.45 and 

5.46), although the average showed little bias.  The model simulated u-wind speeds 

largely within ± 2 m/s, but there were many forecasts outside this margin.  V-wind speeds 

at WWA were under-forecast on both positive and negative sides, meaning the model 

underestimated both the northerly component when winds had a northerly orientation and 

the southerly component when winds had a southerly direction. 
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At VOE, the model generally performed well in simulating temperature forecasts 

for both 11 UTC and 20 UTC runs (Figure 5.47).  The bias was minimal.  However, there 

was a margin of ± 2°C for most forecasts.  The lack of a temperature bias at VOE also 

explained the lack of a bias with respect to modeled relative humidity values (Figure 

5.48).  Relative humidity values, however, were not very well forecast, with up to a 20% 

departure from actual values. 

 

Figure 5.45.  Comparison between measured and modeled u-component wind speeds at 

West Vancouver during SNOW-V10 for the 11 UTC (top) and 20 UTC (bottom) runs. 
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Figure 5.46.  Comparison between measured and modeled v-component wind speeds at 

West Vancouver during SNOW-V10 for the 11 UTC (top) and 20 UTC (bottom) runs. 

 

 There was a general low bias in terms of model simulations of hourly 

precipitation amounts at VOE (Figure 5.49).  The model also had difficulty in forecasting 

precipitation onset.  However, the 20 UTC run was an improvement compared to the 11 

UTC run. 
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Figure 5.47.  Comparison between measured and modeled temperatures at Cypress Bowl 

North during SNOW-V10 for the 11 UTC (top) and 20 UTC (bottom) runs. 

 



99 
 

 

Figure 5.48.  Comparison between measured and modeled relative humidity values at 

Cypress Bowl North during SNOW-V10 for the 11 UTC (top) and 20 UTC (bottom) 

runs. 

 

At VOE, the model had difficulty in forecasting u-wind speeds (Figure 5.50).  The 

forecasts were generally within ± 2.5 m/s of the actual value.  However, the actual values 

were typically light (between -2 m/s and 1 m/s), whereas forecast values ranged between 

-4 m/s and 2 m/s, nearly double the actual values.  There was a general lack of directional 

bias, however. 
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Figure 5.49.  Comparison between measured and modeled hourly precipitation amounts 

at Cypress Bowl North during SNOW-V10 for the 11 UTC (top) and 20 UTC (bottom) 

runs. 
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Figure 5.50.  Comparison between measured and modeled u-component wind speeds at 

Cypress Bowl North during SNOW-V10 for the 11 UTC (top) and 20 UTC (bottom) 

runs. 

 

 The model had difficulty in simulating v-wind speeds at VOE, as well (Figure 

5.51).  There was a margin of error of approximately ± 2.5 m/s.  The model did not 

generally have a directional bias.  However, the model tended to under-predict the 

magnitude of both southerly and northerly winds by up to a factor of 2. 
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Figure 5.51.  Comparison between measured and modeled v-component wind speeds at 

Cypress Bowl North during SNOW-V10 for the 11 UTC (top) and 20 UTC (bottom) 

runs. 

 

5.7 SNOW-V10 Climate Summary 

The SNOW-V10 field campaign occurred during a period of anomalously warm 

conditions.  VOE received substantially more precipitation (1523 mm) than WWA (798 

mm).  The amount and the temporal distribution of precipitation at WWA were near-

average.  At VOE, precipitation amounts measured were substantially higher than the 
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long-term average at Hollyburn Ridge, particularly during the months of January and 

April.  VOG experienced a significantly greater frequency and duration of precipitation 

than WWA.  However, in terms of the phase of precipitation, there was a definitive shift 

away from snow towards rain.  There were even indications of the presence of freezing 

rain. 

The prevailing surface winds over Cypress Mountain were easterly, although with 

increasing elevation, the winds shifted to southeasterly.  These winds were generally light 

(≤ 2 m/s, with many instances with winds between 3 m/s and 5 m/s).  There were some 

correlations between surface temperatures and precipitation amounts as well as with wind 

speed and direction.  Surface temperatures at WWA were higher with greater southerly 

circulation.  The greatest precipitation amounts occurred when winds were east-

northeasterly and south-southeasterly over WWA and VOE, respectively, and during 

periods when the winds were generally stronger than the monthly average. 

The GEM-LAM 1.0-km high-resolution model often performed well in 

forecasting temperatures at VOE and lighter winds (i.e. ≤ 2 m/s) at both WWA and VOE.  

However, the model showed biases in terms of colder temperatures and higher relative 

humidity values at WWA, and under-forecast precipitation amounts at WWA and VOE 

likely, in part, as a result of inaccuracies with respect to precipitation onset. 
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CHAPTER 6: CASE STUDIES 

6.1 Overview of Case Studies 

 As described in previous chapters, the Cypress Mountain area experienced below-

average snowfall amounts during the period within which the SNOW-V10 field 

campaign occurred.  Several instances of snowfall occurred on Cypress Mountain, 

however, and two case studies will be examined in Chapter 6 (Table 6.1).  These case 

studies include 8 days for which measurable precipitation occurred out of the 80 total 

days (10%) at WWA and 84 total days (9%) at VOE during SNOW-V10.  The case 

studies also include 125 mm out of the 798 mm of total precipitation (16%) at WWA and 

220 mm out of the 1523 mm of total precipitation (14%) at VOE during SNOW-V10.  

Specific criteria were used to determine which precipitation events would be assessed: 

 The occurrence of snow and other frozen precipitation for ≥ 3 h. 

 Variations in precipitation amounts between each case. 

 Small and large variations in precipitation amounts between WWA and VOE. 

 

The two case studies do not include the period from January 11-15, during which 

the heaviest precipitation occurred at Cypress Mountain; 174 mm and 317 mm of 

precipitation occurred at WWA and VOE, respectively.  Some of the instrumentation for 

the SNOW-V10 field campaign, principally the MRR, was not operational during the 

period, so these days were excluded from the case studies.  (The MRR began operations 

on January 18, but was monitoring continuously beginning on January 28.)  The two days 

with the most substantial precipitation accumulations were January 11 and 15, for which 

58 mm and 70 mm of precipitation fell at WWA, respectively.  The effects of topography 
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over Cypress Mountain were clear in the differences in precipitation between WWA and 

VOE; 103 mm (January 11) and 125 mm (January 15) of precipitation occurred over 

VOE.  These occurred within an 11-day period, from January 8 to 18, when 237 mm and 

426 mm of precipitation were measured at WWA and VOE, respectively.  These 11-day 

precipitation accumulations greatly exceeded the long-term average monthly precipitation 

amounts for January at WWA and at Hollyburn Ridge (the station on Cypress Mountain 

most representative of VOE with long-term meteorological records). 

 

Table 6.1.  Precipitation data for case studies.  Duration data are rounded to the nearest 

hour.  Maximum uninterrupted duration means the longest period of continuous frozen 

precipitation.  Total duration means cumulative length of time of frozen precipitation. 

Case Study 

VOG Maximum 

Uninterrupted 

Duration of Frozen 

Precipitation 

(POSS / FD12P h) 

VOG Total 

Duration of 

Frozen 

Precipitation 

(POSS / FD12P h) 

WWA Total 

Precipitation 

Amount 

(mm) 

VOE Total 

Precipitation 

Amount 

(mm) 

March 

10-15 
6 / 15 30 / 87 89 123 

April 

2-3 
3 / 22 12 / 38 36 98 

 

However, 3 of the 12 highest daily precipitation measurements at VOE from 

January to April, 2010, are included within the case studies in Chapter 6.  The two cases 

also include 42 h of the total of 107 h of snow (inferred by the POSS) and 104 h out of 

the total 328 h of snow (inferred by the FD12P) at VOG during SNOW-V10. 

The two cases featured variations in precipitation amounts at Cypress Mountain.  

For the first case, March 10-15, moderate precipitation amounts occurred, with 123 mm 

falling at VOE over 6 days, including 40 mm at VOE on March 11.  The last case, April 
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2-3, featured heavier precipitation amounts, with 98 mm occurring at VOE over the 2-day 

period. 

March 10-15 was also selected on the basis of exhibiting generally uniform 

precipitation patterns between WWA and VOE, meaning the difference in precipitation 

measurements between the two stations was generally small.  From March 10-15, 44 mm 

greater precipitation was measured at VOE than at WWA, an average daily difference of 

< 10 mm.  The only day within this period when there an outlying difference in terms of 

precipitation amounts between the two stations was March 13, when VOE had 21 mm 

greater precipitation than WWA. 

Conversely, April 2-3 was selected on the basis of having substantial differences 

in precipitation accumulations from the base of Cypress Mountain at WWA to nearer the 

summit of Cypress Mountain at VOE.  For April 2-3, VOE received 62 mm greater 

precipitation than WWA.  This case also showed upward particle Doppler velocities of 

precipitation for ≥ 3 h per day, as detected by the MRR.  Upward particle Doppler 

velocities of precipitation were detected for ≤ 1 h per day and were generally small when 

present for March 10-15. 

 Thorough examinations of the March 10-15 and April 2-3 cases will be 

performed.  Numerous types of data will be presented.  Satellite imagery, surface 

analyses, and reanalyses data will provide a large-scale picture of what occurred.  

Operational radar imagery, both conventional and Doppler, including CAPPI, PPI, and 

cross-sections of both reflectivity and radial velocity will be utilized to show the intensity 

and nature of precipitation, as well as a visualization of the presence or absence of 

blocking, during these case studies.  MRR data will provide a visualization of 
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precipitation intensity, as well as the vertical Doppler velocity of particles, to identify 

both the melting level and the presence of upward motion over WWA.  Instrumental data 

from stations on Cypress Mountain will be used to quantify, as well as to show 

correlations between precipitation and other variables, such as temperature, relative 

humidity, wind, ceiling, and visibility.  Finally, an assessment of the performance of the 

GEM-LAM 1.0-km model at WWA and VOE will be included. 

Additionally, the presence of blocked or unblocked flows will be specified for 

each case, as well as the SNOW-V10 period as a whole.  Using the Froude Number 

equation in conjunction with the Quillayute, WA, rawinsonde data, rough estimates of the 

presence of blocked or unblocked flow over Cypress Mountain can be made.  Quillayute 

is approximately 190 km southwest of Cypress Mountain, however, and no rain-shadow 

effect is present.  This differs from over the BC Lower Mainland, which experiences rain-

shadowing from the Olympic Mountains and Vancouver Island (Figure 6.1). 
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Figure 6.1.  Location of Quillayute, WA, in relation to the BC Lower Mainland (Google 

Earth, 2014). 

 

The Froude Number technique was employed by Fargey et al. (2014) in their 

study of Baffin Island convective systems.  However, the inverse Froude Number (M) 

described by Colle et al. (2013) was easier to use with the rawinsonde data from 

Quillayute.  These inverse Froude Number values will be compared to precipitation 

amounts to show whether blocking, if present during SNOW-V10, had an effect on 

precipitation accumulation over Cypress Mountain.  The calculation of M demonstrates 

whether any impediments were in place which could prevent airflows from crossing 

topographic barriers.  An M value approaching 1 or greater indicates blocking, whereas 

an M value approaching 0 indicates an unblocked environment.  The inverse Froude 

Number equation is given below: 
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     𝑀 = 𝑁𝑚ℎ𝑚/𝑈    (5) 

where Nm is moist static stability during nearly saturated conditions, hm is height of the 

terrain, and U is upstream flow velocity (Colle et al., 2013).  Since the moist static 

stability value is not known, it must be determined using the following equation:   

   𝑁𝑚
2 =  

𝑔

𝑇
(

𝑑𝑇

𝑑𝑧
+ 𝛤𝑚) (1 +

𝐿𝑟𝑣

𝑅𝑇
) −

𝑔

1+𝑟𝑤

𝑑𝑟𝑤

𝑑𝑧
   (6) 

where g is gravity, T is temperature, z is height, Γm is the moist adiabatic lapse rate, L is 

the latent heat of evaporation, R is the ideal gas law constant for dry air, rv is the mixing 

ratio of water vapour, rw is the total water mixing ratio, which is equal to rv + rc where rc 

is the mixing ratio of cloud water (Colle et al., 2013).  rc values are not measured with 

rawinsondes and, therefore, this variable was not included in the analyses.  Also, dz will 

be given as the nearest elevation to 1500 m available within each rawinsonde dataset. 

     𝑟𝑤 = 𝑟𝑠 + 𝑟𝑐     (7) 

𝑟𝑠 ≅
𝑟

𝑅𝐻
      (8) 

 

6.2 March 10-15, 2010 

 The period during SNOW-V10 when the greatest duration of snowfall occurred at 

Cypress Mountain was between March 10 and 15, 2010.  This period also had one of the 

most clearly-defined transition zones between rain and snow.  Two significant low 

pressure systems were stationed over the North Pacific, which advected substantial 

moisture toward the British Columbia coast via a generally southwesterly flow.  

Temperatures were frequently < 0°C at VOG and VOE, in particular during precipitation.  

Consequently, frozen precipitation, especially snow, occurred more frequently than rain 

at these locations.  Temperatures at WWA, however, rarely reached ≤ 0°C, primarily due 
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to its lower elevation, and when they did, no precipitation was occurring.  From March 

10-15, 89 mm and 123 mm of precipitation accumulated at WWA and VOE, respectively. 

At VOG, a maximum duration of 5.5 h (using the POSS) and 14.75 h (using the 

FD12P) of uninterrupted frozen precipitation was inferred during the March 10-15 

period.  A total duration of 30.25 h (POSS) and 87.25 h (FD12P) of frozen precipitation 

was inferred at VOG during the period. 

 

6.2.1 Macroscale Satellite Data and Circulation 

 A North Pacific low pressure system was present on March 10 (Figures 6.2 and 

6.3) and was particularly visible between 12 UTC and 18 UTC, a period of 

intensification, with a defined comma cloud pattern.  The cyclone rapidly advected thick 

clouds and substantial moisture toward the Cypress Mountain area.  The streams of 

clouds and moisture originated at around 40°N latitude and arched northeastward after 

becoming fully entrained in the low pressure circulation between 140°W and 150°W 

longitude.  Cloud top temperatures from -50°C to -55°C were detected by the satellite. 

Enhanced infrared and water vapour imagery for March 11 illustrated the 

presence of a strong low-pressure system over the northeast Pacific Ocean.  Cloud tops 

between 00 UTC and 06 UTC reached ≤ -50°C over the Cypress Mountain region, and 

there was a continuous advection of warmer (cloud tops were approximately -30°C), low-

level clouds from over the Pacific Ocean towards the region.  These cloud tops, however, 

became colder (as cold as -45°C) as the system approached the coast, indicating the 

clouds increased in thickness and moisture content. 
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The mid-level circulation was generally out of the west-southwest (Figure 6.4).  

There was also a large section of the west coast between near Kitimat, BC, and the 

Oregon-California border which was an area of mid-level divergence on March 10. 

 

Figure 6.2.  Enhanced infrared satellite imagery for March 10, 2010, at 00 UTC (left) and 

March 11, 2010, at 00 UTC (right). 

 

 

Figure 6.3.  Enhanced water vapour imagery for March 10, 2010, at 00 UTC (left) and 

March 11, 2010, at 00 UTC (right). 
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Figure 6.4.  500 mb geopotential heights (in m) for March 10 (left) and March 11 (right), 

2010 (Earth System Research Laboratory, 2012, from the 2.5° resolution NCEP/NCAR 

reanalysis project by Kalnay et al., 1996). 

 

The satellite imagery from March 12 (Figures 6.5 and 6.6) indicated a 

continuation of the circulation pattern exhibited on March 11.  There was a small change 

in the orientation of the advection of clouds and substantial moisture from the southwest 

to south-southwest.  Cloud top temperatures were similar to those for March 11, as well.   

On March 13 between 00 UTC and 06 UTC, satellite imagery showed the 

presence of thick clouds with cloud top temperatures of approximately -40°C in the 

Cypress Mountain area.  This was followed by clearing after 06 UTC and before 18 UTC, 

which can also be seen on the enhanced water vapour imagery.  The general direction of 

circulation at mid-levels was westerly on March 13.  Both sets of satellite images showed 

the movement of a large and thick cloud system with cloud top temperatures as cold as -

60°C toward the BC Lower Mainland.  This system was part of the large Pacific low 

pressure system that formed on March 12 over the Aleutian Islands.  This system reached 
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the Cypress Mountain area after 18 UTC, with a general circulation direction from the 

southwest near the coast. 

 

Figure 6.5.  Enhanced infrared satellite imagery for March 12, 2010, at 00 UTC (left) and 

March 13, 2010, at 00 UTC (right). 

 

 

Figure 6.6.  Enhanced water vapour imagery for March 12, 2010, at 00 UTC (left) and 

March 13, 2010, at 00 UTC (right). 
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The change in the mean mid-level circulation from March 11 to 12 mirrored the 

alteration in the direction of cloud and moisture advection over the Cypress Mountain 

region, with a slight increase in the southerly component of the flow (Figure 6.7). 

 

Figure 6.7.  500 mb geopotential heights (in m) for March 12 (left) and March 13 (right), 

2010 (Earth System Research Laboratory, 2012, from the 2.5° resolution NCEP/NCAR 

reanalysis project by Kalnay et al., 1996). 

 

 The large Pacific system which approached the coast on March 13 made landfall 

on March 14 (Figure 6.8 and 6.9).  However, the cloud top temperatures moderated from 

a peak of approximately -60°C to between -45°C and -55°C.  There was substantial 

moisture present within the system, and the system intensified upon making landfall as it 

moved from the southwest, which was also the general direction of mid-level circulation 

on March 14. 

 The system that affected the Cypress Mountain area beginning on March 13 

moved away from the region between 12 UTC and 18 UTC on March 15.  As was the 

case on March 14, the mid-level flow was from the southwest (Figure 6.10).  Another 

cloud system originating southwest of Cypress Mountain was to make landfall after 
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March 15.  However, by this point, temperatures warmed in the Cypress Mountain area to 

well above the freezing point. 

 

Figure 6.8.  Enhanced infrared satellite imagery for March 14, 2010, at 00 UTC (left) and 

March 15, 2010, at 00 UTC (right). 

 

 

Figure 6.9.  Enhanced water vapour imagery for March 14, 2010, at 00 UTC (left) and 

March 15, 2010, at 00 UTC (right). 
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Figure 6.10.  500 mb geopotential heights (in m) for March 14 (left) and March 15 

(right), 2010 (Earth System Research Laboratory, 2012, from the 2.5° resolution 

NCEP/NCAR reanalysis project by Kalnay et al., 1996). 

 

6.2.2 Sea Surface Temperatures and Regional Surface Air Temperatures 

 Mean SSTs within 200 km of southern Vancouver Island between March 7 and 15 

were between 6°C and 8°C (Figure 6.11).  SSTs increased by approximately 1°C/250 km 

following a general upstream direction for the period (i.e. southwest) from Vancouver 

Island. 

 Mean surface air temperatures in the Cypress Mountain area during the period of 

March 10-15 were largely within 2°C of 0°C (Figure 6.12).  The only day which was > 

1°C was March 15, with temperatures of between 2°C and 3°C over the area.  Upstream 

of Cypress Mountain (i.e. southwest), surface temperatures were generally between 5°C 

and 8°C over the Pacific up to 500 km from the coast.  Temperatures up to 500 km 

downstream (i.e. northeast) of the Cypress Mountain area were as cold as -10°C (as was 

the case on March 9), but generally, temperatures in the interior were between -2°C and -

6°C during the period.  During the period, these sub-freezing temperatures played a role 

in producing conditions for which snow and other forms of frozen precipitation 

development due to some surface winds having originated from over the interior. 
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Figure 6.11.  Mean sea surface temperatures (in Kelvin) for March 7-15, 2010 (Earth 

System Research Laboratory, 2012, from the 2.5° resolution NCEP/NCAR reanalysis 

project by Kalnay et al., 1996). 
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Figure 6.12.  Mean surface air temperatures (in Kelvin) for March 10 (top left), March 11 

(top right), March 12 (middle left), March 13 (middle right), March 14 (bottom left), and 

March 15 (bottom right), 2010 (Earth System Research Laboratory, 2012, from the 2.5° 

resolution NCEP/NCAR reanalysis project by Kalnay et al., 1996). 

 

  



119 
 

6.2.3 Water Vapour 

 The presence of moisture in the Cypress Mountain area was inconsistent over the 

March 10-15 period.  Figure 6.13 shows the distribution of columnar precipitable water 

over the region.  The range of values over the area was between 7 km/m
2
 (March 10) and 

12 kg/m
2
 and 13.5 kg/m

2
 (March 15).  These values are, in part, temperature dependent, 

due to the higher moisture capacity of air with warmer temperatures (March 15 was 

warmer than March 10), but the difference in values was also due to the atmospheric 

circulation on the two days.  March 10 featured a much more prominent westerly flow, 

whereas the circulation pattern on March 15 was generally south-southwesterly.  

