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Abstract—A greater understanding of precipitation formation

processes over complex terrain near the west coast of British

Colombia will contribute to many relevant applications, such as

climate studies, local hydrology, transportation, and winter sport

competition. The phase of precipitation is difficult to determine

because of the warm and moist weather conditions experienced

during the wintertime in coastal mountain ranges. The goal of this

study is to investigate the wide range of meteorological conditions

that generated precipitation on Whistler Mountain from 4–12

March 2010 during the SNOW-V10 field campaign. During this

time period, five different storms were documented in detail and

were associated with noticeably different meteorological condi-

tions in the vicinity of Whistler Mountain. New measurement

techniques, along with the SNOW-V10 instrumentation, were used

to obtain in situ observations during precipitation events along the

Whistler mountainside. The results demonstrate a high variability

of weather conditions ranging from the synoptic-scale to the

macro-scale. These weather events were associated with a variation

of precipitation along the mountainside, such as events associated

with snow, snow pellets, and rain. Only two events associated with

a rain–snow transition along the mountainside were observed, even

though above-freezing temperatures along the mountainside were

recorded 90 % of the time. On a smaller scale, these events

were also associated with a high variability of snowflake types that

were observed simultaneously near the top of Whistler Mountain.

Overall, these detailed observations demonstrate the importance of

understanding small-scale processes to improve observational

techniques, short-term weather prediction, and longer-term climate

projections over mountainous regions.
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1. Introduction

Accurately predicting winter weather events over

complex terrain is very challenging because of the

high degree of spatial and temporal variability.

Depending on the environmental temperature, storms

can produce snow at higher elevations and rain at

lower elevations. Storms of this type often lead to

hazardous societal impacts through both short and

long-term effects. Heavy and wet snow events that

occur around 0 �C can create an instability in the

snowpack, leading to increased avalanche risk, which

poses a threat to on-mountain enthusiasts, local set-

tlements, and traffic traveling through mountain

passes. The volume of snow accumulated during the

winter season will also directly affect the water

resources in the spring season over mountainous

regions (BARNETT et al., 2005). The seasonal timing

of snow is perhaps more important. Rain on snow has

a significant impact on the local hydrology (LUND-

QUIST et al., 2008). Significant rainfall enhances

snowmelt, which can lead to large-scale flooding

scenarios.

To study precipitation formation over mountain-

ous terrain, field campaigns and numerical studies

have been conducted in the past. In terms of field

campaigns, IMPROVE2 focused on the microphysics

of precipitation in storms approaching the west coast

of the United States (STOELINGA et al., 2003), and the

MAP field campaign (STEINER et al., 2003) was con-

ducted in the Alps. One major result from both

projects was the impact of diabatic cooling of phase

transition on the valley flow direction. In terms of

numerical studies, MINDER et al. (2011) conducted

numerical simulations on the mesoscale parameters

influencing the snow line. They demonstrated that the

location of the snow line (defined as the location
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where 50 % of the snow has melted into rain) highly

depends on the choice of the microphysical parame-

terization. This illustrates the importance of the

microphysics representation in accurately determin-

ing the phase of precipitation along the mountainside.

Weather patterns approaching the west coast of

British Columbia bring warm and moist maritime air

over complex terrain, leading to temperatures around

0 �C in the winter season. As the temperature is near

0 �C, determining the precise phase of precipitation is

very challenging. Thus, additional studies were nee-

ded to accurately forecast and nowcast the weather

during the 2010 Vancouver Olympics. The Science

and NOWcasting of Olympic Weather for Vancouver

2010 (SNOW-V10) experiment (ISAAC et al., 2012),

held in conjunction with the Vancouver 2010

Olympic and Paralympic Games, provided an excel-

lent opportunity to compare model results and

weather observations in complex mountainous

regions (JOE et al., 2010). A high-resolution version

of the Global Environmental Multiscale (GEM)

model (CÔTÉ et al., 1998) was developed to improve

weather forecasts near the West Coast of British

Columbia for the Vancouver 2010 Winter Olympics

(MAILHOT et al., 2010).