Generally, days with more southwesterly circulations (March 11, 12, 14, and 15) 

experienced more incursions of moisture-laden air towards the Cypress Mountain area. 

 A similar humidity pattern was prevalent over the Cypress Mountain area for 

1000 mb specific humidity, seen in Figure 6.14, as was for columnar precipitable water.  

Specific humidity values were as low as 4.25 g/kg (March 10), and as high as 6 g/kg 

(March 15).  March 11, 12, 14, and 15 were the days for which specific humidity values 

were generally high during this case, which were also days during which southwesterly 

flows were occurring.  These circulations were tapping into the increased moisture 

located over the Pacific Ocean south of 40°N latitude. 
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Figure 6.13.  Columnar precipitable water (in kg/m
2
) for March 10 (top left), March 11 

(top right), March 12 (middle left), March 13 (middle right), March 14 (bottom left), and 

March 15 (bottom right), 2010 (Earth System Research Laboratory, 2012, from the 2.5° 

resolution NCEP/NCAR reanalysis project by Kalnay et al., 1996). 
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Figure 6.14.  1000 mb specific humidity (in kg/kg) for March 10 (top left), March 11 (top 

right), March 12 (middle left), March 13 (middle right), March 14 (bottom left), and 

March 15 (bottom right), 2010 (Earth System Research Laboratory, 2012, from the 2.5° 

resolution NCEP/NCAR reanalysis project by Kalnay et al., 1996). 

 

 Surface relative humidity values (Figure 6.15) did not follow a similar pattern of 

daily mean values for March 10-15 as that of columnar precipitable water and specific 

humidity values.  This is largely due to relative humidity being a poor measure of actual 
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moisture content in the atmosphere, since it measures solely the percentage of saturation.  

Mean daily surface relative humidity values over the Cypress Mountain area varied from 

approximately 87% (March 14) to approximately 98% (March 15).  Relative humidity 

values also did not follow the same pattern with respect to southwesterly flows as did 

columnar precipitable water and specific humidity, in that sectors of incoming moist air 

did not have uniformly high relative humidity values.  For example, on March 15, there 

was an interruption in ≥ 90% relative humidity values of between 300 km and 400 km 

over the Pacific west of segments of the Washington and Oregon coast where relative 

humidity values decreased to ≤ 87%.  Despite this, relative humidity remains useful in 

showing the level of saturation over the Cypress Mountain area. 
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Figure 6.15.  Surface relative humidity (in %) for March 10 (top left), March 11 (top 

right), March 12 (middle left), March 13 (middle right), March 14 (bottom left), and 

March 15 (bottom right), 2010 (Earth System Research Laboratory, 2012, from the 2.5° 

resolution NCEP/NCAR reanalysis project by Kalnay et al., 1996). 

 

6.2.4 Synoptic Scale Circulation and Stability 

 The frontal boundaries propagating outward from the cyclone and its associated 

pressure gradients on March 10 and March 11 affected the Cypress Mountain area by 
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changing the overarching wind direction from southwesterly to southerly, advecting 

moist, warmer air from along the coast of California (Figure 6.16).  As the cyclone 

weakened on March 10, a trough remained and slowly moved over the coastline, bringing 

some cloud cover and precipitation.  More importantly, however, a new low pressure 

system developed over the Pacific Ocean at approximately 50°N and 175°W, and 

intensified from approximately 994 mb at 00 UTC to approximately 960 mb at 18 UTC 

as it rapidly neared the BC coastline towards the east-northeast.  The strong low pressure 

system which appeared on March 10 continued moving towards the BC coast on March 

11 and slowed before making landfall at approximately 56°N after 18 UTC.  The cyclone 

weakened from approximately 960 mb at 00 UTC to 968 mb at 18 UTC.  The pressure 

gradients from the low produced strong, southerly winds of > 25 m/s over the ocean 

immediately adjacent the low and southerly winds of approximately 5-10 m/s over the 

Cypress Mountain area.  The warm and cold fronts which passed over the Cypress 

Mountain area also brought thick clouds and moderate precipitation during much of the 

day. 

 

Figure 6.16.  Surface analyses for March 10, 2010, at 00 UTC (left) and March 11, 2010, 

at 00 UTC (right). 
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 Surface wind speeds over the Cypress Mountain area on March 10 were 4-5 m/s 

from the southwest (Figure 6.17).  A stronger, mean southerly flow of 8-9 m/s was 

incident over the Cypress Mountain area on March 11.  At 850 mb (Figure 6.18), winds 

were 5-6 m/s on March 10.  At 850 mb, winds were southwesterly on both March 11 at 

mean wind speeds of 13-15 m/s.  On March 11, consistent moist, onshore, upslope flows 

were exhibited over Cypress Mountain. 

 

Figure 6.17.  Surface vector winds (in m/s) for March 10 (left) and March 11 (right), 

2010 (Earth System Research Laboratory, 2012, from the 2.5° resolution NCEP/NCAR 

reanalysis project by Kalnay et al., 1996). 

 

 

Figure 6.18.  850 mb vector winds (in m/s) for March 10 (left) and March 11 (right), 

2010 (Earth System Research Laboratory, 2012, from the 2.5° resolution NCEP/NCAR 

reanalysis project by Kalnay et al., 1996). 
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 The low pressure system which strongly affected the meteorological conditions 

over the Cypress Mountain area on March 11 rapidly weakened from 968 mb at 18 UTC 

on March 11 to 984 mb by 06 UTC on March 12 and moved northwards (Figure 6.19).  

In its place, another low pressure system appeared from the southwest, moving towards 

Cypress Mountain from 06 UTC to 18 UTC, although this cyclone had a much weaker 

central pressure of approximately 994 mb.  As the low and associated warm front moved 

over the Cypress Mountain area between 06 UTC and 12 UTC, clouds and precipitation 

were produced, and winds were generally southerly at 5-10 m/s.  At 12 UTC, another 

Pacific low pressure system had developed over approximately 48°N, 175°W and 

strengthened to approximately 965 mb by 18 UTC, moving towards the east-northeast. 

 

Figure 6.19.  Surface analyses for March 12, 2010, at 00 UTC (left) and March 13, 2010, 

at 00 UTC (right). 

 

  The circulation weakened to approximately 3 m/s by March 12 (Figure 6.20).  At 

850 mb, winds were southwesterly on March 12 (Figure 6.21).  Mean wind speeds on 

March 12 weakened to approximately 6 m/s.  On March 12, consistent moist, onshore, 

upslope flows were also present over Cypress Mountain.  Surface wind speeds on March 

13 were 6-7 m/s from the south-southwest, whereas 850-mb winds were southwesterly at 

approximately 7 m/s. 
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 The weak low pressure system present over Vancouver Island on March 12 began 

to weaken and eventually disappeared by 12 UTC on March 13.  Clouds and precipitation 

occurred for much of the day, albeit not continuously, and there was a general southerly 

direction in the surface winds, which were light (2-5 m/s) over the Cypress Mountain 

area.  The intense low pressure system which developed later in the day on March 12 

continued to slowly move towards the east and increased its affected area to include 

nearly the entire Northeast Pacific Ocean.  Pressure gradients were sharp, producing wind 

speeds of up to 15 m/s.  Associated frontal boundaries and occlusions extended hundreds 

of kilometres from the centre of the low and moved quickly towards the BC coast.  The 

low deepened to approximately 960 mb by 12 UTC. 

 

Figure 6.20.  Surface vector winds (in m/s) for March 12 (left) and March 13 (right), 

2010 (Earth System Research Laboratory, 2012, from the 2.5° resolution NCEP/NCAR 

reanalysis project by Kalnay et al., 1996). 
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Figure 6.21.  850 mb vector winds (in m/s) for March 12 (left) and March 13 (right), 

2010 (Earth System Research Laboratory, 2012, from the 2.5° resolution NCEP/NCAR 

reanalysis project by Kalnay et al., 1996). 

 

 The low pressure system covering nearly the entire Northeast Pacific Ocean on 

March 13 increased its areal extent to cover the Northeast Pacific Ocean by March 14 at 

00 UTC (Figure 6.22), despite the cyclone actually weakening to approximately 976 mb 

by 18 UTC.  As the warm front associated with the low approached the coast, the winds 

over the Cypress Mountain area were generally southerly at 2-5 m/s, and clouds and 

precipitation were prevalent over the area for the latter half of the day. 

 The North Pacific low which was present over the previous two days weakened 

by approximately 20 mb from 18 UTC on March 14 to 18 UTC on March 15, from 

approximately 976 mb to 996 mb.  This resulted in a decrease in the pressure gradients 

and areal extent of the low pressure system.  The frontal system remained nearly 

stationary over the Cypress Mountain area, providing a mechanism for cloud and 

precipitation development for most of the day.  Winds over the Cypress Mountain area 

were generally 5-8 m/s from the south. 
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Figure 6.22.  Surface analyses for March 14, 2010, at 00 UTC (left) and March 15, 2010, 

at 00 UTC (right). 

 

Surface wind speeds over the Cypress Mountain area varied by only 1-2 m/s from 

March 14 to 15 (Figure 6.23).  Winds on March 14 were from the south at 4-6 m/s, and 

winds on March 15 were 4-6 m/s from the south-southeast. 

Conversely, wind speeds at 850 mb over the Cypress Mountain area saw greater 

variations from March 14 to 15 (Figure 6.24).  Winds on March 14 were south-

southwesterly at 11-13 m/s, and winds on March 15 were south-southwesterly at 8-9 m/s. 

 

Figure 6.23.  Surface vector winds (in m/s) for March 14 (left) and March 15 (right), 

2010 (Earth System Research Laboratory, 2012, from the 2.5° resolution NCEP/NCAR 

reanalysis project by Kalnay et al., 1996). 
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Figure 6.24.  850 mb vector winds (in m/s) for March 14 (left) and March 15 (right), 

2010 (Earth System Research Laboratory, 2012, from the 2.5° resolution NCEP/NCAR 

reanalysis project by Kalnay et al., 1996). 

 

Inverse Froude Numbers from the Quillayute, WA, rawinsonde data ranged from 

0.043 to 0.131.  These values indicate that flows were unblocked throughout this case. 

 

6.2.5 Mesoscale Satellite Data 

 On March 10, very thick clouds near the BC coast were visible on satellite 

imagery at 17 UTC, which developed as a result of the strong frontal boundaries (warm, 

cold, and occluded) associated with the deep Pacific low pressure system (Figure 6.25).  

There were already clouds present from orographic uplift at the time from which 

precipitation fell over the Cypress Mountain area.  By 18 UTC on March 11, much of this 

thick cloud cover had moved downstream from much of the Cypress Mountain area, 

although some of the cloud associated with the cold front and occlusion remained over 

the coast. 

 The front which extended from the low pressure system that affected the Cypress 

Mountain area remained in place by 0030 UTC on March 12 (Figure 6.25), providing the 

mechanism for some cloud cover.  However, a new low pressure system developed and 



131 
 

provided the mechanism for the formation of a band of thick cloud cover that had moved 

over the Cypress Mountain area from the south-southwest by 16 UTC.  At that time, the 

cyclone was centred off the coast of Washington. 

 

Figure 6.25.  Regional visible satellite imagery for March 10, 2010, at 17 UTC (top left), 

March 11, 2010, at 18 UTC (top right), and March 12, 2010, at 0030 UTC (bottom left) 

and 16 UTC (bottom right). 
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 March 13 was a day with less cloud cover and an absence of large cloud 

complexes (Figure 6.26).  There were some precipitating clouds present over the Cypress 

Mountain area, but were produced from a weak trough and were orographically-induced. 

A very long and wide band of thick cloud cover, which may have had some 

embedded convective cells (one appears to be located southeast of Haida Gwaii at 2130 

UTC), moved towards the entire Pacific coast on March 14.  This band of cloud 

developed along the long frontal boundary (occlusion, warm, and cold) that extended 

from the massive cyclone which affected the entire Northeast Pacific Ocean.  The band of 

cloud did not move away from the BC coast until March 15, a day which saw a weak 

frontal system bring some more cloud cover towards the Cypress Mountain area. 
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Figure 6.26.  Regional visible satellite imagery for March 13, 2010, at 2330 UTC (top 

left), March 14, 2010, at 1730 UTC (top right) and 2330 UTC (bottom left), and March 

15, 2010, at 2130 UTC (bottom right). 

 

6.2.6 Operational Meteorological Radar Data 

The area covered by precipitating systems was not very extensive on March 10.  

However, YVR composite radar showed narrow bands (approximately 5 km wide) of 

precipitation, identified by reflectivity values ≥ 25 dBZ, some of which moved over 

Cypress Mountain (Figure 6.27). 
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Figure 6.27.  YVR composite radar imagery for March 10, 2010, at 0840 UTC (left) and 

1650 UTC (right). 

 

 The areal coverage of precipitation was small on March 10, but the precipitation 

layer was also not thick.  Radar cross sections from WUJ showed that the height of the 

precipitation was approximately 3 km within 20 km of Cypress Mountain (Figures 6.28 

and 6.29).  Reflectivity values near Cypress Mountain were ≥ 25 dBZ, but beyond 10 km 

from the mountain, reflectivity values were typically 15-20 dBZ. 

  

Figure 6.28.  Conventional radar cross section for March 10, 2010, at 0840 UTC (left) 

and 1650 UTC (right), from the Aldergrove (WUJ) radar towards Cypress Mountain 

(located at approximately 65 km).  Direction of orientation from left to right is southeast 

to northwest. 
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Figure 6.29.  Conventional radar cross section for March 10, 2010, at 0840 UTC (left) 

and 1650 UTC (right), from the Aldergrove (WUJ) radar over Cypress Mountain (located 

at approximately 35 km).  Direction of orientation from left to right is south-southwest to 

north-northeast. 

 

 The movement within precipitating systems on March 10 was not fast.  0.5° PPI 

radial velocity imagery from WUJ shows a maximum south-southwesterly to south-

southeasterly flow of < 10 m/s over Cypress Mountain (Figure 6.30).  No blocking was 

detected by the radar.  Blocking would have been shown by airflow directed towards the 

radar (indicated in blue) on the windward side of Cypress Mountain.  These images 

instead show airflow moving away from the radar (indicated in red). 

Substantial precipitation coverage was present over the Cypress Mountain area on 

March 11.  YVR composite radar imagery showed precipitation over the area for ≥ 18h 

(Figure 6.31).  Some of the reflectivity values over Cypress Mountain were ≥ 30 dBZ.  

Orographic enhancement also appeared to occur, particularly at 0840 UTC, given that 

reflectivity values were ≥ 25 dBZ over Cypress Mountain and approximately 5 dBZ less 

at the same elevation approximately 10 km to the southwest. 
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Figure 6.30.  Aldergrove 0.5° PPI radar imagery for March 10, 2010, at 0840 UTC (left) 

and 1650 UTC (right).  Red colours indicate airflow away from the radar, whereas blue 

colours indicate airflow towards the radar. 

 

 The presence of orographic enhancement at 0840 on March 11 was corroborated 

in the radar cross sections in Figures 6.32 and 6.33.  At 2-3 km elevation immediately 

adjacent to Cypress Mountain, reflectivity values were ≥ 25 dBZ, whereas at 1 km 

elevation and 10 km west-southwest of the mountain, reflectivity values were ≤ 20 dBZ.  

The thickness of the precipitation layer was also greater than on previous days during this 

case.  The height of the precipitation layer extended to ≥ 6 km within 20 km of Cypress 

Mountain. 

 During the period of orographic enhancement at 0840 UTC on March 11, 

movement within the precipitating system was rapid.  Imagery of the 0.5° PPI radial 

velocity algorithm from WUJ in Figure 6.34 showed an east-southeasterly flow of ≥ 14 

m/s at approximately 1 km of elevation over Cypress Mountain.  There was a shift in the 

low level flow by 1840 UTC, at which time the movement within precipitating systems 

over Cypress Mountain became southwesterly.  No blocking was detected by the radar.  

Blocking would have been shown by airflow directed towards the radar (indicated in 
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blue) on the windward side of Cypress Mountain.  These images instead show airflow 

moving away from the radar (indicated in red). 

 

Figure 6.31.  YVR composite radar imagery for March 11, 2010, at 0840 UTC (left) and 

1840 UTC (right). 

 

  

Figure 6.32.  Conventional radar cross section for March 11, 2010, at 0840 UTC (left) 

and 1840 UTC (right), from the Aldergrove (WUJ) radar towards Cypress Mountain 

(located at approximately 65 km).  Direction of orientation from left to right is southeast 

to northwest. 
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Figure 6.33.  Conventional radar cross section for March 11, 2010, at 0840 UTC (left) 

and 1840 UTC (right), from the Aldergrove (WUJ) radar over Cypress Mountain (located 

at approximately 30 km).  Direction of orientation from left to right is west-southwest to 

east-northeast. 

 

  

Figure 6.34.  Aldergrove 0.5° PPI radar imagery for March 11, 2010, at 0840 UTC (left) 

and 1840 UTC (right).  Red colours indicate airflow away from the radar, whereas blue 

colours indicate airflow towards the radar. 

 

March 12 saw a change in the precipitation regime.  For the first half of the day, 

the areal coverage of precipitation and its intensity was inconsistent (Figure 6.35).  There 

were instances of radar reflectivity values ≥ 30 dBZ over Cypress Mountain.  However, 

most radar echoes which were present over the area were ≤ 15 dBZ.  The first 

precipitating systems left the region after 0750 UTC.  A second precipitating system 
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approached the Cypress Mountain area before 15 UTC, which was more widespread and 

consistent.  A wide band of precipitation of approximately 50 km had reflectivity values 

of ≥ 20 dBZ.  However, it appeared that orographic enhancement was minimal, with only 

a ≤ 5 dBZ increase in reflectivity values over Cypress Mountain compared to < 5 km 

south at 16 UTC. 

 

Figure 6.35.  YVR composite radar imagery for March 12, 2010, at 0150 UTC (left) and 

1530 UTC (right). 

 

Radar cross sections showed the change in the precipitating systems, as well 

(Figures 6.36 and 6.37).  The pre-0750 UTC imagery showed smaller precipitating 

systems, whereas the imagery from 15 UTC to 16 UTC showed a more uniform 

precipitating system approaching.  The pre-0750 UTC precipitating systems had heights 

of approximately 4 km within 30 km of Cypress Mountain, whereas the system which 

moved over Cypress Mountain between 15 UTC and 16 UTC had a height of up to 5 km.  

These radar cross sections did not appear to show orographic enhancement of 

precipitation, which would have been indicated in animations of these cross sections by 
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an increase in reflectivity values from upstream of the mountain to above and 

downstream of the mountain at a given height. 

 

Figure 6.36.  Conventional radar cross section for March 12, 2010, at 0150 UTC (left) 

and 1530 UTC (right), from the Aldergrove (WUJ) radar towards Cypress Mountain 

(located at approximately 65 km).  Direction of orientation from left to right is southeast 

to northwest. 

 

 

Figure 6.37.  Conventional radar cross section for March 12, 2010, at 0150 UTC (left) 

and 1530 UTC (right), from the Aldergrove (WUJ) radar over Cypress Mountain (located 

at approximately 30 km).  Direction of orientation from left to right is south-southwest to 

north-northeast. 

 

The movement within precipitating systems over Cypress Mountain also saw a 

change, which was visible in Doppler radar imagery of radial velocity (Figure 6.38).  The 

flow within pre-0750 UTC precipitating systems was southwesterly at ≤ 10 m/s over 

Cypress Mountain, whereas the movement within the precipitating system over Cypress 
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Mountain at 16 UTC was northeasterly at a maximum of approximately 12 m/s.  No 

blocking was detected by the radar.  Blocking would have been shown by airflow 

directed towards the radar (indicated in blue) on the windward side of Cypress Mountain.  

These images instead show airflow moving away from the radar (indicated in red). 

 

Figure 6.38.  Aldergrove 0.5° PPI radar imagery for March 12, 2010, at 0150 UTC (left) 

and 1530 UTC (right).  Red colours indicate airflow away from the radar, whereas blue 

colours indicate airflow towards the radar. 

 

On March 13, radar indicated two precipitating systems which impacted Cypress 

Mountain.  The first system was persistent and orographically-triggered, with reflectivity 

values of ≥ 25 dBZ over the mountain at 0640 UTC and no radar echoes upstream over 

West Vancouver (Figure 6.39).  The second system, which was approaching the Cypress 

Mountain area at 0640 UTC and had maximum reflectivity values of approximately 30 

dBZ, reached Cypress Mountain at approximately 0940 UTC.  A third system followed, 

which had less areal coverage and lower reflectivity values of approximately 25 dBZ.  

These systems began to weaken after 1350 UTC, but reflectivity values continued to be 

approximately 25 dBZ over Cypress Mountain until well beyond 2350 UTC. 
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Figure 6.39.  YVR composite radar imagery for March 13, 2010, at 0910 UTC (left) and 

15 UTC (right). 

 

 Cross sectional radar imagery showed these precipitating systems well (Figures 

6.40 and 6.41).  The narrow precipitating system over Cypress Mountain at 0640 UTC 

appeared with reflectivity values at approximately 2 km of 35-40 dBZ.  At an elevation 

approximately 1000 m above the mountain, reflectivity values were approximately 25 

dBZ, whereas there were very few echoes on radar within 20 km of the mountain.  One 

area of precipitation approximately 10 km northeast of Cypress Mountain was ≥ 25 dBZ 

and may have been the result of orographic lifting.  The height of the precipitation layer 

was ≥ 4 km for the second system, whereas the height of the first system was 

approximately 3 km.  Orographic enhancement of precipitation was shown at 15 UTC, 

with low-level reflectivity values ≤ 25 dBZ approximately 5 km southwest of Cypress 

Mountain and reflectivity values of ≥ 30 dBZ approaching Cypress Mountain at the same 

elevation.  Animations of these cross sections show evidence that some instances of these 

increases in reflectivity values were due to the upslope flows over the mountain and not 

synoptic conditions, such as fronts or other boundaries. 
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Figure 6.40.  Conventional radar cross section for March 13, 2010, at 0910 UTC (left) 

and 15 UTC (right), from the Aldergrove (WUJ) radar towards Cypress Mountain 

(located at approximately 65 km).  Direction of orientation from left to right is southeast 

to northwest. 

 

 

Figure 6.41.  Conventional radar cross section for March 13, 2010, at 0910 UTC (left) 

and 15 UTC (right), from the Aldergrove (WUJ) radar over Cypress Mountain (located at 

approximately 35 km).  Direction of orientation from left to right is southwest to 

northeast. 

 

On March 13, the motion within precipitating systems maintained a consistent 

south-southwesterly (upslope) flow over Cypress Mountain, as detected by the 0.5° PPI 

radial velocity algorithm (Figure 6.42).  This flow reached a maximum of approximately 

12 m/s at 0940 UTC.  No blocking was detected by the radar.  Blocking would have been 

shown by airflow directed towards the radar (indicated in blue) on the windward side of 
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Cypress Mountain.  These images instead show airflow moving away from the radar 

(indicated in red). 

 

Figure 6.42.  Aldergrove 0.5° PPI radar imagery for March 13, 2010, at 0910 UTC (left) 

and 15 UTC (right).  Red colours indicate airflow away from the radar, whereas blue 

colours indicate airflow towards the radar. 

 

Little precipitation was recorded over the Cypress Mountain area until the final 

quarter of the day of March 14.  YVR composite radar (Figure 6.43) detected widespread 

precipitation, with maximum reflectivity values ≥ 25 dBZ at 2130 UTC and 2330 UTC.  

Minimal orographic enhancement was detected over Cypress Mountain, with a maximum 

reflectivity increase of approximately 5 dBZ from approximately 5 km upstream of the 

summit to the top of the mountain. 

 The radar cross sections from WUJ over Cypress Mountain showed consistent 

reflectivity values (Figures 6.44 and 6.45).  Minimal orographic enhancement was 

detected, with a maximum increase of 5 dBZ in reflectivity values from 5 km upstream to 

over Cypress Mountain at the same elevation.  The height of the precipitation layer was 

generally approximately 6 km, but increased to ≥ 7 km within approximately 15 km of 
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Cypress Mountain.  A bright-band was also detected at 2330 UTC on March 14 (Figure 

6.86), with 1-km ASL reflectivity values > 30 dBZ. 

 During the most extensive period of precipitation over Cypress Mountain on 

March 14, Doppler radar detected a south-southeasterly (upslope) flow within 

precipitating systems (Figure 6.46).  Maximum radial velocities over the area were 

approximately 15 m/s.  No blocking was detected by the radar.  Blocking would have 

been shown by airflow directed towards the radar (indicated in blue) on the windward 

side of Cypress Mountain.  These images instead show airflow moving away from the 

radar (indicated in red). 

  

Figure 6.43.  YVR composite radar imagery for March 14, 2010, at 1950 UTC (left) and 

2330 UTC (right). 

 

  



146 
 

  

Figure 6.44.  Conventional radar cross section for March 14, 2010, at 1950 UTC (left) 

and 2330 UTC (right), from the Aldergrove (WUJ) radar towards Cypress Mountain 

(located at approximately 65 km).  Direction of orientation from left to right is southeast 

to northwest. 

 

  

Figure 6.45.  Conventional radar cross section for March 14, 2010, at 1950 UTC (left) 

and 2330 UTC (right), from the Aldergrove (WUJ) radar over Cypress Mountain (located 

at approximately 35 km).  Direction of orientation from left to right is southwest to 

northeast. 
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Figure 6.46.  Aldergrove 0.5° PPI radar imagery for March 14, 2010, at 1950 UTC (left) 

and 2330 UTC (right).  Red colours indicate airflow away from the radar, whereas blue 

colours indicate airflow towards the radar. 

 

Widespread precipitation was detected by conventional radar over the Cypress 

Mountain area on March 15.  Maximum reflectivity values of ≥ 35 dBZ were detected 

over Cypress Mountain (Figure 6.47).  From 00 UTC until 0530 UTC, precipitation was 

more consistently distributed over the area, with large systems with reflectivity values of 

15-25 dBZ.  However, from 06 UTC to the end of the day, precipitating systems covered 

smaller areas, many with widths < 5 km, but with higher reflectivity values (≥ 35 dBZ).  

There was little orographic enhancement shown on radar.  Instead, reflectivity values 

were consistently high at similar elevations for precipitating systems over Cypress 

Mountain. 

Radar cross sections for March 15 showed the same pattern as did the 2-km 

CAPPI imagery.  Precipitating systems up to 06 UTC were more widespread and showed 

less intense reflectivity values than systems from 1120 UTC until the end of the day 

(Figures 6.48 and 6.49).  This was particularly the case upstream of Cypress Mountain.  

Radar cross sections at 00 UTC showed higher reflectivity values at a higher elevation.  
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The height of the layer with 20-30 dBZ reflectivity values approximately 10 km upstream 

of Cypress Mountain was 3 km, which increased to 6 km approximately 30 km 

downstream of the mountain.  A maximum precipitation layer height for the day over 

Cypress Mountain was detected to be approximately 7.5 km at 00 UTC.  At 1420 UTC, 

maximum reflectivity values for the day of ≥ 40 dBZ were detected 2-8 km west-

southwest (upstream) of the mountain at an elevation of approximately 1 km. 

 

Figure 6.47.  YVR composite radar imagery for March 15, 2010, at 06 UTC (left) and 

1420 UTC (right). 

 

 

Figure 6.48.  Conventional radar cross section for March 15, 2010, at 06 UTC (left) and 

1420 UTC (right), from the Aldergrove (WUJ) radar towards Cypress Mountain (located 

at approximately 65 km).  Direction of orientation from left to right is southeast to 

northwest. 
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Figure 6.49.  Conventional radar cross section for March 15, 2010, at 06 UTC (left) and 

1420 UTC (right), from the Aldergrove (WUJ) radar over Cypress Mountain (located at 

approximately 30 km).  Direction of orientation from left to right is west-southwest to 

east-northeast. 

 

Motion within precipitating systems showed large variations from the beginning 

of March 15 to the end of the day.  Doppler radial velocity imagery in Figure 6.50 

indicated that, at 00 UTC, south-southeasterly flows were prevalent.  By 1120 UTC, the 

flow within individual precipitating systems became highly variable, perhaps due to the 

effect of more intense but smaller precipitating systems (indicated by the higher 

reflectivity values in Figures 6.89 to 6.91).  The general direction of the flow over 

Cypress Mountain throughout the day was southerly after approximately 06 UTC, 

however.  The speed of the flow was approximately 15 m/s at 00 UTC, but decreased to 

approximately 5-8 m/s by 06 UTC and was no higher than that for the rest of the day.  No 

blocking was detected by the radar.  Blocking would have been shown by airflow 

directed towards the radar (indicated in blue) on the windward side of Cypress Mountain.  

These images instead show airflow moving away from the radar (indicated in red). 
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Figure 6.50.  Aldergrove 0.5° PPI radar imagery for March 15, 2010, at 06 UTC (left) 

and 1420 UTC (right).  Red colours indicate airflow away from the radar, whereas blue 

colours indicate airflow towards the radar. 

 

6.2.7 Micro Rain Radar 

Precipitation was detected near the surface by the MRR over WWA for ≥ 4 h on 

March 10 and for ≥ 10 h on March 11 (Figure 6.51).  The maximum height of the 

precipitation layer was detected to be approximately 4.5 km to 5 km AGL on both days.  

The MRR indicated that the melting layer was within 200 m of the surface during 

instances of precipitation between 05 UTC and 1430 UTC on March 10.  From 1430 

UTC to 20 UTC on March 10, the melting layer was between 400 m and 200 m AGL.  

On March 11, the melting layer ranged from between 400 m and 200 m AGL to between 

600 m and 400 m AGL. 

Precipitation was evident only over elevated areas during some instances, 

however, whereas at other times, precipitation occurred at higher elevations prior to it 

occurring at the surface.  For example, precipitation was exhibited between 3 km and 200 

m AGL from 05 UTC to 07 UTC on March 10, with no precipitation evident within 200 

m of the surface.  Another example was on March 11, when precipitation began to occur 
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at approximately 02 UTC between 1.5 km and 2.5 km AGL.  Precipitation did not appear 

to reach the lowest 200 m until 04 UTC.  However, reflectivity values at that time were 

detected to be ≤ 5 dBZ.  From approximately 07 UTC to 17 UTC, reflectivity values were 

≥ 15 dBZ within the lowest 200 m.  Some instances had reflectivity values ≥ 30 dBZ, 

which may also have indicated the presence of a bright-band.  Minimum particle Doppler 

velocities of approximately 3 m/s within 200 m of the surface were detected between 08 

UTC and 11 UTC on March 10, which may have indicated mixed-phase precipitation, 

and maximum velocities were approximately 7 m/s between 18 UTC and 1930 UTC on 

March 11. 

Doppler spectrum imagery for March 10 showed 10-min average particle Doppler 

velocities which were largely within the range of snow, 0.5 m/s to 2 m/s, above 400 m 

AGL and mostly rain, ≥ 4 m/s, below 200 m AGL (Figure 6.52).  However, at 0840 UTC, 

average particle Doppler velocities within 200 m of the surface were approximately 3 

m/s, which may have verified the statement in the above paragraph that mixed-phase 

precipitation was possibly present.  This was also the case at 1410 UTC on the same day.  

At two subsequent time steps, at 1520 UTC and 1650 UTC, average particle Doppler 

velocities within the lowest 200 m were approximately 4 m/s, although there was a large 

range of velocities of ± 2 m/s.  The latter two time steps may have also experienced 

mixed-phase precipitation within the lowest 200 m, although it is possible that some 

raindrops were falling faster or slower than others.  A very small proportion of the 

precipitation particles were also detected to be moving upwards at ≤ 1 m/s between 

approximately 3 km and 600 m AGL.  On March 10, the height of the precipitation layer 

rarely exceeded 3 km AGL, as well. 
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Figure 6.51.  Micro Rain Radar data at West Vancouver (WWA) for March 10 (left) and 

March 11 (right), 2010. 

 

Some similar particle Doppler velocity values occurred on March 11 (Figure 

6.53), although the height of the precipitation layer frequently reached approximately 5 

km AGL.  An exception was at 1840 UTC, when the precipitation layer had a height of 

approximately 3 km AGL.  The melting layer occurred between 600 m and 400 m AGL 

for most of the day.  Above the melting layer, average particle Doppler velocities were 

0.5 m/s to 2 m/s.  There were instances, such as at 0840 UTC, 0850 UTC, and 1840 UTC, 

when small proportions of precipitation particles were detected to be moving upwards at 

≤ 1 m/s between approximately 4 km and 400 m AGL, but this was not a dominant 

feature.  Within 400 m of the surface, average particle Doppler velocities of 

approximately 7 m/s were detected, which indicated the presence of moderate to heavy 

rain. 
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Figure 6.52.  10-min average MRR Doppler spectrum data at West Vancouver (WWA) 

for March 10, 2010, at 1410 UTC (left) and 1650 UTC (right). 

 

 

Figure 6.53.  10-min average MRR Doppler spectrum data at West Vancouver (WWA) 

for March 11, 2010, at 0840 UTC (left) and 1840 UTC (right). 

 

 Precipitation was detected by the MRR within 200 m of the surface for 

approximately 15 h on March 12 and for approximately 10 h on March 13, although these 

intervals were not continuous (Figure 6.54).  The height of the precipitation layer on 

March 12 reached 5 km AGL, although for most precipitation occurrences, it was 2.5 km 

to 4 km.  On March 13, the height of the precipitation layer reached approximately 4 km 

AGL, but was typically 2-3 km AGL.  The melting layer for both days was generally 
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from 600 m to 400 m AGL.  Reflectivity values ≥ 30 dBZ were commonly detected on 

both days, particularly when particle Doppler velocities were increasing from 

approximately 1.5 m/s to 5-6 m/s, likely indicating the presence of a bright-band. 

  

Figure 6.54.  Micro Rain Radar data at West Vancouver (WWA) for March 12 (left) and 

March 13 (right), 2010. 

 

Doppler spectrum data for March 12 showed the melting layer between 

approximately 600 m and 400 m AGL for each instance of precipitation (Figure 6.55).  

Above the melting layer to a maximum precipitation layer height of approximately 5 km, 

average particle Doppler velocities ranged from 0.5 m/s to 2 m/s.  Minimal (≤ 1 m/s) 

upward particle Doppler velocities were detected in a small proportion of precipitation 

particles, particularly at 0150 UTC and 0230 UTC, between 3 km and 400 m AGL, but 

these were not representative of the situation.  Within 200 m of the surface, particle 

Doppler velocities ranged from approximately 4-8 m/s. 
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Figure 6.55.  10-min average MRR Doppler spectrum data at West Vancouver (WWA) 

for March 12, 2010, at 0150 UTC (left) and 15 UTC (right). 

 

 March 13 was the one day during this case period which showed different particle 

Doppler velocities (Figure 6.56).  First, at 0640 UTC, no precipitation was detected by 

the MRR over WWA, despite strong reflectivity values ≥ 25 dBZ over Cypress 

Mountain.  An 80 km long and almost uninterrupted layer of ≥ 10 dBZ reflectivity values 

downstream of Cypress Mountain also was present, which may have been triggered by a 

moist, upslope flow over the barrier.  Second, at 0940 UTC, a large proportion of 

precipitation particles between 3 km and 1 km AGL experienced upward Doppler 

velocities up to approximately 2 m/s.  From 3 km to 2 km AGL, upward particle Doppler 

velocities of approximately 1 m/s were approximately the average of the MRR detection 

for this time step.  Third, at 2350 UTC, the average particle Doppler velocity between 

approximately 1.4 km and 1 km AGL was 3-4 m/s, and particle Doppler velocities 

decrease to 2-3 m/s between 800 m and 400 m AGL.  This may have indicated the 

presence of an inversion above WWA. 

Aside from these differences from the other days, similar values were detected 

from the MRR compared to the six previous days.  The height of the precipitation layer 
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was 3-5 km AGL.  The melting layer was generally from 600 m to 400 m AGL.  Above 

the melting layer, average particle Doppler velocities were approximately 0.5 m/s to 2 

m/s, and within 200 m of the surface, average particle Doppler velocities were 

approximately 4-7 m/s. 

 

Figure 6.56.  10-min average MRR Doppler spectrum data at West Vancouver (WWA) 

for March 13, 2010, at 0940 UTC (left), and 2350 UTC (right). 

 

The MRR detected one precipitation event within 200 m of the surface that lasted 

for ≥ 1 h between March 14 and 15.  This event occurred from approximately 21 UTC on 

March 14 to 16 UTC on March 15 (Figure 6.57), although there were numerous 10-20 

min interruptions.  During this event, the height of the precipitation layer exceeded 5.5 

km AGL, although generally the height of this layer was approximately 4 km AGL.  At 

approximately 2130 UTC on March 14, the height of the melting layer was between 600 

m and 400 m AGL, which slowly increased to between 800 m and 600 m AGL by 11 

UTC on March 15.  Subsequently, the height of the melting layer increased to between 

1.4 km and 1.2 km AGL within approximately one hour, and the melting layer remained 

at that level until the end of the event.  Particle Doppler velocities within 200 m of the 

surface were approximately 4-7 m/s and reflectivity values frequently were ≥ 30 dBZ. 
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Figure 6.57.  Micro Rain Radar data at West Vancouver (WWA) for March 14 (left) and 

March 15 (right), 2010. 

 

Snow or ice crystals were likely present in the air between approximately 3.5 km 

and 2 km AGL beginning at approximately 17 UTC on March 14, but did not reach to 

within 200 m AGL until nearly 21 UTC.  Particle Doppler velocities were between 0.5 

m/s and 1.5 m/s within this layer, and these velocities slowly increased to approximately 

2 m/s as the precipitation neared 1.5 km AGL.  These values were also shown in the 

Doppler spectrum data at 1730 UTC and 1950 UTC (Figure 6.58), with precipitation 

reaching within 200 m of the surface prior to 2130 UTC.  The melting layer was detected 

between approximately 600 m and 400 m AGL. 

 On March 15 at 00 UTC and 0530 UTC, the height of the precipitation layer was 

shown to be ≥ 5 km AGL using Doppler spectrum data (Figure 6.59).  This height 

decreases to ≤ 3 km AGL by 1130 UTC.  As mentioned earlier, a slow increase in the 

height of the melting layer was detected from between 600 m and 400 m AGL to between 
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800 m and 600 m AGL from the beginning of the day to 11 UTC.  This was followed by 

a sharp increase in the melting layer to between 1.4 km and 1.2 km AGL one hour later.  

By 1420 UTC, the average particle Doppler velocity increased to approximately 9 m/s 

with a range between 6 m/s and 11.5 m/s, indicating moderate to heavy rain.  One final 

occurrence of precipitation during the day was at 2130 UTC showed a melting layer 

between 1.8 km and 1.6 km AGL, with an average particle Doppler velocity of 

approximately 6 m/s. 

  

Figure 6.58.  10-min average MRR Doppler spectrum data at West Vancouver (WWA) 

for March 14, 2010, at 2130 UTC (left) and 2330 UTC (right). 

 

 

Figure 6.59.  10-min average MRR Doppler spectrum data at West Vancouver (WWA) 

for March 15, 2010, at 0530 UTC (left) and 1420 UTC (right). 
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6.2.8 Meteorological Station Data 

The period of March 10-15 was one of the coldest during SNOW-V10.  

Temperatures at VOE were not > 1°C for the entire period until approximately 15 UTC 

on March 15 (Figures 6.60 and 6.61).  In fact, temperatures at VOE were ≥ 0°C for < 10 

h from March 10-14.  Temperatures at WWA averaged approximately 4°C for March 10-

14.  The range in temperatures was much larger for WWA than for VOE for this period; 

maximum and minimum temperatures at WWA were approximately 9°C and 1°C, 

respectively, whereas at VOE, these were approximately 1°C and -3°C. 

There were large differences between daily precipitation amounts from March 10-

15, with maximum daily precipitation accumulation differences of 37 mm at WWA and 

34 mm at VOE during the period.  However, the differences in daily precipitation 

accumulations between WWA and VOE were generally small (< 10 mm) for the March 

10-15 period.  The only exception was on March 13, for which 22 mm more precipitation 

was recorded at VOE (31 mm) than at WWA (9 mm).  On March 11, 40 mm of 

precipitation was measured at both WWA and VOE.  On March 10, 3 mm was recorded 

at WWA and 6 mm was recorded at VOE.  On March 14, 4 mm and 6 mm were 

measured at WWA and VOE, respectively.  On March 12, 15 mm and 17 mm of 

precipitation were recorded at WWA and VOE, respectively.  On March 15, precipitation 

amounts of 18 mm and 24 mm were measured at WWA and VOE, respectively. 