Despite the high density of weather stations

installed in the Vancouver–Whistler area, additional

precipitation type observations were necessary to

improve our understanding of various modes of

evolution and formation of the precipitation types

along the mountainside. Because the temperature is

near 0 �C, it is common to observe a rain-snow

boundary along Whistler Mountain. A rain–snow

boundary is the region bound by only snow at higher

elevations and only rain at lower elevations. The

presence of a layer of warm air at lower levels leads

to melting snow, and therefore to the formation of a

rain–snow boundary on the mountainside (MARWITZ,

1987). The diabatic cooling due to the melting snow

affects the dynamics of the storm by competing with

the large-scale warm air advection. During the MAP

field campaign, observations showed that the diabatic

cooling of melting snow could produce a secondary

cold front as well as alter the flow in the valley

(STEINER et al., 2003). Furthermore, ZANGL (2007)

showed that the diabatic cooling from evaporation

also has an important impact on the meteorological

conditions in mountainous terrain. Because these

types of winter events are generally associated with

temperatures near 0 �C, competing effects can alter

the type of precipitation reaching the surface, the

locations of the rain–snow lines, and the severity of

the storms along the mountainside.

To improve our understanding of the impact of

small-scale processes on the weather conditions along

Whistler Mountain, detailed in situ observations were

collected during the SNOW-V10 field campaign in

addition to the suite of data collected during the

project itself. The goal of this study is to investigate

and document the high variability of winter weather

conditions on Whistler Mountain. The occurrence of

a rain–snow line and different snowflake types are

studied. In particular, the available observations from

the SNOW-V10 instrumentation and manual obser-

vations of precipitation types at the top and along

Whistler Mountain have been used to conduct this

study.

The paper is organized as follows. The techniques

used for the snow macrophotography and the col-

lection of detailed meteorological profiles along the

mountainside are described in Sect. 2. Section 3

describes the synoptic situations during the intensive

observational periods (4–12 March 2010) on Whistler

Mountain as well as the precipitation rates, temper-

ature and wind speed at the Roundhouse (RND)

research station (GULTEPE et al., 2012). Each event is

described in detail in terms of precipitation types

(Sect. 4) and observations along the mountainside

(Sect. 5) to demonstrate that precipitation events at

Whistler Mountain occur under a wide range of

meteorological conditions, from large-scale to local

in nature. A summary of the weather conditions

observed in the Whistler area and concluding remarks

are given in Sect. 6.

2. Sampling Strategy

Detailed meteorological and photographic mea-

surements were collected on Whistler Mountain.

Measurements consisted of snow crystal macropho-

tography at RND station (GULTEPE et al., 2012)

situated at the helipad slightly up-mountain from the

top of Whistler gondola (Fig. 1). Visual observations
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of the precipitation types associated with the rain–

snow lines along the mountainside, and a variety of

temperature and humidity profiles from the Round-

house station to Whistler Village were also collected.

The locations of the various weather stations dis-

cussed in this study are shown in Fig. 1. The

sampling strategy for these observations can be bro-

ken down into two categories, which are snow

macrophotography and in situ sondes along Whistler

Mountain. These are each described in the sections

below, along with a brief description of data available

from SNOW-V10. Table 1 summarizes the manual

observations conducted during each weather event.

2.1. Snow Macrophotography

High-resolution images of solid precipitation

falling at the helipad (Fig. 2a) were taken. The

camera setup and location are shown in Fig. 2b. This

setup, previously used to study ice pellet character-

istics (GIBSON and STEWART, 2007), consisted of a

Nikon D80 Digital SLR with a 60 mm macro lens, a

vertical camera mount, and a large metal base on

which the mount is connected. Integrated into the

large metal base is a platform attached to a hand-

crank that allows for precise lateral movement. An

elevator stand is used for placing the snowfall sample

and for focusing the image. The entire setup was

placed under a plastic cover to prevent blowing snow

from falling on the camera and collection pad. This

cover was built specifically with clear plastic win-

dows in order to allow for the passage of natural light.

Falling snow was collected on a metal plate

covered with black velvet and photographed. Nine

pictures per collection pad were taken by moving the

elevator stand (Fig. 2b) left to right with the hand-

crank and bottom to top manually in a pre-measured,

ordered grid. Pictures were taken every 10 min

during each weather event. Since access to the slopes

of Whistler Mountain is restricted to daytime oper-

ating hours, pictures could only be taking during the

day. As such, the camera was set up to a time

exposure of 1.6 s, ISO of 100 and an aperture of f/3.2.