Winds at both WWA and VOE were generally light (≤ 4 m/s) over the March 10-

15 period.  The strongest winds occurred on March 11, the day with the heaviest 

precipitation accumulations at both locations.  Winds were east-northeasterly at 

approximately 6 m/s at WWA and south-southeasterly at approximately 5 m/s at VOE on 
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March 11.  There was a difference in prevailing wind direction between WWA and VOE 

of approximately 90°; winds at WWA and VOE were generally east-northeasterly and 

south-southeasterly, respectively, for March 10-15. 

 

Figure 6.60.  Temperature, precipitation accumulation, and u- and v-wind speeds at West 

Vancouver (WWA) and Cypress Bowl North (VOE): March 10-15, 2010. 

 

 

Figure 6.61.  Temperature, precipitation accumulation, and u- and v-wind speeds at West 

Vancouver (WWA) and Cypress Bowl North (VOE): March 10-15, 2010. 
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 The March 10-15 period was one when frozen precipitation, particularly in the 

form of snow, was incident on Cypress Mountain (Figures 6.62 and 6.63).  Temperatures 

at VOG from 00 UTC on March 10 to approximately 16 UTC on March 15 were no 

colder than approximately -3°C and no warmer than approximately 2°C.  After 16 UTC 

on March 15, temperatures at VOG began to increase to a maximum of nearly 7°C by the 

end of the day.  Rain was relatively rare at VOG, although rain was the exclusive form of 

precipitation at WWA.  The FD12P inferred 3 h 15 min of rain and the POSS inferred 9 h 

of rain at VOG, whereas the POSS inferred 22 h and 45 min of rain at WWA.  

Conversely, the POSS and FD12P inferred 30 h 15 min and 73 h 15 min of snow, 

respectively, at VOG.  The FD12P also inferred 14 h of other frozen precipitation from 

March 10-15 at VOG.  At VOG, rain was inferred by the POSS for 1 h 45 min at 

temperatures < 0°C, and the coldest temperature during rain was -1.1°C. 

 

Figure 6.62.  Temperature, precipitation rate, and precipitation type (inferred with the 

FD12P at VOG and the POSS at WWA) at West Vancouver (WWA), Cypress Bowl 

South (VOG), and Cypress Bowl North (VOE): March 10-15, 2010. 
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Figure 6.63.  Temperature, precipitation rate, and precipitation type (inferred with the 

POSS at VOG and WWA) at West Vancouver (WWA), Cypress Bowl South (VOG), and 

Cypress Bowl North (VOE): March 10-15, 2010. 

 

 Visibilities were frequently < 1000 m at VOG, particularly during precipitation on 

Cypress Mountain (Figure 6.64).  During the days with heavier precipitation, March 11 

and 13, visibilities were often nearly nil at VOG, which was the case for approximately 

12 h over the two days.  This was expected, given that the ceiling heights at VOG during 

these instances were within 50 m of ground level, meaning VOG was largely enshrouded 

in cloud (Figures 6.65 and 6.66).  Consequently, ceiling heights and visibilities at VOG 

largely followed the same pattern, particularly during precipitation occurrence.  Ceiling 

heights were higher at WWA in terms of above ground level elevation.  However, the 

differences in ceiling heights between VOG and WWA were generally < 500 m and 

frequently < 100 m, meaning the ceiling heights at WWA were lower in terms of above 

sea level elevation than at VOG. 
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 Relative humidity values at WWA were largely subsaturated for March 10-15.  

During the two heavier precipitation days of March 11 and 13, WWA relative humidity 

values reached a maximum of approximately 93%.  This coincided with VOE relative 

humidity values ≥ 96% occurring largely during precipitation.  Relative humidity values 

for the period reached minimum values < 40% at WWA on March 10, whereas at VOE, 

minimum relative humidity values of approximately 70% were recorded on that day.  

From approximately 02 UTC on March 11 to 18 UTC on March 15, relative humidity 

values at VOE were never < 90%, whereas at WWA, there were three periods of ≥ 10 h 

with relative humidity values < 80%, sometimes reaching < 60%. 

 

Figure 6.64.  Relative humidity and visibility at West Vancouver (WWA), Cypress Bowl 

South (VOG), and Cypress Bowl North (VOE): March 10-15, 2010. 
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Figure 6.65.  Precipitation type (inferred by the POSS at VOG and WWA) and ceiling at 

West Vancouver (WWA) and Cypress Bowl South (VOG): March 10-15, 2010. 

 

 

Figure 6.66.  Precipitation type (inferred by the FD12P at VOG and the POSS at WWA) 

and ceiling at West Vancouver (WWA) and Cypress Bowl South (VOG): March 10-15, 

2010. 
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 A link may be made between ceiling heights at WWA and VOG and precipitation 

accumulation at WWA and VOE (Figure 6.67).  When WWA ceiling heights were 

generally ≤ 100 m AGL and VOG ceiling heights were ≤ 50 m AGL, greater precipitation 

accumulations occurred at both WWA and VOE, such as on March 11, as long as 

precipitation was occurring.  However, these links cannot be relied upon for forecasting 

purposes.  March 13 generally followed this criterion, but precipitation accumulations at 

VOE were > 20 mm more than at WWA, in part, due to a brief (≤ 1 h) period of upward 

particle Doppler velocities of precipitation. 

 

Figure 6.67.  Precipitation accumulation and ceiling at West Vancouver (WWA), Cypress 

Bowl South (VOG), and Cypress Bowl North (VOE): March 10-15, 2010. 

 

 Small precipitation amounts were also measured at both WWA and VOE on 

March 10, with precipitation rates generally < 2 mm/h during precipitation occurrence at 

both stations.  Small differences in reflectivity values (< 5 dBZ) between 368 m and 968 

m ASL, with maximum values of 31 dBZ and 32 dBZ at 368 m and 968 m, respectively, 

were present during precipitation occurrence (Figures 6.68 and 6.69).  Particle Doppler 
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velocities at 368 m were generally 3-5 m/s during precipitation, whereas at 968 m, 

particle Doppler velocities were typically 1-2 m/s during precipitation.  These velocities 

indicated that rain was generally occurring at WWA and snow was occurring at VOE. 

 

Figure 6.68.  MRR reflectivity and particle Doppler velocity at 368 m ASL, with West 

Vancouver (WWA) precipitation rates and accumulations: March 10, 2010. 
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Figure 6.69.  MRR reflectivity and particle Doppler velocity at 968 m ASL, with Cypress 

Bowl North (VOE) precipitation rates and accumulations: March 10, 2010. 

 

 Precipitation amounts at WWA and VOE were more substantial on March 11.  

Precipitation rates > 8 mm/h were measured at WWA and approximately 6 mm/h were 

recorded at VOE.  MRR reflectivity values were actually less than those on March 10 at 

times, despite heavier precipitation rates occurring, although maximum reflectivity values 
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> 40 dBZ were detected at 368 m ASL and approximately 30 dBZ were recorded at 968 

m ASL (Figures 6.70 and 6.71).  During an extended period with many instances of 

precipitation rates ≥ 3 mm/h, reflectivity values were 10-36 dBZ at 368 m ASL and 2-28 

dBZ at 968 m ASL.  Particle Doppler velocities during precipitation occurrence were 3.5 

m/s to 7.5 m/s at 368 m ASL, indicating that rain was occurring, and at 968 m ASL, 

particle Doppler velocities were 1-3 m/s, indicating that snow was occurring. 

 

Figure 6.70.  MRR reflectivity and particle Doppler velocity at 368 m ASL, with West 

Vancouver (WWA) precipitation rates and accumulations: March 11, 2010. 
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Figure 6.71.  MRR reflectivity and particle Doppler velocity at 968 m ASL, with Cypress 

Bowl North (VOE) precipitation rates and accumulations: March 11, 2010. 

 

 Precipitation accumulations on March 12 were less than half of that during the 

day before.  The distribution of precipitation between WWA and VOE differed by 

approximately 2 mm.  Despite the similar precipitation amounts, reflectivity values at the 
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elevation of WWA were ≥ 10 dBZ higher than at those at the elevation of VOE for a 

substantial portion of the duration of precipitation (Figures 6.72 and 6.73).  Reflectivity 

values were generally 38-42 dBZ at 368 m ASL compared to 27-32 dBZ at 968 m ASL 

during precipitation occurrence, although there were two 10-min intervals with 

reflectivity values of 35 and 37 dBZ at 968 m ASL. 

 

Figure 6.72.  MRR reflectivity and particle Doppler velocity at 368 m ASL, with West 

Vancouver (WWA) precipitation rates and accumulations: March 12, 2010. 
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 Average particle Doppler velocities at 368 m ASL were typically 3-6 m/s during 

precipitation at WWA, which is typical of rain.  This contrasted with velocities at 968 m 

ASL, which were 1-3 m/s during precipitation at VOE, which are typical velocities at 

which snowflakes fall. 

 

Figure 6.73.  MRR reflectivity and particle Doppler velocity at 968 m ASL, with Cypress 

Bowl North (VOE) precipitation rates and accumulations: March 12, 2010. 
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 March 13 was the only day within the March 7-15 period during which 

precipitation accumulations were > 10 mm higher at VOE (31 mm) than at WWA (9 

mm).  Despite the difference in precipitation, reflectivity values at 368 m ASL were 

typically > 10 dBZ higher than those at 968 m ASL during precipitation occurrence 

(Figures 6.74 and 6.75).  Maximum precipitation rates were approximately 3 mm/h at 

WWA and 7 mm/h at VOE. 

 During the heaviest precipitation rates at VOE, particle Doppler velocities at 968 

m ASL were between 1 m/s and 1.5 m/s, indicating snowfall was occurring.  Conversely, 

at 368 m ASL, particle Doppler velocities of precipitation were 3-6 m/s, indicating rain 

was occurring at WWA. 

 Very little precipitation fell over Cypress Mountain on March 14 until 

approximately 21 UTC.  Just 4 mm and 6 mm of precipitation accumulated at WWA and 

VOE, respectively (Figures 6.76 and 6.77).  However, the precipitation event that started 

at 21 UTC ended at approximately 15 UTC on March 15 (Figures 6.78 and 6.79), during 

which 21 mm and 27 mm of precipitation fell at WWA and VOE, respectively.  

Reflectivity values at 368 m ASL were generally 5-10 dBZ higher than those at 968 m 

ASL until 10 UTC on March 15, at which time reflectivity values at both elevations 

exhibited small (< 5 dBZ) differences. 
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Figure 6.74.  MRR reflectivity and particle Doppler velocity at 368 m ASL, with West 

Vancouver (WWA) precipitation rates and accumulations: March 13, 2010. 
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Figure 6.75.  MRR reflectivity and particle Doppler velocity at 968 m ASL, with Cypress 

Bowl North (VOE) precipitation rates and accumulations: March 13, 2010. 

 

Particle Doppler velocities of precipitation at 368 m ASL were 3-8 m/s during the 

18-h event, indicating that rain was generally the sole precipitation type that occurred.  

During precipitation occurrence at 968 m ASL from the beginning of the event until 

approximately 10 UTC on March 15, particle Doppler velocities were 1-3 m/s.  After 10 
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UTC, these particle Doppler velocities increased substantially, reaching a maximum of 8 

m/s at approximately 14 UTC.  This pattern of 1-3 m/s particle Doppler velocities from 

21 UTC on March 14 until 10 UTC on March 15, followed by 3-8 m/s particle Doppler 

velocities until 15 UTC, indicated that snow was the initial precipitation type, which 

changed to rain for the final 5 h of the event. 

 

Figure 6.76.  MRR reflectivity and particle Doppler velocity at 368 m ASL, with West 

Vancouver (WWA) precipitation rates and accumulations: March 14, 2010. 
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Figure 6.77.  MRR reflectivity and particle Doppler velocity at 968 m ASL, with Cypress 

Bowl North (VOE) precipitation rates and accumulations: March 14, 2010. 
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Figure 6.78.  MRR reflectivity and particle Doppler velocity at 368 m ASL, with West 

Vancouver (WWA) precipitation rates and accumulations: March 15, 2010. 
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Figure 6.79.  MRR reflectivity and particle Doppler velocity at 968 m ASL, with Cypress 

Bowl North (VOE) precipitation rates and accumulations: March 15, 2010. 

 

6.2.9 GEM-LAM 1.0-km Model Performance 

Modeled temperature forecasts for March 10-15 were reasonable at both WWA 

and VOE.  Maximum differences between modeled and actual temperatures were < ± 3°C 

at WWA and < ± 2°C at VOE (Figure 6.80).  Modeled temperatures at WWA showed a 
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general cold bias when compared to actual temperatures, whereas at VOE, no general 

bias existed for modeled temperatures. 

 

Figure 6.80.  Simulated temperatures from the GEM-LAM 1.0-km model compared to 

measured temperatures at West Vancouver (WWA, top) and Cypress Bowl North (VOE, 

bottom) for March 10-15, 2010. 

 

 Modeled relative humidity values at WWA were generally poorly simulated, 

whereas at VOE, they were generally well forecast for March 10-15.  Some modeled 
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relative humidity values at WWA were up to 50% in excess of actual values, with a 

general difference of ± 10-20% (Figure 6.81).  At VOE, however, the maximum 

difference between modeled and actual relative humidity values was approximately 40%, 

which was an under-forecast of actual relative humidity values.  At VOE and WWA, 

differences of ≥ ± 20% between modeled and actual relative humidity values were 

present for a small portion of the period of March 10-15. 

 

Figure 6.81.  Simulated relative humidity from the GEM-LAM 1.0-km model compared 

to measured relative humidity at West Vancouver (WWA, top) and Cypress Bowl North 

(VOE, bottom) for March 10-15, 2010. 
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 There were some periods of precipitation occurrence that were well forecasted for 

March 10-15 at both WWA and VOE.  However, modeled precipitation occurrence and 

the amount of precipitation at WWA and VOE showed substantial errors when compared 

to actual precipitation occurrence and amounts, in particular, for March 10-13 (Figure 

6.82).  The most substantial difference between modeled and actual precipitation 

occurrence was on March 12 at VOE, for which between 12 UTC and 18 UTC, hourly 

precipitation amounts of up to 8 mm/h were predicted whereas actual hourly precipitation 

amounts of ≤ 1 mm/h were measured for most of the period.  Conversely, from 16 UTC 

to 18 UTC on March 13 at VOE, actual hourly precipitation amounts ≥ 5 mm/h were 

present, whereas the model forecast < 1 mm/h.  (See Appendix II for a comparison of 

measured and modeled precipitation amounts for each run on each case day.) 

 For most of the March 10-15 period, u- and v-component wind speeds were 

generally well forecast, with differences between modeled and actual winds of < ± 1 m/s.  

However, at VOE in particular, these wind speeds were poorly forecast on several 

instances, with differences between modeled and actual u- and/or v-component winds of 

≥ ± 2 m/s for > 40 h over the period (Figures 6.83 and 6.84).   
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Figure 6.82.  Simulated hourly precipitation amounts from the GEM-LAM 1.0-km model 

compared to measured hourly precipitation amounts at West Vancouver (WWA, top) and 

Cypress Bowl North (VOE, bottom) for March 10-15, 2010. 
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Figure 6.83.  Simulated u-wind speed from the GEM-LAM 1.0-km model compared to 

measured u-wind speed at West Vancouver (WWA, top) and Cypress Bowl North (VOE, 

bottom) for March 10-15, 2010. 
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Figure 6.84.  Simulated v-wind speed from the GEM-LAM 1.0-km model compared to 

measured v-wind speed at West Vancouver (WWA, top) and Cypress Bowl North (VOE, 

bottom) for March 10-15, 2010. 

 

6.2.10 Case Summary 

 March 10-15 was an extended case of anomalously cool temperatures.  Weak to 

moderate southerly, upslope flows were often present over Cypress Mountain. 

Temperatures at VOE and VOG were frequently < 0°C during this case. These 

temperature patterns frequently promoted frozen precipitation types, with snow the 
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predominant type inferred at VOG.  Rain was the sole precipitation type inferred at 

WWA.  Daily precipitation amounts at WWA and VOE varied from small (< 10 mm at 

both locations) to large (40 mm at WWA and VOE on March 11).  Daily precipitation 

accumulation differences between the two stations were generally small (< 10 mm).  

However on March 13, VOE recorded 31 mm and WWA measured 9 mm which was also 

the only day during which there was ≥ 1 h of upward particle Doppler velocities of 

precipitation. 

 

6.3 April 2-3, 2010 

 April 2-3 was another period during which heavy precipitation amounts occurred; 

36 mm and 98 mm fell at WWA and VOE, respectively, during the two days.  On April 

2, 33 mm and 43 mm of precipitation fell at WWA and VOE, respectively.  April 3 had 

the greatest single-day difference in precipitation accumulation between WWA and VOE 

during the period when the MRR was operational; 55 mm of precipitation was measured 

at VOE whereas 3 mm of precipitation accumulation was recorded at WWA. 

 A majority of the period of April 2-3 was subjected to precipitation over Cypress 

Mountain.  There was a definitive shift in the type of precipitation towards frozen 

precipitation at elevated stations on the mountain, as well.  Rain was inferred for 27 h at 

WWA, whereas 7 h 30 min of rain and 2 h of rain were inferred by the POSS and FD12P 

sensors, respectively, at VOG.  The POSS sensor inferred 11 h 30 min of snow at VOG, 

but the FD12P instrument inferred 30 h 15 min of snow, as well as 7 h 45 min of other 

frozen precipitation, at VOG for April 2-3. 
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6.3.1 Macroscale Satellite Data and Circulation 

 Substantial thick cloud cover was present over the Pacific Ocean between 40°N 

and 50°N latitude within 1000 km of the BC Lower Mainland on April 2 at 00 UTC.  

Cloud top temperatures of between -40°C and -50°C were detected by enhanced infrared 

satellite imagery (Figure 6.85).  These clouds were advected towards the Cypress 

Mountain area throughout the day, and the cloud top temperatures cooled substantially to 

as cold as -60°C by 12 UTC.  By that time, a strong cyclonic rotation characterized by a 

comma cloud was present and these clouds were located over the BC Lower Mainland.  

At 18 UTC, the centre of the cyclone was well defined.  A dry slot where dry air was 

being advected into the system was visible on the enhanced water vapour image (Figure 

6.86), with a sharp boundary between the dry air and the substantial moisture 

immediately to the east of the coastline. 

  

Figure 6.85.  Enhanced infrared satellite imagery for April 2, 2010, at 00 UTC (left) and 

April 3, 2010, at 00 UTC (right). 
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 By April 3 at 00 UTC, the cyclone was in its mature stage, with a large band of 

cloud cover wrapped around the west side of the cyclone.  The centre of the low was well 

defined in the enhanced water vapour imagery, with a small circular area absent of 

moisture located over the southern half of Vancouver Island.  Cloud top temperatures of 

approximately -45°C were detected over the Cypress Mountain area.  The centre of the 

cyclone began to become filled in by moisture by 06 UTC, and by 12 UTC, there was an 

absence of any dry air within the cyclone.  The system then weakened and moved 

towards the northeast later in the day. 

The direction of the mid-level circulation over the Cypress Mountain area was 

consistent for April 2-3 (Figure 6.87).  The winds at this level were southwesterly.  

However, there was a slight weakening of the circulation from April 2 to April 3, 

indicated by the increased spacing between isohyets.  This reduction in the strength of the 

500-mb circulation was particularly evident over the Northeast Pacific Ocean. 

  

Figure 6.86.  Enhanced water vapour imagery for April 2, 2010, at 00 UTC (left) and 

April 3, 2010, at 00 UTC (right). 
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Figure 6.87.  500 mb geopotential heights (in m) for April 2 (left) and April 3 (right), 

2010 (Earth System Research Laboratory, 2012, from the 2.5° resolution NCEP/NCAR 

reanalysis project by Kalnay et al., 1996). 

 

6.3.2 Sea Surface Temperatures and Regional Surface Air Temperatures 

 SSTs for April 2-3 within 250 km of the BC Lower Mainland were 6-8°C (Figure 

6.88).  There was a slight increase in SSTs of approximately 1°C/200 km southwest 

(upstream) of the region, which would help contribute additional moisture through 

evaporation within air masses which passed over these waters. 

 Large-scale mean surface air temperatures over the Cypress Mountain area for 

April 2-3 were 0°C to 2°C (Figure 6.89).  These temperatures warmed to approximately 

8°C within 500 km of the region, which were sufficient for promoting evaporation from 

the ocean surface. 
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Figure 6.88.  Mean sea surface temperatures (in Kelvin): April 2-3, 2010 (Earth System 

Research Laboratory, 2012, from the 2.5° resolution NCEP/NCAR reanalysis project by 

Kalnay et al., 1996). 