This setting, along with the allowance of natural light

through the plastic cover, resulted in higher details in

the precipitation images and kept the background

velvet black (high contrast and high detail). Given

that the focal length of the lens was fixed and the

placement of the collection plate was consistent for

each observation, the user can determine the size of

the snow crystals in each photograph.

The snow photography setup was designed to

automatically compute a size distribution of the

snowflakes. THÉRIAULT et al. (2012) studied the

Figure 1
a The location of the different weather stations along Whistler Mountain and their elevations (above sea level). The soundings were launched

at VOC (THÉRIAULT et al., 2012). b The manual ski profile (MSP) route and the Whistler gondola routes. Note that VOL is located at a similar

elevation to the Olympic Station. Also, VOT is around 100 m above the Whistler Village
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relation between snowflake type falling inside and

outside a snow gauge. Each photograph was pro-

cessed using Matlab and snowflakes that were

touching were ignored for this analysis, which results

in the underestimation of aggregates. Snowflakes

were sorted manually into six categories: dendrites,

columns, needles, plates, irregulars and snow pellets.

The dendrite category includes stellars and branches,

the column category includes capped-columns and

bullets, the irregulars are the snowflake type that had

no specific shape and snow pellets are heavily rimed

snowflakes where the original habit is not discernible.

The major axis was measured automatically using the

number of pixels on the side of the picture and the

distance measured by a ruler. Furthermore, the snow

particles were identified as rimed or unrimed and if

they were aggregated. The crystal types in each

aggregate were also identified.

2.2. In Situ Sondes along Whistler Mountain

In addition to snowflake photography, detailed

weather observations and profiles along Whistler

Mountain were collected using two separate in situ

methods. The first method, referred to as a manual

gondola profile (MGP), was conducted by riding the

Whistler gondola up and down to collect temperature

and relative humidity profiles. A Kestrel1 is a hand-

held weather meter that measures temperature,

pressure, relative humidity, wind speed and wind

direction, and internally calculates elevation using

temperature, relative humidity, and pressure. The

measurement error of the Kestrel is ±1.0 �C,

±1.0 mb, and ±1.0 % for temperature, pressure, and

relative humidity, respectively; the corresponding

1 http://www.kestrelmeters.com/.

Table 1

Weather events observed in Whistler area between 4–12 March 2010

Date Weather conditions Snow photos Manual profiling

2230-2359 UTC 4 March 2010 Snow pellets H –

1800-2359 UTC 7 March 2010 Rain–snow boundary H 1 MSP (AM) and 2 MGP (PM)

1750-2300 UTC 9 March 2010 Snow at higher elevations H 2 MSP (AM and PM)

1750-2359 UTC 10 March 2010 Snow H 1 MSP (AM) and 1 MGP (PM)

1730-2315 UTC 11 March 2010 Blowing snow H 1 MSP (AM) and 2 MGP (PM)

The acronym MSP is manual ski profile and MGP is manual gondola profile

Figure 2
Macrophotography set-up. a Under the helipad where the camera setup was installed. The camera setup is placed under the beige cover on the

right of the figure panel. b The photography setup. c The setup to perform a manual ski profile (MSP)
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precision is to 0.1 �C, 0.1 mb, and 0.1 %. The

measurement response time is of the order of 1 s for

temperature and up to 1 min for pressure and relative

humidity when optimized with an airflow of at least

1 ms-1. As such, every step was taken to ensure that

the kestrels were well ventilated while obtaining

measurements, which was suggested by the manufac-

turer. Profile data were obtained by holding one or two

Kestrel models outside the gondola through the

window to keep them ventilated. Skiing with the

Kestrel allowed for better ventilation and results than

the gondola method. Kestrel observations were either

recorded orally via voice recorder at numbered

gondola posts, or automatically depending on the

Kestrel and the recording method. Visual observations

(fog and precipitation) were made via voice recorder

while profiles were being obtained. Gondola post

locations and elevations were recorded on a handheld

GPS unit during one trip to form the profiles.

The second profile method allowed for more

detailed observations of the precipitation type evolu-

tion during weather events. If the weather conditions

were favorable, a manual ski profile (MSP) would be

performed. Kestrels were taped to ski poles (Fig. 2c)

and the elevation, temperature, pressure, relative

humidity and dew point were automatically recorded

while skiing down the mountain. At the same time,

the skier used a voice recorder to record the weather/

precipitation types observed along the mountain. By

simultaneously recording visual observations of pre-

cipitation and weather type orally, it was possible to

match the time recorded by the weather instrument

and on the voice recorder to determine the elevation.

Direct visual observations of the snow crystal types

combined with the meteorological data collected

from the Kestrel instruments resulted in a unique

dataset that can precisely locate the melting level

along the slope of Whistler Mountain and allows for a

characterization of the types of precipitation through

the transition region.

2.3. SNOW-V10 Instrumentation

A number of weather stations were installed in the

vicinity of the study area indicated on Fig. 1b. RND

served as the base of operations for this study, where

detailed measurements of precipitation rate, type,

visibility, wind speed, relative humidity, and temper-

ature were collected every minute (GULTEPE et al.,

2012). A micro rain radar (MRR) was also available

to detect precipitation type and reflectivity. Research

instruments such as a disdrometer, wind profiler and

C-Band radar were added to the existing operational

instruments. In addition to the instrumentation

installed along the surface of the mountain, a shielded

weather station was installed, based on the manufac-

turer requirements, on the top of one of the gondola

cars of the Whistler Village gondola (JOE et al.,

2012), effectively recording a vertical profile every

25–30 min. The recovery time of the temperature

sensor on the gondola when coming from the interior

loading areas is approximately 1 min. Furthermore,

soundings were launched four times per day during

the Olympic games but were reduced to twice a day

during our observational period. Additional informa-

tion about the instrumentation can be found in JOE

et al. (2012).

3. Meteorological Conditions

This section describes the general meteorological

conditions during five storms that occurred between

4–12 March 2010 in the Whistler area. The analysis

includes a synoptic overview as well as the time

series of the temperature, precipitation rates and types

in the Whistler area.

3.1. Overview of the Synoptic Conditions During

4–12 March 2010

A large source of variability in the frequency and

nature of orographic precipitation on the west coast

of the United States and Canada is the presence of

both local and synoptic scale systems during the

winter months. Forecasting both large and small

scale events in regions of complex terrain is a

challenge and can have a significant impact on the

life and property of residents affected by such storms.

Previous studies have shown the important influence

of coastal mountain ranges on the enhancement of

precipitation upstream as well as hypothesized

mechanisms (MEDINA et al., 2005). In particular for

SNOW-V10, nowcasting for Olympic events in a
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region with complex terrain is a difficult task because

of the interaction between synoptic and local scale

weather features.

Figure 3 shows the synoptic evolution of the daily

0000 UTC 850 hPa field for 4–12 March 2010 from

the Canadian Meteorological Centre. During this

short detailed sampling period, a wide range of

meteorological conditions were observed at Whistler

Mountain. This is consistent with the in situ and

visual observations from Whistler Mountain that

show a wide variety of precipitation types, meteoro-

logical variables, and duration of events. A brief

analysis of each major event observed during the

study period will be discussed in Sect. 4.

The first weather event that produced snow on

Whistler Mountain was on 4 March 2010. Accord-

ing to Fig. 3a and b, a relatively weak cold front

associated with a trough was in the vicinity of the

study region during this event. The low pressure

system (113 dam) is located over Alaska (Fig. 3a)

and over the Pacific Ocean away from the coast

(Fig. 3b). Observations at the RND station indicate a

short and localized event, while the snow macro-

photography illustrated many different types of

snow crystals and snow pellets. The 0�C line

(dashed line) is near the Whistler region at this

time, which can explain the presence of snow at

higher altitudes.

The next precipitation event was on 7 March

(Fig. 3c, d). The passage of a more robust cold front

was associated with a deeper low pressure system

(107 dam) south of Alaska. However, the low-

pressure center was much farther to the north over

Alaska and northern Canada, so the synoptic influ-

ence was not particularly strong over the study

region. We were able to identify and collect data

through a rain-snow transition line during this case

and it will be discussed further in Sect. 5.