 

 

Figure 6.89.  Surface air temperatures (in Kelvin) for April 2 (left) and April 3 (right), 

2010 (Earth System Research Laboratory, 2012, from the 2.5° resolution NCEP/NCAR 

reanalysis project by Kalnay et al., 1996). 
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6.3.3 Water Vapour 

 Columnar precipitable water over the Cypress Mountain area was 9-11 kg/m
2
 on 

April 2 (Figure 6.90).  Southwest (upstream) of Cypress Mountain, there was an increase 

of approximately 1 kg/m
2
 per 100 km.  On April 3, however, there was a decrease in the 

amount of precipitable water to 8-9 kg/m
2
 over the Cypress Mountain area and a 

substantial decrease, to a maximum of approximately 12 kg/m
2
 from 22 kg/m

2
 the day 

earlier, over the Northeast Pacific Ocean. 

 Specific humidity values were consistent over the Cypress Mountain area for 

April 2-3, increasing from approximately 5.5 g/kg to 5.7 g/kg (Figure 6.91).  However, 

on April 2, there was strong advection of higher specific humidity values, whereas on 

April 3, advection of lower specific humidity values was present.  Higher specific 

humidity values were present northeast of Cypress Mountain than southwest of the 

mountain over the Northeast Pacific Ocean near 46°N latitude and 127°W longitude. 

 

Figure 6.90.  Columnar precipitable water (in kg/m
2
) for April 2 (left) and April 3 (right, 

2010 (Earth System Research Laboratory, 2012, from the 2.5° resolution NCEP/NCAR 

reanalysis project by Kalnay et al., 1996). 
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Figure 6.91.  1000 mb specific humidity (in kg/kg) for April 2 (left) and April 3 (right), 

2010 (Earth System Research Laboratory, 2012, from the 2.5° resolution NCEP/NCAR 

reanalysis project by Kalnay et al., 1996). 

 

 Large-scale mean surface relative humidity values over the Cypress Mountain 

area were approximately 90% on April 2 (Figure 6.92).  There was an increase in mean 

surface relative humidity values over the area to > 97% on April 3.  On April 3, about 

500 km southwest of Cypress Mountain over the Pacific Ocean, there was an area of drier 

air, with mean surface relative humidity values < 75%, a decrease of > 10% from the day 

earlier. 

 

Figure 6.92.  Surface relative humidity (in %) for April 2 (left) and April 3 (right), 2010 

(Earth System Research Laboratory, 2012, from the 2.5° resolution NCEP/NCAR 

reanalysis project by Kalnay et al., 1996). 
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6.3.4 Synoptic Scale Circulation and Stability 

 At 00 UTC on April 2, there was a large low pressure system located south of 

Anchorage, AK, and west of Juneau, AK, with a central pressure of approximately 975 

mb (Figure 6.93).  This cyclone maintained a similar position throughout the day.  

However, a second low pressure system, much smaller in areal extent, was generated to 

the south-southeast of the original at approximately 47°N, 140°W.  This cyclone had a 

central pressure of approximately 991 mb at 06 UTC, but as it moved to the east-

northeast, the pressure decreased to 974 mb by 18 UTC.  The cyclone made landfall over 

Vancouver Island after 18 UTC, and by 00 UTC on April 3, the low pressure system 

slowly weakened to 979 mb.  This cyclone generated southerly surface winds > 12 m/s 

over the Cypress Mountain area and the associated warm, cold, and occluded fronts 

promoted clouds and precipitation over the area.  As the cyclone moved northeastward, it 

quickly dissipated, and by 12 UTC on April 3, it was nearly non-existent. 

Mean surface winds over the Cypress Mountain area were southerly on April 2 at 

10-11 m/s (Figure 6.94), resulting in substantial moisture advection into the area.  These 

surface winds decreased to 8-9 m/s from the west-southwest by April 3.  Winds at 850 

mb were south-southwesterly at 12-14 m/s over the Cypress Mountain area on April 2 

(Figure 6.95), whereas winds at this level were westerly on April 3 at 10-12 m/s. 
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Figure 6.93.  Surface analyses for April 2, 2010, at 00 UTC (left) and April 3, 2010, at 00 

UTC (right). 

 

 

Figure 6.94.  Surface vector winds (in m/s) for April 2 (left) and April 3 (right), 2010 

(Earth System Research Laboratory, 2012, from the 2.5° resolution NCEP/NCAR 

reanalysis project by Kalnay et al., 1996). 

 

 Minimum and maximum Inverse Froude Numbers from the Quillayute, WA, 

rawinsonde data during the case of April 2-3 were 0.02 and 0.14.  This indicated that the 

dominant flow pattern for the case was unblocked and that no blocking was present. 
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Figure 6.95.  850 mb vector winds (in m/s) for April 2 (left) and April 3 (right), 2010 

(Earth System Research Laboratory, 2012, from the 2.5° resolution NCEP/NCAR 

reanalysis project by Kalnay et al., 1996). 

 

6.3.5 Mesoscale Satellite Data 

 Thick cloud cover, both cumuliform (indicating convective activity) and 

stratiform, was observed on visible satellite imagery over the Northeast Pacific at 01 

UTC on April 2 (Figure 6.96).  By 18 UTC, the large comma cloud associated with the 

deep low pressure system was visible, with further development over the following 6 h.  

A pronounced absence of cloud cover was present within the centre of the cyclone at 22 

UTC.  The low pressure system made landfall at approximately that time, and by 01 UTC 

to 02 UTC on April 3, clouds had completely filled in the centre of the cyclone.  The 

circulation within the low was tight, shown by the clouds that were brought around the 

low became entwined in the southerly flow east of the cyclone. 
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Figure 6.96.  Regional visible satellite imagery for April 2, 2010, at 01 UTC (top left), 18 

UTC (top right), and 22 UTC (bottom left) and April 3, 2010, at 02 UTC (bottom right). 

 

6.3.6 Operational Meteorological Radar Data 

 Substantial precipitation was visible over the Cypress Mountain area on YVR 

composite 2-km CAPPI radar for much of April 2 (Figure 6.97).  Reflectivity values as 

high as 40 dBZ were present over the mountain at 01 UTC.  Numerous precipitating 

systems with reflectivity values > 25 dBZ moved towards Cypress Mountain, many of 
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which were > 100 km long and > 40 km wide.  By 2210 UTC, precipitation was detected 

over Cypress Mountain and mountains to the east, which provided evidence of substantial 

orographic enhancement, with increases in reflectivity values from 10-15 dBZ 

approximately 5 km south (upstream) of Cypress Mountain to ≥ 30 dBZ over the 

mountain. 

 

Figure 6.97.  YVR composite radar imagery for April 2, 2010, at 01 UTC (top left), 0610 

UTC (top right), 1810 UTC (bottom left), and 2330 UTC (bottom right). 

 

Radar cross sections for April 2 indicated widespread precipitation with 

reflectivity values > 20 dBZ within 20 km of Cypress Mountain (Figures 6.98 and 6.99).  



197 
 

The height of the precipitation layer was generally 4-5 km ASL, although at 1750 UTC, 

this height extended to approximately 6 km ASL.  Reflectivity values ≥ 40 dBZ were 

detected at 01 UTC approximately 2 km south-southwest of the mountain.  At 2330 UTC, 

reflectivity values over the mountain were > 35 dBZ, whereas 10 km south-southwest, 

these values were < 25 dBZ and < 20 dBZ approximately 5 km southeast of the 

mountain, providing some evidence for the presence of orographic enhancement. 

 

Figure 6.98.  Conventional radar cross section for April 2, 2010, at 01 UTC (top left), 

0610 UTC (top right), 1810 UTC (bottom left), and 2330 UTC (bottom right), from the 

Aldergrove (WUJ) radar towards Cypress Mountain (located at approximately 65 km).  

Direction of orientation from left to right is southeast to northwest. 
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Figure 6.99.  Conventional radar cross section for April 2, 2010, at 01 UTC (top left), 

0610 UTC (top right), 1810 UTC (bottom left), and 2330 UTC (bottom right), from the 

Aldergrove (WUJ) radar towards Cypress Mountain (located at approximately 30 km).  

Direction of orientation from left to right is south-southwest to north-northeast. 

 

Doppler radar 0.5° PPI radial velocity imagery generally indicated an increasing 

southerly flow within precipitating systems from the start of April 2 to 0610 UTC, with 

the flow increasing from < 5 m/s to approximately 12 m/s over Cypress Mountain (Figure 

6.100).  By 1750 UTC on April 2, the flow within precipitating systems shifted to 

easterly over Cypress Mountain and increased to 23-27 m/s.  This rapid movement 

coincided with the approach of the deep low pressure system from the west, which 

provided the strong pressure gradients required to produce these strong flows.  At 2210 

UTC, the flow returned to a southerly orientation with a speed of approximately 20 m/s 

over the mountain.  No blocking was detected by the radar.  Blocking would have been 

shown by airflow directed towards the radar (indicated in blue) on the windward side of 
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Cypress Mountain.  These images instead show airflow moving away from the radar 

(indicated in red). 

 

Figure 6.100.  Aldergrove 0.5° PPI radar imagery for April 2, 2010, at 01 UTC (top left), 

0610 UTC (top right), 1810 UTC (bottom left), and 2330 UTC (bottom right).  Red 

colours indicate airflow away from the radar, whereas blue colours indicate airflow 

towards the radar. 

 

   Precipitation was widespread over the Cypress Mountain area for the first half of 

the day of April 3.  Reflectivity values on the YVR composite 2-km CAPPI radar were 

consistently ≥ 25 dBZ over the mountain up to approximately 10 UTC (Figure 6.101).  

An important aspect of the radar imagery was that reflectivity values were no greater than 

15 dBZ south-southwest (upstream) of the mountain.  There were frequently periods 
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when reflectivity values were < 0 dBZ over a distance of > 50 km upstream of the 

mountain, indicating rain-shadowing from the Olympic Peninsula.  Orographic 

enhancement of precipitation was present throughout this 10-h period, with a maximum 

reflectivity over Cypress Mountain of approximately 40 dBZ at 03 UTC, whereas 5-10 

km south-southwest of the mountain, reflectivity values were < 25 dBZ. 

 

Figure 6.101.  YVR composite radar imagery for April 3, 2010, at 0040 UTC (top left), 

0330 UTC (top right), 0520 UTC (bottom left), and 0940 UTC (bottom right). 

 

Radar cross sections from WUJ showed a maximum height of the precipitation 

layer of > 6 km ASL within 20 km of Cypress Mountain (Figures 6.102 and 6.103).  
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Pronounced orographic enhancement was frequently present within the imagery, with the 

most substantial increase in reflectivity values detected at 0240 UTC.  At that time, there 

was an absence of radar echoes detected 5-10 km west-southwest of Cypress Mountain 

below 1 km ASL, whereas reflectivity values were > 35 dBZ above the mountain.  

Reflectivity values above Cypress Mountain ≥ 30 dBZ were detected for most of the 10-h 

period, and the layer of reflectivity vales ≥ 30 dBZ reached > 3 km ASL in many 

instances. 

 

Figure 6.102.  Conventional radar cross section for April 3, 2010, at 0040 UTC (top left), 

0330 UTC (top right), 0520 UTC (bottom left), and 0940 UTC (bottom right), from the 

Aldergrove (WUJ) radar towards Cypress Mountain (located at approximately 65 km).  

Direction of orientation from left to right is southeast to northwest. 
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Figure 6.103.  Conventional radar cross section for April 3, 2010, at 0040 UTC (top left), 

0330 UTC (top right), 0520 UTC (bottom left), and 0940 UTC (bottom right), from the 

Aldergrove (WUJ) radar towards Cypress Mountain (located at approximately 30 km).  

Direction of orientation from left to right is west-southwest to east-northeast. 

 

The direction of flows within precipitating systems over the Cypress Mountain 

area was generally southerly at the beginning of April 3 and slowly shifted to west-

southwesterly by 10 UTC.  These flows were consistently fast-moving, with a maximum 

speed ≥ 24 m/s inferred by the radial velocity algorithm from the WUJ Doppler radar 

(Figure 6.104).    No blocking was detected by the radar.  Blocking would have been 

shown by airflow directed towards the radar (indicated in blue) on the windward side of 

Cypress Mountain.  These images instead show airflow moving away from the radar 

(indicated in red).  The direction combined with the speed of the flows indicated that 

substantial upslope flows were present over the mountain, providing the mechanism for 
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substantial condensation and precipitation atop the mountain given the presence of 

copious quantities of water vapour. 

 

Figure 6.104.  Aldergrove 0.5° PPI radar imagery for April 3, 2010, at 0040 UTC (top 

left), 0330 UTC (top right), 0520 UTC (bottom left), and 0940 UTC (bottom right).  Red 

colours indicate airflow away from the radar, whereas blue colours indicate airflow 

towards the radar. 

 

6.3.7 Micro Rain Radar 

 Daily MRR imagery for April 2-3 showed the height of the precipitation layer for 

much of the period was 3-4 km AGL at WWA (Figure 6.105).  However, when the most 
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substantial precipitation was occurring, between 21 UTC on April 2 and 05 UTC on April 

3, the precipitation layer extended > 5 km AGL. 

Reflectivity values detected by the MRR were frequently ≥ 30 dBZ, indicating 

that a bright-band was likely present.  Unlike the February 1-2 and March 7-15 cases, 

reflectivity values ≥ 30 dBZ were detected up to 3 km AGL, which occurred at 

approximately 01 UTC on April 2 and between 0230 and 04 UTC on April 3.  The latter 

interval was characterized by rapid upward particle Doppler velocities, during which 

average particle Doppler velocities was upward at 2-4 m/s between approximately 3 km 

and 600 m AGL. 

  

Figure 6.105.  MRR data at West Vancouver (WWA) for April 2 (left) and April 3 

(right), 2010. 

 

The melting layer was between 600 m and 400 m AGL for most of the two days, 

although between approximately 15 UTC on April 2 and 09 UTC, the height of the 

melting layer varied between 600 m to 400 m AGL to ≥ 2 km AGL.  These variations in 
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the height of the melting layer were likely due to the rapid upward particle Doppler 

velocities, which carried warm air and raindrops upward, instead of the more typical 

conditions characterized by falling snowflakes and ice crystals that would melt as they 

reached air with temperatures ≥ 0°C. 

From the beginning of the day on April 2 until prior to 18 UTC, precipitation 

patterns were typical.  The height of the melting layer was from between 1 km and 800 m 

AGL to between 600 m and 400 m AGL (Figure 6.106).  Particle Doppler velocities were 

between 0.5 m/s and 3 m/s above the melting layer and averaged 6-8 m/s within 200 m of 

the surface.  The height of the precipitation layer reached a maximum of approximately 4 

km AGL. 

There was a brief period at 0050 UTC at which the MRR indicated a melting 

layer at approximately 3 km AGL, with a likely bright-band between 2.5 km and 1 km 

AGL, and upward particle Doppler velocities detected for a large proportion of 

precipitation of up to 4 m/s between 3 km and 200 m AGL. 

At 1810 UTC on April 2, the height of the melting layer reached 2 km AGL.  

Between approximately 22 UTC and the end of the day, a layer of upward particle 

Doppler velocities between approximately 3 km and 800 m AGL developed over which a 

large proportion of precipitation particles detected by the MRR exhibited upward 

velocities up to 2-3 m/s. 

The MRR detected that a substantial proportion of precipitation particles 

exhibited upward Doppler velocities during the first 8 h of April 3.  The maximum height 

of the precipitation layer was > 5 km AGL on April 3.  The maximum height of these 

upward particle Doppler velocities was approximately 4.5 km AGL, and maximum 
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upward velocities were detected to be > 4 m/s between 0310 UTC and 0330 UTC, which 

occurred between 1.4 km and 600 m AGL (Figure 6.107).  From approximately 02 UTC 

to 0610 UTC, the average particle Doppler velocity was in the upward direction for a 

layer of a minimum of 600 m, but from approximately 03 UTC to 04 UTC, average 

upward particle Doppler velocities were at a maximum over the operational period of the 

MRR during SNOW-V10, which were > 3 m/s. 

 

Figure 6.106.  10-min average MRR Doppler spectrum data at West Vancouver (WWA) 

for April 2, 2010, at 0050 UTC (top left), 0540 UTC (top right), 1810 UTC (bottom left), 

and 2330 UTC (bottom right). 

 

Given the complexity of upward particle Doppler velocities, it is difficult to 

determine the location of the melting layer on April 3.  The previous method which uses 

the transition of particle Doppler velocities from between approximately 0.5 m/s and 2 
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m/s to ≥ approximately 4 m/s will therefore be employed.  The melting layer varied from 

between 800 m and 600 m AGL to between 400 m and 200 m AGL for April 3, although 

the presence of a bright-band through much of the lowest 2 km, in particular at 0310 

UTC, which may have been a vertical bright-band, showed that wet snow or melted snow 

was likely occurring within the entire layer. 

 

Figure 6.107.  10-min average MRR Doppler spectrum data at West Vancouver (WWA) 

for April 3, 2010, at 0040 UTC (top left), 02 UTC (top right), 0310 UTC (bottom left), 

and 0520 UTC (bottom right). 

 

6.3.8 Meteorological Station Data 

 The temperature range at WWA for the April 2-3 period was larger than at VOE.  

At WWA, minimum temperatures were > 2°C and maximum temperatures were < 10°C 
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(Figure 6.108).  Conversely, at VOE, minimum temperatures were < -2°C and maximum 

temperatures were around 0°C. 

 The differences in precipitation accumulation between WWA and VOE were 

small on April 2, whereas on April 3, they were the largest during the SNOW-V10 

operational period.  April 2 saw measurements at VOE of 10 mm greater than at WWA 

43 mm compared to 33 mm, whereas on April 3, a difference of 52 mm was recorded, 

with 55 mm and 3 mm measured at VOE and at WWA, respectively.  The greatest 

separation in precipitation accumulations at both stations was concurrent to the presence 

of substantial upslope flows and upward particle Doppler velocities. 

 Winds at WWA on April 2 were among the strongest recorded during SNOW-

V10.  Maximum wind speeds of nearly 7.5 m/s from the east-northeast were recorded at 

approximately 18 UTC.  These winds moderated to approximately 4 m/s out of the east-

southeast by approximately 01 UTC on April 3, and were ≤ 2 m/s from 06 UTC until the 

end of the day. 

 Winds at VOE were also among the strongest measured during SNOW-V10.  A 

maximum wind speed of approximately 7 m/s was recorded on several occasions on 

April 2-3 (Figure 6.109).  For most of the period of precipitation, winds were east-

southeasterly to south-southeasterly. 

However, from approximately 0830 UTC to 0930 UTC and from approximately 

10 UTC to 20 UTC on April 3, the anemometer at VOE was likely non-operational, as it 

was not registering wind speeds.  This may have been because of icing on the 

anemometer.   There was a duration of rain of 1 h 45 min as inferred by the POSS sensor 

at VOG when VOE temperatures were < -0.4°C (Figures 6.110 and 6.111).  This rainfall 
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occurred concurrently with upward particle Doppler velocities and substantial 

precipitation rates at VOE, which were ≥ 10 mm/h for > 2 h.  (Comparisons of 

precipitation type at VOG with temperatures at that station cannot be made due to the 

absence of temperature measurements for the period.  The use of -0.4°C was to account 

for the approximate 70 m elevation difference between VOE and VOG using the 

saturated adiabatic lapse rate, assuming that temperatures were < 0°C at VOG and that 

there was an absence of a temperature inversion.) 

 

Figure 6.108.  Temperature, precipitation accumulation, and u- and v-wind speeds at 

West Vancouver (WWA) and Cypress Bowl North (VOE): April 2-3, 2010. 

 

Precipitation type at VOG was largely frozen throughout the period of April 2-3 

when precipitation occurred, as inferred by the FD12P.  However, for > 8 h, rain was 

inferred by the POSS sensor at VOG, whereas rain was inferred for < 3 h using the 

FD12P sensor.  For > 10 h from approximately 21 UTC on April 2 to 12 UTC on April 3, 

precipitation was inferred by the POSS sensor at VOG, but the type was unknown.  This 

was concurrent with the period with upward particle Doppler velocities. 
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Figure 6.109.  Temperature, precipitation accumulation, and u- and v-wind speeds at 

West Vancouver (WWA) and Cypress Bowl North (VOE): April 2-3, 2010. 

 

 

Figure 6.110.  Temperature, precipitation type (inferred with the FD12P at VOG and the 

POSS at WWA), and precipitation rate at West Vancouver (WWA), Cypress Bowl South 

(VOG), and Cypress Bowl North (VOE): April 2-3, 2010. 
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Figure 6.111.  Temperature, precipitation type (inferred with the POSS at VOG and 

WWA), and precipitation rate at West Vancouver (WWA), Cypress Bowl South (VOG), 

and Cypress Bowl North (VOE): April 2-3, 2010. 

 

 Visibilities at VOG were very low during precipitation.  During periods with 

precipitation, hourly averaged visibilities at VOG were typically < 100 m (Figure 6.112).  

At instances when precipitation rates at VOE were ≥ 5 mm/h, visibilities were typically 

near-zero at VOG.  Maximum precipitation rates at VOE and WWA were 16 mm/h and 7 

mm/h, respectively, during the case. 

 Ceiling heights at WWA and VOG differed by as little as < 100 m and by much 

as 1000 m in terms of above ground level heights (Figure 6.113).  During precipitation, 

however, ceiling heights at WWA were typically approximately 200 m AGL, whereas for 

VOG, they were < 50 m AGL.  Frequently during precipitation, ceiling heights at VOG 

were near ground-level. 

 Saturation levels at WWA and VOE differed for the case.  Relative humidity 

values at VOE were > 95% for the entire period of April 2-3, reaching a maximum of 

nearly 99%.  Conversely, at WWA, these values were ≤ 93%, even during precipitation 
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occurrence (Figure 6.114).  The fast-moving airflow from the east-northeast at WWA 

advected drier air into the area, which moved upward over Cypress Mountain and 

combined with the moist air at the elevation of VOE. 

 

Figure 6.112.  Temperature, precipitation rate, and visibility at West Vancouver (WWA), 

Cypress Bowl South (VOG), and Cypress Bowl North (VOE): April 2-3, 2010. 

 

 

Figure 6.113.  Precipitation accumulation and ceiling (in m AGL) at West Vancouver 

(WWA), Cypress Bowl South (VOG), and Cypress Bowl North (VOE): April 2-3, 2010. 
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Figure 6.114.  Relative humidity and visibility at West Vancouver (WWA), Cypress 

Bowl South (VOG), and Cypress Bowl North (VOE): April 2-3, 2010. 

 

 There were moderate differences between reflectivity values from 368 m ASL 

and 968 m ASL on April 2.  Reflectivity values were frequently ≥ 40 dBZ at 368 m ASL 

during precipitation occurrence, whereas at 968 m ASL they were rarely ≥ 30 dBZ 

(Figures 6.115 and 6.116).  Maximum reflectivity values at 368 m ASL were 

approximately 47 dBZ, whereas for 968 m ASL they were approximately 37 dBZ.  

Maximum precipitation rates also showed a large difference at this point; the maximum 

precipitation rate at WWA was < 5 mm/h, whereas for VOE it was > 9 mm/h. 

 There were upward particle Doppler velocities of precipitation present on April 2.  

There was a total duration of ≥ 3 h with upward particle Doppler velocities detected 

within a large proportion of the Doppler spectrum.  For approximately 2 h, upward 

particle Doppler velocities were between 0.5 m/s and 2 m/s, and for approximately 1 h 30 

min, there were upward velocities ≥ 2 m/s.  During the ≥ 3 h with upward particle 
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Doppler velocities, there were total precipitation accumulations at VOE of approximately 

10 mm and at WWA of approximately 4 mm. 

 

Figure 6.115.  MRR reflectivity at 368 m ASL, with West Vancouver (WWA) 

precipitation rates and accumulations: April 2, 2010.  Green rectangles indicate periods 

when the MRR detected a significant portion of the Doppler spectrum with upward 

particle Doppler velocities of precipitation between 0.5 m/s and 2 m/s, whereas black 

rectangles indicate periods when the MRR detected strong returns of the Doppler 

spectrum with upward particle Doppler velocities of precipitation ≥ 2 m/s. 
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Figure 6.116.  MRR reflectivity at 968 m ASL, with Cypress Bowl North (VOE) 

precipitation rates and accumulations: April 2, 2010.  Green rectangles indicate periods 

when the MRR detected a significant portion of the Doppler spectrum with upward 

particle Doppler velocities of precipitation between 0.5 m/s and 2 m/s, whereas black 

rectangles indicate periods when the MRR detected strong returns of the Doppler 

spectrum with upward particle Doppler velocities of precipitation ≥ 2 m/s. 

 

 There was a moderate difference in reflectivity values between 368 m ASL and 

968 m ASL on April 3.  The maximum difference detected between the two elevations by 
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the MRR was approximately 12 dBZ (Figures 6.117 and 6.118), which were 40 dBZ at 

368 m ASL and 28 dBZ at 968 m ASL.  This is despite precipitation rates being 

substantially larger at VOE compared to WWA; the maximum precipitation rate at VOE 

was 23 mm/h, whereas at WWA it was 2 mm/h. 

 As stated earlier, on April 3 there was a substantial difference in the precipitation 

accumulations from VOE and WWA; 55 mm of precipitation was recorded at VOE and 3 

mm was measured at WWA.  An explanation for the large disparity between the two 

stations was the longest period of upward particle Doppler velocities during SNOW-V10, 

which saw ≥ 7 h of upward velocities of ≥ 0.5 m/s detected within a large proportion of 

Doppler spectrum by the MRR, including approximately 5 h with upward particle 

Doppler velocities ≥ 2 m/s detected from a substantial portion of the Doppler spectrum. 
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Figure 6.117.  MRR reflectivity at 368 m ASL, with West Vancouver (WWA) 

precipitation rates and accumulations: April 3, 2010.  Green rectangles indicate periods 

when the MRR detected a significant portion of the Doppler spectrum with upward 

particle Doppler velocities of precipitation between 0.5 m/s and 2 m/s, whereas black 

rectangles indicate periods when the MRR detected strong returns of the Doppler 

spectrum with upward particle Doppler velocities of precipitation ≥ 2 m/s. 
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Figure 6.118.  MRR reflectivity at 968 m ASL, with Cypress Bowl North (VOE) 

precipitation rates and accumulations: April 3, 2010.  Green rectangles indicate periods 

when the MRR detected a significant portion of the Doppler spectrum with upward 

particle Doppler velocities of precipitation between 0.5 m/s and 2 m/s, whereas black 

rectangles indicate periods when the MRR detected strong returns of the Doppler 

spectrum with upward particle Doppler velocities of precipitation ≥ 2 m/s. 
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6.3.9 GEM-LAM 1.0-km Model Performance 

 Modeled temperatures for April 2-3 at WWA were at times accurate, although 

this was not the case for the most part.  At VOE, however, modeled temperatures were 

generally accurate.  For approximately 12 h, modeled temperatures at WWA were within 

± 1°C of actual values (Figure 6.119).  However, for the rest of April 2-3, actual 

temperatures were generally > 2°C warmer than model simulations.  At VOE, however, 

modeled temperatures were within ± 2°C of actual values.  Similar to the March 7-15 and 

March 28-30 periods, the model showed a general cold bias at WWA for April 2-3.  

During this case, at VOE, there was a small cold bias, which was not generally the case 

throughout the other case studies. 

 Modeled relative humidity predictions at WWA showed some substantial errors, 

whereas at VOE, model forecasts of relative humidity values were generally accurate.  

The forecast error of relative humidity values at WWA was generally approximately ± 

10%, with errors as high as approximately 30% (Figure 6.120).  At VOE, however, for 

approximately 40 h, modeled relative humidity values were within ± 5% of actual values 

and for approximately 3 h, modeled relative humidity values were beyond ± 10% of 

actual values. 

 Modeled precipitation at both WWA and VOE showed some difficulty in 

predicting onset for April 2-3, but modeled hourly precipitation amounts at WWA were 

generally somewhat accurate.  Modeled hourly precipitation amounts at VOE, however, 

were substantially low compared to actual hourly precipitation amounts.  Modeled 

precipitation onset at both WWA and VOE showed some errors of up to ± 2-3 h (Figure 

6.121).  Modeled hourly precipitation amounts at WWA were accurate within ± 2 mm 



220 
 

after taking into account precipitation onset errors.  Modeled hourly precipitation 

amounts at VOE, however, showed substantial errors, with a maximum under-forecasting 

of up to 10 mm between 02 UTC and 08 UTC on April 3 after taking into account 

precipitation onset errors.  There was also an over-forecasting of hourly precipitation 

amounts of > 4 mm at VOE at approximately 14 UTC on April 2.    (See Appendix II for 

a comparison of measured and modeled precipitation amounts for each run on each case 

day.) 

 

Figure 6.119.  Simulated temperatures from the GEM-LAM 1.0-km model compared to 

measured temperatures at West Vancouver (WWA, top) and Cypress Bowl North (VOE, 

bottom) for April 2-3, 2010. 
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Figure 6.120.  Simulated relative humidity from the GEM-LAM 1.0-km model compared 

to measured relative humidity at West Vancouver (WWA, top) and Cypress Bowl North 

(VOE, bottom) for April 2-3, 2010. 
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Figure 6.121.  Simulated hourly precipitation amounts from the GEM-LAM 1.0-km 

model compared to measured hourly precipitation amounts at West Vancouver (WWA, 

top) and Cypress Bowl North (VOE, bottom) for April 2-3, 2010. 

 

 The model generally performed well in forecasting the patterns of u- and v-

component wind speeds at WWA for April 2-3.  However, the model showed some large 

errors in predicting u- and v-component winds at VOE.  The model generally had errors 

of ≤ 2 m/s with respect to u- and v-winds at WWA, although the maximum error with 



223 
 

respect to v-wind speeds at WWA was > 4 m/s at 12 UTC on April 3 (Figures 6.122 and 

6.123).  Two periods at VOE showed forecasting errors in u-winds of ≥ 2 m/s.  Between 

03 UTC and 22 UTC on April 2, modeled u-winds were ≥ 2 m/s more easterly than actual 

u-winds.  Between 02 UTC and 10 UTC on April 3, modeled u-winds were ≥ 2 m/s more 

westerly than actual u-winds, with a maximum error of approximately 10 m/s at 

approximately 08 UTC.  Three periods at VOE showed differences between model and 

actual v-winds ≥ 2 m/s.  Between 16 UTC and 21 UTC on April 2, actual v-winds were 

2-4 m/s more northerly than modeled v-winds.  Between 03 UTC and 06 UTC on April 3, 

actual v-winds were also 2-4 m/s more northerly than modeled v-winds.  Conversely, 

between 08 UTC and 11 UTC on April 3, actual v-winds were 2-6 m/s more southerly 

than modeled v-winds. 
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Figure 6.122.  Simulated u-wind speed from the GEM-LAM 1.0-km model compared to 

measured u-wind speed at West Vancouver (WWA, top) and Cypress Bowl North (VOE, 

bottom) for April 2-3, 2010. 

 



225 
 

 

Figure 6.123.  Simulated v-wind speed from the GEM-LAM 1.0-km model compared to 

measured v-wind speed at West Vancouver (WWA, top) and Cypress Bowl North (VOE, 

bottom) for April 2-3, 2010. 

 

6.3.10 Case Summary 

 April 2-3 was a case with cooler than average temperatures.  Strong southerly, 

upslope flows were frequently present over Cypress Mountain, in particular from 21 UTC 

on April 2 to 12 UTC on April 3, which were produced by the large pressure gradient 
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exhibited by the strong low pressure system that passed over the area at approximately 00 

UTC on April 3.  Temperatures at VOE were ≤ 0°C but > -3°C for the entirety of the 

case.  Temperatures at WWA remained ≥ 2°C for the entire period and reached a 

maximum of nearly 10°C following the precipitation period on April 3.  Frozen 

precipitation types were frequently inferred at VOG by both sensors employed, although 

there was a presence of rain for several hours during the case.  Rain was the sole 

precipitation type inferred at WWA.  Daily precipitation amounts at WWA were large on 

April 2 (33 mm), but small on April 3 (3 mm).  At VOE, however, large precipitation 

amounts occurred on April 2 (43 mm) and on April 3 (55 mm).  Daily precipitation 

accumulation differences between the two stations was small on April 2 (10 mm), but on 

April 3, the largest daily precipitation accumulation difference between VOE and WWA 

during SNOW-V10 occurred (52 mm).  The large difference in precipitation amounts 

between VOE and WWA on April 3 was likely due to the strong southerly, upslope flow 

over Cypress Mountain, which produced upward particle Doppler velocities of 

precipitation ≥ 0.5 m/s for > 9 h during the day, including approximately 5 h with upward 

velocities ≥ 2 m/s.  The 10 mm difference in precipitation amounts between VOE and 

WWA on April 2 could also be attributed to a period of > 3 h with upward particle 

Doppler velocities ≥ 0.5 m/s, including > 1 h with upward velocities ≥ 2 m/s. 

 

6.4 Summary of Case Studies 

 The two cases described in depth showed strong variations in precipitation rates, 

type, and amounts over Cypress Mountain through the presence of different 

meteorological conditions.  Moderate moisture advection and low-level onshore flows 
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(flows of up to 12 m/s at 1 km ASL were detected by the Doppler radar radial velocity 

algorithm over Cypress Mountain) were present for much of March 10-15, promoting the 

development of moderate precipitation amounts (≤ 40 mm per day at WWA and VOE), 

with small increases in precipitation accumulations with increasing elevation. 

This is contrasted by the substantial moisture advection and low-level onshore 

flows present on April 2-3 (1 km ASL flows of ≥ 20 m/s were detected at times by the 

Doppler radar radial velocity algorithm over Cypress Mountain), promoting substantial 

total precipitation (55 mm at VOE on April 3, most of which occurred over the first 10 h 

of the day), and, on April 3, the presence of strong upslope flows generated a large 

increase in precipitation with increasing elevation compared to the base of Cypress 

Mountain (VOE recorded 52 mm more precipitation than WWA). 

Precipitation types were also very different during the two case periods.  Snow 

was more prevalent for March 10-15, whereas rain was dominant for April 2-3.  Freezing 

rain was also inferred for ≥ 2 h per day on Cypress Mountain over April 2-3, whereas an 

average of 15 min per day of freezing rain was inferred over March 10-15 with a 

maximum of 1 h of freezing rain on March 13. 

 The GEM-LAM 1.0-km high-resolution model performed better for March 10-15 

than for April 2-3.  A cold bias was present at WWA for both periods and the model 

sometimes had difficulty in predicting wind patterns.  However, for April 2-3 the largest 

model error was in predicting precipitation amounts.  The 20 UTC run for VOE on April 

2 predicted 11 mm of precipitation from 2015 UTC April 2 until 15 UTC April 3, 

whereas 58 mm of precipitation was measured.  This was during a prolonged period (of ≥ 

9 h) of upward particle Doppler velocities.  
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CHAPTER 7: DISCUSSION AND SUMMARY REMARKS 

 A number of important issues will be discussed in this Section.  In general, these 

topics will be arranged from large scale downwards.  There will also be some 

consideration of future conditions. 

 

7.1 Climatological Perspective 

 SNOW-V10 occurred during the winter of 2009-10, which was anomalously 

warm over the British Columbia Lower Mainland, including the Cypress Mountain area.  

Precipitation amounts were near the long-term average for the period at WWA and higher 

than the long-term average at VOE (when compared to data from Hollyburn Ridge).  

However, there was a definitive shift in the precipitation type from snow to rain over 

Cypress Mountain.  WWA experienced no snowfall during SNOW-V10, due to 

temperatures being largely well above freezing.  Typically, YVR (4 m ASL, 164 m lower 

than WWA) normally experiences approximately 35 mm of liquid equivalent snowfall 

during the period. 

Measurable precipitation frequently occurred over consecutive days.  Most 

precipitation events occurred over successive days rather than on single days.  A 

maximum of 13 days with precipitation ≥ 0.2 mm occurred at both VOE and WWA.  

However, the occurrence of consecutive days with larger amounts of precipitation (i.e. ≥ 

10 mm) was much more frequent at VOE than at WWA. 

Many precipitation events lasted 6-10 h or more, with embedded heavier 

precipitation rates occurring for 15-30 min to 2-3 h.  Periods of precipitation were not 

typically uninterrupted.  The longest periods of uninterrupted precipitation at VOG and 
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WWA were 13 h and 9 h, as inferred by the POSS sensor.  The FD12P sensor inferred a 

maximum period of 37 h of uninterrupted precipitation at VOG.  Periods of uninterrupted 

snowfall at VOG had maximum durations of 7 h (POSS) and 16 h (FD12P). 

 

7.2 Circulation and Precipitation 

7.2.1 General Circulation Patterns 

Periods which were characterized by a clockwise low-level wind direction change 

(i.e. from northeasterly or easterly to southerly or southwesterly at Cypress Mountain) 

often were associated with an increase in precipitation rates.  This was due to a change in 

airflow from predominantly continental to maritime in origin.  In other words, the winds 

initially advected drier air from the BC Interior, but the winds shifted later to allow the 

advection of moist air from over the Pacific Ocean.  However, during periods when these 

winds changed in a counter-clockwise direction (i.e. from southwesterly or southerly to 

easterly or northeasterly), precipitation tended not to occur.  If precipitation did occur, 

precipitation rates were lower, due to a change from a predominantly more humid 

maritime to a drier continental airflow. 

The same low-level wind shifts generally corresponded to changes in temperature.  

Generally, warmer temperatures were observed if the wind shifted in a clockwise 

direction, whereas cooler temperatures resulted during periods when counter-clockwise 

wind shifts occurred.  Temperatures increased when the winds originated from over the 

ocean as a result of the warmer air over the ocean from relatively warm sea surface 

temperatures compared to the cooler temperatures over the Interior (i.e. over the 
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landscape to the north and east of Cypress Mountain).  Also, winds which originated 

from over the interior were sometimes part of an Arctic outflow. 

Substantial precipitation accumulation occurred during periods when moisture 

advection was present at low levels.  This advection was generated by humid onshore 

flows from over the Pacific Ocean, particularly during periods when low pressure 

systems were situated over the North Pacific, especially when onshore flows were fast-

moving.  Some precipitation events exhibited greater accumulations despite having lower 

values of columnar precipitable water and surface specific humidity.  This was due to the 

higher onshore wind speeds, which more quickly advected this moisture. 

Large differences in precipitation amounts between WWA and VOE were, in part, 

the result of larger-scale atmospheric circulation patterns over the Lower Mainland.  

Sufficiently strong surface winds (≥ 5 m/s) with a general southerly orientation permitted 

stronger upslope flows to occur on the mountain.  This was particularly the case during 

periods with unblocked flows, which prevailed for nearly the entire duration of SNOW-

V10.  Only 11 of the 240 rawinsonde launches at Quillayute, WA, showed Inverse 

Froude Numbers > 0.5, which indicates stronger blocking than unblocking.  In fact, 219 

launches showed Inverse Froude Numbers < 0.3 and 109 launches had values < 0.1, 

indicating that unblocked flows occurred > 90% of the time.  These circulations promoted 

substantial condensation within the moist environment and produced considerable 

precipitation amounts over more elevated areas on Cypress Mountain.  Locations at lower 

elevations, however, experienced much smaller precipitation amounts during these 

instances. 
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Strong upslope flows (i.e. mean daily surface and 850 mb vector winds of ≥ 8 m/s 

and ≥ 10 m/s, respectively, in a southeasterly to southwesterly orientation) provided 

substantial moisture advection over Cypress Mountain for precipitation production.  On 

March 11, mean daily southerly surface winds of 8-9 m/s and south-southwesterly 850 

mb winds of 14-16 m/s assisted in the production of 40 mm of precipitation on Cypress 

Mountain, although there was no difference between accumulations at VOE and WWA. 

Doppler radar radial velocity imagery also assisted in differentiating days with 

lighter and heavier precipitation amounts, as well as small or large disparities between 

WWA and VOE.  On March 11, south-southeasterly flows of ≤ 12 m/s over Cypress 

Mountain at approximately 1 km ASL were detected within precipitating systems by the 

0.5° PPI Doppler radial velocity algorithm when 40 mm of precipitation was measured at 

both WWA and VOE.  Conversely, on April 3, southwesterly flows of ≥ 20 m/s were 

detected by Doppler radar within precipitating systems, which was a day when 

precipitation amounts of 3 mm was measured at WWA and 55 mm was recorded at VOE. 

 

7.2.2 Precipitation Type 

VOG experienced substantial periods of snow, with a maximum temperature of 

2.1°C when snowfall was inferred by the POSS sensor.  The FD12P inferred snow at a 

maximum temperature of 5.6°C on January 10.  Relative humidity values at WWA and 

VOE were 88% and 98%, respectively, that is, not substantially below the saturation level 

required at that temperature to permit the presence of snow (Figure 7.1).  Therefore, it is 

not likely that snow was actually present, since the temperature and relative humidity 

values were outside the boundaries applicable to snow identified by Matsuo et al. (1981).  
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An instrumental error may have occurred.  However, it is also possible that graupel or 

other particles which have similar spectral characteristics to snow may have been present. 

Freezing rain was also recorded at VOG.  The longest total duration of freezing 

rain within a 24-h period was ≥ 3 h, which occurred between April 2 at 21 UTC and April 

3 at 09 UTC.  A minimum temperature of -1.1°C was measured when rain was inferred 

by the POSS sensor.  This was the lowest temperature measured during SNOW-V10 

when rain was inferred by the POSS sensor. 

Rain and snow were also differentiated using specialized instrumentation.  The 

Micro Rain Radar (MRR) showed clear differences between Doppler velocities of falling 

snowflakes and raindrops.  Also, the detection of a bright-band layer in some instances 

indicated areas of mixed precipitation or the existence of a melting layer within a 

precipitating system, providing supplemental information to improve nowcasting and 

understanding of these processes. 
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Figure 7.1.  Occurrence of rain (R), a mix of rain and snow (R/S) and snow (S) with 

associated temperatures and relative humidity values (Adapted from Stewart, 1992). 

 

7.2.3 Particle Doppler Velocity 

One important aspect of the circulation and precipitation patterns during SNOW-

V10 was that upward particle Doppler velocities of precipitation were detected by the 

MRR.  For one of the case studies included in Chapter 6 (April 2-3), a total duration of ≥ 

9 h with upward particle Doppler velocities ≥ 0.5 m/s occurred.  Over the SNOW-V10 

period, a total of 5 days with ≥ 1 h of upward particle Doppler velocities were detected by 

the MRR during SNOW-V10: March 13, March 29, April 2, April 3, and April 7.  The 

period of April 2-3 featured the longest period of upwards particle Doppler velocities 

throughout the field campaign.  Upward particle Doppler velocities of ≥ 0.5 m/s occurred 
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for ≥ 7 h between 21 UTC on April 2 and 09 UTC on April 3, although there were brief 

interruptions of up to 20 min.  In this case, precipitation particles were ascending Cypress 

Mountain from over WWA and towards VOE by a strong, upslope flow, which resulted 

in large differences in precipitation amounts between the two stations.  During this case, 

some of the precipitation particles exhibited upward particle Doppler velocities ≥ 2 m/s, 

another indication of a rapid upslope flow over Cypress Mountain. 

For example, during the case of April 2 between 20 UTC and 24 UTC, as a deep 

low pressure system (approximately 979 mb) approached the BC Lower Mainland, a 

maximum precipitation rate at WWA of 1 mm/h was present.  However, at VOE, 

maximum precipitation rates reached nearly 4 mm/h.  Upward velocities of precipitation 

particles occurred between approximately 1500 m and 4000 m ASL at 21 UTC.  The 

lowest height of upward velocities decreased to approximately 600 m ASL by 00 UTC on 

April 3.  Conversely, during the case of March 11, when no upward movement of 

precipitation particles was detected, precipitation rates reached maxima of > 8 mm/h at 

WWA and < 6 mm/h at VOE.  Total precipitation on March 11 was 40 mm at both 

WWA and VOE.  On April 2, the total precipitation was 33 mm at WWA and 42 mm at 

VOE, indicating that upward movement of precipitation particles above Cypress 

Mountain resulted in smaller precipitation amounts at WWA than at VOE. 

The strongest effects of upslope flows and upward particle Doppler velocities 

occurred on April 3 between 00 UTC and 09 UTC.  A substantial proportion of 

precipitation exhibited upward particle Doppler velocities ≥ 1 m/s over WWA.  Upward 

particle velocities of ≥ 2 m/s with a maximum of approximately 4 m/s, were detected.  

These upward velocities occurred within the layer between approximately 400 m and 
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3000 m ASL.  At VOE, precipitation rates reached as high as 23 mm/h, whereas at 

WWA, the maximum precipitation rate was 2 mm/h.  The total precipitation on April 3 

was 55 mm at VOE and 3 mm at WWA.  Strong upslope flows in Figure 7.2 (A) provide 

the lift necessary to generate upward particle Doppler velocities of precipitation, whereas 

weak upslope flows in (B) do not, resulting in downward particle velocities.  This 

scenario indicates the presence of convection, although by comparing maximum 

precipitation rates at VOE (23 mm/h) to those present during strong thunderstorms 

(frequently ≥ 100 mm/h) with vigorous updrafts (frequently ≥ 40 m/s), it is clear that the 

convection occurring on April 3 was not strong.  Given sufficient moisture, the scenario 

in (A) would generally result in much greater precipitation amounts at higher elevations 

than at low levels, whereas scenario (B) would typically result in much smaller 

differences in precipitation amounts with elevation. 

A conceptual model of the trajectory of a precipitation particle which exhibits 

upward Doppler velocities resulting from upslope flows is shown in Figure 7.3.  The 

particle, which is initially snow in this scenario, begins to fall upstream of the mountain 

in a region with little updraft but strong horizontal winds.  As the particle grows by 

aggregation (given the presence of sufficient cloud), its downward velocity increases 

while its horizontal velocity decreases with decreasing mid-level wind speeds.  The 

particle falls below the melting level and evolves into a raindrop.  As the raindrop 

approaches the mountain, given the presence of sufficient upslope flows, its downward 

velocity decreases and actually reverses itself.  The raindrop is then carried up the 

mountain until it either reaches the mountainside (in the scenario shown) or is carried 

downstream of the mountain given the presence of very strong upslope flows.  The 
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raindrop is then carried above the freezing level and is deposited on the mountain as 

freezing rain.  The downwards bend in the freezing level near the mountain is caused in 

part by the cooling of the air as it ascends the mountain in an initially stable environment.  

Since the air is saturated and is brought from near sea-level, it cools at the saturated 

adiabatic lapse rate of 6°C/km.  This type of situation occurred at VOG on April 2-3.  

Strong upslope flows present over Cypress Mountain were sufficient to carry raindrops 

up the mountainside from WWA to VOG, with maximum upward Doppler velocities ≥ 4 

m/s detected by the MRR for some particles.  South-southwesterly winds averaging 12-

14 m/s were occurring at 850 mb and a south-southeasterly to southwesterly flow of 

precipitation particles of up to 24 m/s was detected by Doppler radar at approximately 

1000 m ASL. 

 

Figure 7.2.  The effect of strong (A) versus weak (B) upslope flows (indicated by the 

brown and beige arrows) over Cypress Mountain.  The magnitudes and directions of 

particle Doppler velocities are indicated by the blue arrows.  Snowflakes and raindrops 

are both included.  Cypress Bowl North (VOE) is identified by the red dot, Cypress Bowl 

South (VOG) is identified by the blue dot, and West Vancouver (WWA) is identified by 

the green dot. 
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Figure 7.3.  Conceptual model of a falling precipitation particle which exhibits upward 

motion once carried by strong upslope flows. 

 

 Another important aspect of upward particle Doppler velocities was that 

precipitation particles can develop over the windward side of Cypress Mountain, but be 

carried over to the leeward side of the mountain by strong upslope flows and be deposited 

downstream of the mountain.  This can be a mechanism for a shift in precipitation 

distribution, in that smaller amounts may fall on the windward side and larger amounts 

fall on the leeward side, or this precipitation can sublimate or evaporate in that region’s 

downwards flow.  Some of the radar cross sections from WUJ showed this pattern, with 

reflectivity values ≥ 30 dBZ downstream of Cypress Mountain and upstream reflectivity 

values within 15 km of the mountain were ≤ 15-20 dBZ (such as on April 3 at 0330 UTC 

in Figure 6.103).  Other radar cross sections showed precipitation developing on the 

windward side, with reflectivity values of ≥ 15-20 dBZ immediately adjacent to Cypress 

Mountain and on the leeward side, whereas barely 2 km upstream of Cypress Mountain, 

no reflectivity values were detected.  This showed the presence and importance of 

orographic enhancement of precipitation during SNOW-V10. 
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7.3 Case Study Comparison 

 Temperatures and precipitation accumulations at WWA and VOE showed large 

variations between the two case studies, as well as between the two stations themselves.  

April 2-3 had the coolest temperatures at each location, and March 10-15 was the 

warmest case (Tables 7.1 and 7.2). 

In terms of daily precipitation, March 10-15 had the lowest precipitation amounts, 

whereas April 2-3 had the most substantial precipitation amounts, particularly at VOE.  

The latter case also exhibited the largest increase in precipitation amounts with elevation; 

VOE recorded more than double the precipitation than at WWA on April 2-3.  During the 

first case, VOE had daily precipitation differences < 10 mm more than WWA. 

 

Table 7.1.  West Vancouver (WWA) temperature and precipitation data for each case 

study. 

Case 

WWA 

Maximum 

Temperature 

(°C) 

WWA Mean 

Temperature 

(°C) 

WWA 

Minimum 

Temperature 

(°C) 

WWA Total 

Precipitation 

(mm) 

March 10-15 12.3 4.9 1.1 89 

April 2-3 9.6 5.1 2.2 36 

 

Table 7.2.  Cypress Bowl North (VOE) temperature and precipitation data for each case 

study. 

Case 

VOE 

Maximum 

Temperature 

(°C) 

VOE Mean 

Temperature 

(°C) 

VOE 

Minimum 

Temperature 

(°C) 

VOE Total 

Precipitation 

(mm) 

March 10-15 5.2 -1.1 -3.5 123 

April 2-3 -0.2 -1.0 -2.2 98 
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 Each case showed very different precipitation type characteristics.  March 10-15 

showed the largest shift towards snowfall at VOG, whereas April 2-3 exhibited a 

substantial amount of rain and snow, as well as other frozen precipitation types (Table 

7.3).  Rain occurred with much less frequency at VOG on April 2-3 and snow was 

inferred for the most hours per day of any of the two cases.  At WWA, rain occurred for 

the greatest number of hours per day over the April 2-3 case and for the lowest number of 

hours per day for the March 10-15 case. 

 

Table 7.3.  Total duration of West Vancouver (WWA) and Cypress Bowl South (VOG) 

precipitation types inferred with the POSS and FD12P sensors for each case study. 

Case 

WWA 

Duration of 

Rainfall (h) 

VOG 

Duration of 

Rainfall 

(FD12P h / 

POSS h) 

VOG 

Duration of 

Snowfall 

(FD12P h / 

POSS h) 

VOG Duration of 

other Frozen 

Precipitation 

(FD12P h) 

March 10-15 23 4 / 9 74 / 30 14 

April 2-3 27 2 / 8 30 / 12 8 

 

 Maximum precipitation rates at WWA and VOE varied greatly between the two 

cases.  For March 10-15, WWA and VOE showed very similar maximum precipitation 

rates, whereas for April 2-3, the maximum precipitation rate at VOE was nearly five 

times that of WWA (Table 7.4).  Maximum precipitation rates were highest at WWA for 

March 10-15, whereas for the case of April 2-3, maximum precipitation rates were the 

highest at VOE. 

Upward particle Doppler velocities occurred for ≥ 2 h for April 2-3, which 

contributed greatly to the large difference in precipitation between VOE and WWA.  The 
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average Inverse Froude Number at Quillayute, WA, however, was very similar for both 

cases. 

 

Table 7.4.  West Vancouver (WWA) and Cypress Bowl North (VOE) precipitation rate, 

particle Doppler velocity, and Inverse Froude Number data for each case study. 

Case 

WWA 

Maximum 

Precipitation 

Rate (mm/h) 

VOE 

Maximum 

Precipitation 

Rate (mm/h) 

Presence of ≥ 

2 h of Upward 

Particle 

Doppler 

Velocities 

Average 

Inverse Froude 

Number 

March 10-15 8 7 N 0.083 

April 2-3 5 23 Y 0.082 

 

 The respective prevailing wind directions at WWA and VOE were approximately 

the same over the two cases.  Importantly, mean winds at VOE were upslope, being from 

the south-southeast.  However, the mean wind speed at each station exhibited some 

variations between each case (Table 7.5).  Mean wind speeds were ≤ 2 m/s at WWA and 

at VOE for March 10-15.  Mean wind speeds were > 2 m/s at WWA and at VOE for 

April 2-3.  However, mean wind speeds were < 3 m/s for both cases. 

 

Table 7.5.  West Vancouver (WWA) and Cypress Bowl North (VOE) mean wind speed 

and prevailing wind direction data for each case study. 

Case 

WWA Mean 

Wind Speed 

(u-wind m/s, 

v-wind m/s) 

WWA 

Prevailing 

Wind 

Direction 

VOE Mean 

Wind Speed 

(u-wind m/s, 

v-wind m/s) 

VOE 

Prevailing 

Wind 

Direction 

March 10-15 -1.46, -0.54 ENE -0.76, 1.36 SSE 

April 2-3 -1.96, -0.36 ENE -1.18, 2.10 SSE 
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 Maximum u- and v-component wind speeds showed substantial variations 

between WWA and VOE, as well as between the two cases.  The strongest u- and v-

component winds generally occurred over the April 2-3 case (Table 7.6).  The strongest 

winds occurred in the easterly and northerly (WWA) and easterly and southerly (VOE) 

directions.  (The -19.58 m/s v-component wind speed was likely an instrumental error.)  

Strong south-southeasterly winds at VOE were the mechanism for the upward particle 

Doppler velocities of precipitation exhibited on April 2-3. 

Days with larger precipitation amounts at WWA and VOE typically exhibited 

greater onshore and upslope flows.  As well, days with longer durations of upward 

particle Doppler velocities generally had larger differences in precipitation accumulations 

between WWA and VOE.  Mean daily 850 mb and surface winds, the duration of upward 

particle Doppler velocities ≥ 0.5 m/s and ≥ 2 m/s, and VOE and WWA precipitation 

amounts are given in Table 7.7. 

 

Table 7.6.  West Vancouver (WWA) and Cypress Bowl North (VOE) maximum wind 

speed information for each case study.  (Note: maximum u-wind speeds and maximum v-

wind speeds were not necessarily concurrent.  These values solely indicate the range of 

wind speeds at each location.) 

Case 

WWA 

Maximum U-

Wind Speed 

(positive m/s, 

negative m/s) 

WWA 

Maximum V-

Wind Speed 

(positive m/s, 

negative m/s) 

VOE 

Maximum U-

Wind Speed 

(positive m/s, 

negative m/s) 

VOE 

Maximum V-

Wind Speed 

(positive m/s, 

negative m/s) 

March 10-15 1.35, -5.88 1.21, -3.20 0.83, -2.80 4.59, -1.04 

April 2-3 1.66, -7.00 2.13, -3.23 1.63, -6.00 12.74, -19.58 
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Table 7.7.  Mean daily 850 mb and surface wind speed and direction, duration of upward 

particle Doppler velocities ≥ 0.5 m/s and ≥ 2 m/s, and Cypress Bowl North (VOE) and 

West Vancouver (WWA) precipitation amounts for case studies. 

Date 

Mean 

Daily 850 

mb 

Winds 

(m/s, 

direction) 

Mean 

Daily 

Surface 

Winds 

(m/s, 

direction) 

Duration of 

upward 

particle 

Doppler 

Velocities 

(h ≥ 0.5 m/s,  

h ≥ 2 m/s) 

VOE 

Precipitation 

Amount 

(mm) 

WWA 

Precipitation 

Amount 

(mm) 

March 10 5, SW 4, WSW 0, 0 6 3 

March 11 14, SSW 9, SSW 0, 0 40 40 

March 12 7, SSW 3, S 0, 0 17 15 

March 13 7, SW 6, SSW 1, 0 31 9 

March 14 11, S 6, S 0, 0 6 4 

March 15 8, SSW 5, SSE 0, 0 23 18 

April 2 13, SSW 10, S 3, 0 43 33 

April 3 10, WSW 9, WSW 7, 2 55 3 

 

7.4 Model Capabilities and Limitations 

 The GEM-LAM 1 km high-resolution forecast model was utilized during SNOW-

V10.  Its projections were useful in determining potential meteorological conditions.  

However, there were some biases. 

 The model often had a cold bias at WWA (Figure 5.42), particularly during the 

diurnal warm period and when humidity values were lower.  Temperatures were 

reasonably well forecast at VOE, however (Figure 5.47).  Likely in conjunction with the 

cold bias at WWA, the model often had difficulty in accurately simulating relative 

humidity (Figure 5.43), with relative humidity values often being well above the actual 

values. 

 The model often had difficulty in accurately predicting the amount and, 

particularly, the timing of precipitation (Figures 5.44 and 5.49).  The most significant 

example of under-forecasting was on April 3 at VOE, when maximum actual hourly 
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precipitation amounts approached 12 mm on two occasions, whereas maximum 

forecasted amounts were < 4 mm. 

 The model also had some difficulty in forecasting winds.  U-component winds at 

WWA showed some accuracy, although with a slight under-forecast (Figure 5.45).  

However, v-component winds at WWA and VOE (Figures 5.46 and 5.51) showed greater 

under-forecasting.  U-component winds at VOE (Figure 5.50) were frequently over-

forecast.  There were also periods when the model showed difficulty in forecasting 

changes to large-scale circulation patterns. 

 

7.5 Comparisons with Previous Research 

 Thériault et al. (2014) examined precipitation over the Whistler venue, at which 

elevations ranged from approximately 600 m to 2000 m ASL from the base to the 

summit.  This work occurred in conjunction with SNOW-V10 for March 4-12.  The 

researchers’ primary concern was precipitation type, particularly given that the melting 

layer is situated near the elevation of Whistler and frequently exhibits large variations 

during the winter.  In addition to using sensors to determine precipitation type, 

macrophotography techniques were employed, showing both the type and category of 

precipitation when frozen (e.g. snow pellets, dendrites, or columns, and the presence of 

aggregation or riming).  These macrophotography techniques and specific determination 

of particle types undertaken were not employed at Cypress Mountain. 

The period of Thériault et al.’s work coincided with the first two days of the 

March 10-15 case within the thesis, including the precipitation events for March 10-12.  

The researchers examined synoptic-scale meteorological conditions and the resulting 

effects over the Whistler venue on a local scale (for example the fog-to-snow process), 
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characterizing conditions using 850 mb height maps, rawinsondes from Whistler, and 

instrumental data.  During precipitation events, temperatures near the base of the 

mountain at Whistler (approximately 800 m ASL) were typically between -5°C and 0°C 

but rarely > 0°C.  At the elevated station (approximately 1850 m ASL), temperatures 

generally ranged from -10°C to -5°C.  Precipitation rates at the lower station were < 2 

mm/h, whereas at the higher station, they were approximately three to five times that, 

reaching a maximum of 5 mm/h.  Winds at 800 m and 1850 m ASL were generally ≤ 2 

m/s and 2-5 m/s, respectively, during precipitation.  The freezing level was typically 

within 800 m of the base of the mountain (i.e. ≤ 1400 m ASL), but the typical melting 

layer was at approximately 800 m ASL.  Below the melting layer, wet snow, a mix of 

rain and snow, or exclusively rain generally occurred. 

These meteorological conditions exhibited similar patterns to over Cypress 

Mountain during the same precipitation events if reductions in elevation of approximately 

400 m and 900 m at the base and at the higher station, respectively, were considered.  

Temperatures at WWA were above the freezing point for nearly the entire period, 

whereas temperatures at VOG and VOE were generally between -4°C and 1°C during 

this period.  The melting layer was typically between 400 m and 1000 m ASL from 

March 10-12, as detected by the MRR.  Snow and other forms of frozen precipitation 

were frequently inferred at VOG during this period.  Maximum precipitation rates of 8-9 

mm/h and 5-6 mm/h were exhibited at WWA and VOE, respectively.  Winds were rarely 

≥ 5 m/s at WWA and VOE. 

 Schuur et al. (2014) demonstrated the effectiveness of a portable X-band radar 

system to detect the presence of a bright-band.  Part of their work compared WWA MRR 
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reflectivity and particle Doppler velocities to X-band radar vertical profiles at WWA.  

The presence of a bright-band was shown in the MRR and X-band radar data, with the 

MRR detecting a reflectivity maxima at the same level at which particle Doppler 

velocities accelerated from between 1 m/s and 2.5 m/s (a snow signature) to ≥ 3.5 m/s (a 

rain signature.  The MRR daily plots shown within this thesis frequently showed a bright-

band, with a reflectivity maxima or reflectivity values ≥ 30 dBZ at the melting layer.  At 

the same level, particle Doppler velocities were shown to have accelerated from 1-3 m/s 

to ≥ 4 m/s, identifying the layer within which the precipitation particles transitioned from 

snow to rain. 

The reflectivity cross-sections from the WUJ radar towards Cypress Mountain 

also showed the presence of a bright band, in a similar fashion to the X-band radar Range 

Height Indicators (RHIs) within Schuur et al.  Reflectivity maxima were detected 

corresponding to the presence of a melting layer, such as the case at approximately 1000 

m ASL on March 14 in Figure 6.44. 

 Mailhot et al. (2014) described the GEM-LAM 1.0-km high-resolution model and 

its effectiveness at forecasting during SNOW-V10.  Despite the difficulties in forecasting 

specific variables shown in the SNOW-V10 summary and case studies sections of this 

thesis, the 1.0-km high-resolution model appeared to add value to forecasting during its 

employment.  The only two variables for which the model appeared to demonstrate 

greater difficulty in forecasting compared to the REG (15-km) and 2.5-km models were 

temperatures at lower elevations and precipitation onset and amounts. 

Given that this thesis evaluated the 1.0-km model exclusively and for two 

stations, further analyses of the effectiveness of these model products were not 
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performed.  Additional comparisons and validation of these high-resolution numerical 

weather prediction products within mountainous environments would allow for 

improvements to be made to the model. 

 

7.6 Implications and a Changing Climate 

 The issue of coastal mountain meteorology during the winter is important given 

its hydrological and hazardous implications.  Improvements in the knowledge of these 

processes have been made from past field campaigns.  However, there are still 

advancements to be made.  Future field programs are being planned, such as the Olympic 

Mountains Ground Validation Experiment (OLYMPEX), which is scheduled to occur 

during the winter of 2015-16 over the Olympic Peninsula in the state of Washington.  The 

objectives are to provide ground validation for radars and satellites as a part of the Global 

Precipitation Measurement (GPM) campaign (McMurdie et al., 2013).  Rain and snow 

will be measured, as well as cloud microphysics, using remote sensing tools on aircraft 

and surface observation stations to validate radar and satellite instruments, as well as to 

provide supplemental information for model simulations.  This is particularly necessary 

in areas where surface observations are limited, especially given the potential for 

flooding, avalanches, and landslides within this region. 

 One other important implication is that of human-caused climate change.  Given 

that Cypress Mountain is but one of hundreds of mountains near the Pacific Coast within 

the mid-latitudes, there is a high probability that projected temperature changes will 

produce perhaps substantial changes to the hydrologic cycle within these environments.  

Even an increase in temperature of 1°C will likely reduce the frequency and quantity of 
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snowfall on these mountains, whereas rain may become more frequent.  These changes 

would pose risks to specific economic sectors, such as tourism and transportation.  For 

example, the ski industry may be subject to reduced periods of operation, or would have 

to produce more of their own snow using snowmakers.  Also, given that the possibility of 

rain-on-snow events may increase, landslides, avalanches, and flooding may become 

more frequent, leading to problems for local areas and on transportation routes. 

 SNOW-V10 occurred during an anomalously warm winter over the Cypress 

Mountain area that coincided with a moderate to strong El Niño episode.  Precipitation 

amounts were near-average to above-average.  Due to the warmer temperatures, however, 

rain, rather than snow, was the most common precipitation type on the mountain.  

Climate projections suggest that El Niños may become more frequent (Cai et al., 2014).  

Therefore, winters in Southwestern British Columbia may become warmer and shorter, 

snow may become less common and rain may become more common, and greater 

extreme meteorological conditions (such as heavy rainfall and increasing rain-on-snow 

events) may become more frequent (Walker and Syndeysmith, 2008).  These scenarios 

would pose serious risks to the numerous sectors mentioned in the previous paragraph.  
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CHAPTER 8: CONCLUDING REMARKS 

8.1 Conditions during SNOW-V10 

An examination has been undertaken of the precipitation occurring over Cypress 

Mountain during the SNOW-V10 field campaign between January and April 2010.  

Specifically, the overall objective of this thesis is to characterize precipitation patterns 

over Cypress Mountain during this period and each of the following three sections 

address one of the sub-objectives. 

1) With respect to large-scale atmospheric and oceanic conditions, the winter of 

2009-10 was anomalously warm, linked to one of the strongest El Niño episodes since 

the well-known event in 1997-98.  Sea surface temperatures over the Pacific Ocean 

within 500 km of the British Columbia Lower Mainland were approximately 0.5°C above 

normal and surface air temperatures at West Vancouver (WWA) were approximately 

1.5°C above the long-term average. 

These warmer conditions contributed to a substantial reduction in the amount of 

snowfall over the Cypress Mountain area.  However, total precipitation amounts at WWA 

were slightly above the 21-year average for the January to April period, meaning that 

there was a substantial increase in rainfall at the expense of snowfall. 

Substantial differences in precipitation amounts also occurred with respect to 

elevation over Cypress Mountain.  From January to April, Cypress Bowl North (VOE, 

elevation 953 m ASL) experienced 1523 mm of precipitation whereas 798 mm of 

precipitation fell over WWA (elevation 168 m ASL), a difference of 725 mm over an 

elevation difference of 785 m (almost 1 mm/m) and a horizontal distance of 

approximately 8 km.  Precipitation at WWA was near-average, whereas at VOE, monthly 
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precipitation amounts were approximately 120 mm above the long-term average for 

Hollyburn Ridge (a station located 4 km southeast of VOE and 23 m lower in elevation).  

The difference in precipitation anomalies between WWA and VOE was largely due to 

the large difference in precipitation amounts between the two stations during the January 

11-15 event (which was likely an atmospheric river event), as well as on March 29 and 

April 2-3, during which ≥ 4 h of upward particle Doppler velocities were detected. 

Precipitation occurred over much of the period at both WWA and VOE.  Out of 

the 120 days, measurable precipitation occurred on 80 days at WWA and 84 days at 

VOE.  A maximum of 13 consecutive days with measurable precipitation occurred at 

both WWA and VOE.  Both the total number of days and consecutive days with 

measurable precipitation at WWA were near the long-term average, differing by 2 days.  

Long-term averages for VOE are not available.  Maximum 15-min precipitation rates at 

WWA and VOE were approximately 10 mm/h and 17 mm/h, respectively.  It precipitated 

often but not at a very high rate compared with, for example, thunderstorms. 

Precipitation type differed substantially between WWA and Cypress Bowl South 

(VOG).  Rainfall occurred exclusively at WWA, with a total of 425 h and a maximum 

uninterrupted duration of 9 h.  The POSS and FD12P sensors at VOG inferred 428 h and 

434 h of rain, respectively, with a maximum uninterrupted duration of 13 h (POSS) and 

22 h (FD12P).  The POSS and FD12P instruments at VOG also recorded 107 h and 328 h 

of snow, respectively, with a maximum uninterrupted duration of 8 h (POSS) and 17 h 

(FD12P).  This does not include other forms of frozen precipitation inferred by the 

FD12P, such as snow pellets or snow grains, ice pellets, freezing rain, and freezing 
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drizzle, of which a total of 182 h was inferred at VOG.  At VOG, snow grains or snow 

pellets were inferred for a total of 70 h and ice pellets were inferred for a total of 111 h. 

2) With respect to specific case studies, one day during SNOW-V10 exhibited large 

differences in precipitation amounts between WWA and VOE.  On April 3, daily 

precipitation amounts at VOE were ≥ 50 mm greater than at WWA. 

During this day, a strong upslope flow occurred because of strong, southerly 

winds at the surface and at 850 mb.  Upward particle Doppler velocities of precipitation ≥ 

0.5 m/s were detected by the MRR at WWA for ≥ 7 h.  This instance included upward 

particle Doppler velocities ≥ 2 m/s, with maximum upward particle Doppler velocities ≥ 

4 m/s.  The FD12P instrument inferred that snow was occurring at VOG, whereas the 

POSS sensor inferred rain was present while upward velocities were as high as 4 m/s.  

The strength of updrafts present when upward particle Doppler velocities of 4 m/s were 

detected would have been 5-7 m/s for snow and 8-12 m/s for rain.  In other words, for a 

given upward particle Doppler velocity, the strengths of convective updrafts during snow 

and rain are approximately 1-3 m/s and 4-8 m/s higher, respectively, than that upward 

particle velocity.  There is a spectrum of particles in precipitating systems, however, 

exhibiting a range of particle Doppler velocities, typically within 1-2 m/s of the average 

velocity.  Within the melting layer (i.e. within the bright-band) under non-convective 

conditions, however, the range of particle velocities can be 3-4 m/s from the average, 

since rain, snow, and accreted particles are all likely present.  Also, within Upward 

particle Doppler velocities typically occurred on days with mean 850 mb and surface 

winds of ≥ 12 m/s and ≥ 8 m/s, respectively, with an orientation of between west-

southwesterly and south-southeasterly.  
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Freezing rain was also inferred at VOG for ≥ 2 h on April 2-3, concurrent with 

upward particle Doppler velocities.  It is believed that raindrops were lifted up the 

mountain by strong upslope flows and upward particle velocities as high as 4 m/s were 

detected by the MRR during part of this period.  The air in which they were embedded 

cooled at the saturated adiabatic lapse rate (6°C/km) as it ascended the mountain to a 

temperature of approximately -1°C at VOE.  

During days with larger differences in precipitation amounts between WWA and 

VOE, orographic enhancement of precipitation was frequently detected by the 

operational meteorological radar at Aldergrove (WUJ).  Reflectivity values frequently 

increased by ≥ 10 dBZ at the same height from 5-10 km upstream of Cypress Mountain 

to above the mountain. 

Much more evenly distributed precipitation amounts occurred during periods of 

weak or non-existent upslope flows at the surface and 850 mb, or if these winds were not 

of a southwesterly to south-southeasterly orientation.  An example of such situations was 

March 10-12.  Daily precipitation amounts between VOE and WWA differed by a 

maximum of 5 mm during these events, but no periods of upward particle Doppler 

velocities or brief periods with small upward particle Doppler velocities occurred.  Mean 

daily winds were generally < 10 m/s and < 7 m/s at 850 mb and at the surface, 

respectively. 

The magnitude of the upslope flow is not the sole factor driving large differences 

in precipitation distribution over Cypress Mountain.  On March 11, 40 mm at both WWA 

and VOE occurred when mean southwesterly 850 mb winds were approximately 14 m/s 

and mean southerly surface winds were approximately 9 m/s.  Lower water vapour 
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content was present on March 11 than on April 3, and no upward Doppler velocities of 

precipitation particles were detected by the MRR.  Mean surface specific humidity values 

were approximately 5 g/kg, whereas for April 3, they were 5.5 g/kg.  In some instances, 

observed in the radar cross section data, reflectivity values were up to 10-15 dBZ lower 

upstream than downstream of the mountain at the same elevation, meaning that a large 

quantity of precipitation developed and was brought over the mountain and transported 

downstream without falling on the mountain itself. 

3) With respect to model capabilities, the GEM-LAM 1.0-km high-resolution model 

utilized during SNOW-V10 exhibited capability in predicting temperatures, relative 

humidity, and wind patterns.  However, at WWA, there was a definitive cold bias during 

some periods, which also resulted in higher relative humidity values being predicted than 

the actual values.  The model also had difficulty in forecasting precipitation onset – 

precipitation was projected to begin either too soon or too late (typically by 1-3 h) – as 

well as total amounts; the model generally underestimated precipitation, particularly at 

VOE.  This was particularly the case during periods with upward particle Doppler 

velocities of precipitation. 

 

Although not a sub-objective of this thesis, some consideration can be made of 

future conditions.  Given that El Niño events are expected to become more frequent and 

possibly more intense due to anthropogenic climate change (Cai et al., 2014), 

anomalously warm winters similar to 2009-10 will likely become more frequent.  The 

resulting shift in precipitation from snow to rain on Cypress Mountain will likely be 

repeated and mirrored elsewhere throughout the coastal mountains of British Columbia.  
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The resulting increase in the elevation of the snow line would pose many problems for 

the ski industry.  An increase in winter rainfall would likely increase the number of rain-

on-snow events, which may result in increasing the number of damaging events, such as 

flash flooding, landslides, and avalanches, posing a hazard to the lives and property of 

local populations, as well as to the transportation and tourism sectors. 

 

8.2 Limitations and Future Research 

There were several limitations to this study.  First, the short field campaign did 

not permit a long-term, intensive study of precipitation processes over Cypress Mountain.  

The absence of long-term observation stations with adequate climate data was also a 

problem; no stations on Cypress Mountain had a full dataset of 30-year climate normals, 

making quantification of precipitation differences with elevation changes impossible. 

The presence of only one station (VOE) on Cypress Mountain which recorded 

precipitation amounts limited the robustness of the precipitation data.  This is especially 

true given the presence of convective precipitation during the field campaign.  Localized, 

heavier precipitation may not have been adequately recorded by this one station. 

The existence of only one station (VOG) on Cypress Mountain which inferred 

precipitation type posed problems given that mixed-phase precipitation occurred on many 

occasions and that temperatures were generally close to 0°C.  The presence of a human 

observer at at least one location on the mountain would have been very useful to better 

document and verify the inferences from the precipitation type data obtained from 

sensors. 

The deployment of only one MRR system (at WWA) proved a challenge with 

respect to determining orographic enhancement of precipitation.  Had there been an 
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additional MRR near the summit on Cypress Mountain, direct comparisons of MRR data 

would have been possible.  Instead, this study relied upon radar cross section data from 

the WUJ radar, located over 60 km from Cypress Mountain.  The utilization of the 

Aldergrove (WUJ) radar did not provide reflectivity information as detailed as that from 

a second MRR instrument located, perhaps, at VOE.  This additional MRR would also 

have permitted the comparison of particle Doppler velocity data at different points on 

Cypress Mountain. 

The GEM-LAM 1.0-km model data were only point values at the surface.  

Atmospheric column data were not acquired.  These data would have been useful in 

determining model performance with respect to low-level circulation, as well as the 

presence or absence of blocking, both of which may have explained projected 

precipitation distribution patterns which differed from actual measurements during the 

period. 

 Future studies of orographic winter precipitation over environments similar to 

Cypress Mountain that addressed these limitations would further improve understanding 

of precipitation in this region.  A more thorough and accurate three-dimensional 

depiction of atmospheric circulation within precipitating systems could be developed, 

particularly with respect to high-resolution numerical weather prediction, thereby 

improving forecasts and warnings.  These improvements would assist governments and 

various sectors of the economy adapt to the effects of and mitigate the damage caused by 

extreme meteorological events. 
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8.3 Final Summary 

 In summary, near to above average precipitation amounts occurred during 

SNOW-V10 over Cypress Mountain and a shift in precipitation type from snow to rain 

occurred in association with warmer than average temperatures.  Measurable 

precipitation occurred on two-thirds of the days, and substantially higher precipitation 

accumulations occurred with increasing elevation, although not always.  Strong upslope 

flows generated upward particle Doppler velocities during periods of both snow and rain, 

which produced daily precipitation accumulations up to 50 mm greater on the mountain 

than at its base, and also led in one instance to freezing rain.  Experimental high-

resolution numerical weather prediction (the GEM-LAM 1.0-km model) provided useful 

forecasts, but had difficulty predicting more complex conditions, such as during upward 

particle Doppler velocities of precipitation.  
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APPENDIX I: GLOSSARY 

Average: the arithmetic mean of a collection of data of a single variable for a given 

duration.  In this thesis, the term average is typically used in reference to long-term 

data or a collection of many samples of one variable of data, particularly if there are 

many missing values. 

Particle Doppler velocity: the terminal velocity of precipitation particles including the 

vertical movement of the surrounding air.  Positive Doppler velocities indicate 

towards the radar (downwards), whereas negative Doppler velocities indicate away 

from the radar (upwards).  

Fall velocity: the vertical velocity of precipitation particles compared to the surrounding 

air.  Positive fall velocities imply downward velocities, whereas negative fall 

velocities indicate upward velocities. 

Mean: the arithmetic mean of a collection of data of a single variable for a given 

duration.  In this thesis, the term mean is usually used in reference to short-term 

data (e.g. for monthly temperatures) for which there are a smaller size of dataset for 

which there is little if any missing data. 

Normals: specialized calculations of 30 years of data for a specific variable (e.g. 

precipitation amount or temperature) which expresses typical values for the 

variable at a specific location on a specific date or month. 
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APPENDIX II: MEASURED AND MODELED PRECIPITATION AMOUNTS 

DURING CASE STUDIES 

Table II.1.  Comparisons between forecast precipitation amounts using the 11 UTC run of 

the GEM-LAM 1.0-km high-resolution model at West Vancouver with actual 

precipitation amounts. 

Date Time Interval (UTC) 

Modeled 

Precipitation 

Amount (mm) 

Actual 

Precipitation 

Amount (mm) 

10-Mar-10 00 to 06   6 0 

10-Mar-10 1115 to 24   6 3 

11-Mar-10 00 to 06   1 0 

11-Mar-10 1115 to 24   23 24 

12-Mar-10 00 to 06   0 8 

12-Mar-10 1115 to 24   22 5 

13-Mar-10 00 to 06   0 0 

13-Mar-10 1115 to 24   2 7 

14-Mar-10 00 to 06   0 1 

14-Mar-10 1115 to 24   0 3 

15-Mar-10 00 to 06   4 7 

15-Mar-10 1115 to 24   1 8 

02-Apr-10 00 to 06   2 3 

02-Apr-10 1115 to 24   27 15 

03-Apr-10 00 to 06   1 2 

03-Apr-10 1115 to 24   2 0 

 

  



264 
 

Table II.2.  Comparisons between forecast precipitation amounts using the 20 UTC run of 

the GEM-LAM 1.0-km high-resolution model at West Vancouver with actual 

precipitation amounts. 

Date Time Interval (UTC) 

Modeled 

Precipitation 

Amount (mm) 

Actual 

Precipitation 

Amount (mm) 

10-Mar-10 00  to 15  15 1 

10-Mar-10 2015  to 24  0 0 

11-Mar-10 00  to 15  34 33 

11-Mar-10 2015  to 24  12 0 

12-Mar-10 00  to 15  5 11 

12-Mar-10 2015  to 24  0 0 

13-Mar-10 00  to 15  6 6 

13-Mar-10 2015  to 24  0 0 

14-Mar-10 00  to 15  0 1 

14-Mar-10 2015  to 24  1 3 

15-Mar-10 00  to 15  10 17 

15-Mar-10 2015  to 24  0 0 

02-Apr-10 00  to 15  21 27 

02-Apr-10 2015  to 24  0 1 

03-Apr-10 00  to 15  3 3 

03-Apr-10 2015  to 24  0 0 
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Table II.3.  Comparisons between forecast precipitation amounts using the 11 UTC run of 

the GEM-LAM 1.0-km high-resolution model at Cypress Bowl North with actual 

precipitation amounts. 

Date Time Interval (UTC) 

Modeled 

Precipitation 

Amount (mm) 

Actual 

Precipitation 

Amount (mm) 

10-Mar-10 00  to 06  10 0 

10-Mar-10 1115  to 24  7 5 

11-Mar-10 00  to 06  4 1 

11-Mar-10 1115  to 24  40 22 

12-Mar-10 00  to 06  0 10 

12-Mar-10 1115  to 24  33 5 

13-Mar-10 00  to 06  2 0 

13-Mar-10 1115  to 24  6 21 

14-Mar-10 00  to 06  0 2 

14-Mar-10 1115  to 24  0 3 

15-Mar-10 00  to 06  5 8 

15-Mar-10 1115  to 24  3 9 

02-Apr-10 00  to 06  7 8 

02-Apr-10 1115  to 24  54 21 

03-Apr-10 00  to 06  5 38 

03-Apr-10 1115  to 24  4 1 
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Table II.4.  Comparisons between forecast precipitation amounts using the 20 UTC run of 

the GEM-LAM 1.0-km high-resolution model at Cypress Bowl North with actual 

precipitation amounts. 

Date Time Interval (UTC) 

Modeled 

Precipitation 

Amount (mm) 

Actual 

Precipitation 

Amount (mm) 

10-Mar-10 00  to 15  15 2 

10-Mar-10 2015  to 24  0 0 

11-Mar-10 00  to 15  49 31 

11-Mar-10 2015  to 24  16 1 

12-Mar-10 00  to 15  8 14 

12-Mar-10 2015  to 24  1 0 

13-Mar-10 00  to 15  15 15 

13-Mar-10 2015  to 24  2 2 

14-Mar-10 00  to 15  1 2 

14-Mar-10 2015  to 24  2 3 

15-Mar-10 00  to 15  24 23 

15-Mar-10 2015  to 24  0 0 

02-Apr-10 00  to 15  57 32 

02-Apr-10 2015  to 24  2 4 

03-Apr-10 00  to 15  9 54 

03-Apr-10 2015  to 24  0 0 

 

 