After the passage of the cold front on 7 March, a

much deeper synoptic low-pressure system

(100 dam) developed on 9–10 March (Fig. 3f, g). A

distinct shortwave trough is observed in the region of

study at 0000 UTC on 10 March (Fig. 3g). Various

precipitation events were observed on these two days

and the region experienced generally colder temper-

atures than the previous events (seen by the dashed

line in Fig. 3).

By 11 March, the well-defined synoptic scale

trough originating in the Gulf of Alaska propagated to

the south and almost reached the study region by

0000 UTC. The passage of this robust synoptic low-

pressure system (99 dam) is associated with the final

precipitation event in this study.

Detailed upper air and surface observations are

necessary to examine the daily variations in meteo-

rological conditions along Whistler Mountain during

the period of study. The time evolution of the vertical

temperature and humidity profiles from rawinsonde

data every 12 h from 1200 UTC 6 March through

0000 UTC 12 March is shown in Fig. 4. A moisten-

ing of the profile is evident between 1200 UTC 7

March and 0000 UTC 8 March, which corresponds to

the cold frontal passage described above in Fig. 3. A

similar effect can be seen between 1200 UTC 9

March and 1200 UTC 10 March. The vertical profile

remains relatively saturated throughout the rest of the

study period.

3.2. Surface Conditions along the Mountainside

Surface observations collected from two weather

stations on Whistler Mountain are shown in Figs. 5,

6, 7. The difference between the surface precipitation

rate at the base and top of Whistler gondola is shown

in Fig. 5. In general, precipitation rates near the top

of Whistler Mountain (RND, 1856 m, ASL) are more

intense than in Whistler Village (VOT, 805 m ASL)

at the base of the mountain. For example, on 9–10

March, very little precipitation was recorded at VOT,

but some precipitation was recorded at RND (around

2 mm/h).

Examination of the surface temperature evolution

during the study period illuminates the large differ-

ence between conditions at VOT and RND during

precipitation events (Fig. 6). RND usually had cloud

free conditions with strong wind effects compared to

VOT and because of these conditions, temperature

measurements indicated significant differences.

There were only a few times during the 8 day

study period when the temperature at the top of

Whistler gondola rose above 0 �C. Additionally, the

diurnal variation in temperature was much more

evident at VOT. During the precipitation events

shown in Fig. 5, the conditions were saturated with

Julie M. Thériault et al. Pure Appl. Geophys.



respect to water and hovered around 0 �C at VOT

with much colder temperatures at RND. A few of the

cases that will be examined in this paper sampled the

rain–snow boundary on Whistler Mountain. The

temperature variation along the mountain slope is

very important to the location and character of this

layer. Finally, Fig. 7 shows the time series of surface

wind speed for RND and VOT. As expected, wind

Figure 3
Daily 0000 UTC 850 hPa maps for 4–12 March 2010 from the Canadian Meteorological Centre (CMC). The height (dam) is indicated by the

solid line and the temperature (�C) is indicated by the dashed lines (bold is the 0 �C line). To facilitate the discussion, the pressure at the

center of the low pressure system are a 113 dam, b 113 dam, c 107 dam, d 116 dam, e 111 dam, f 100 dam, g 108 dam, h 99 dam and i

110 dam. The grey star indicates the location of Whistler, BC
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Figure 4
The temperature (solid line) and dew point temperature (dashed line) measured by the Whistler rawinsonde launched from VOC. The time

evolution is from 1200 UTC 6 March 2010 to 0000 UTC 12 March 2010, inclusively. Note that there were no rawinsondes launched 3–5

March 2010. Heights are above sea level
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Figure 5
Surface precipitation rate near the top (RND, top box) and at the base (VOT, bottom box) of Whistler Mountain on 4–12 March 2010. The

precipitation rate was measured by the FD12P near the top of the Whistler gondola (RND Research Station)
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speeds were higher at RND compared to lower levels

and were generally higher during precipitation

events.

4. Weather Events

Data were collected during the daytime only

(1700 to 0000 UTC), during precipitation periods on

Whistler Mountain between 4–12 March 2010. As

described in Sect. 2, systematic snow photos were

taken at RND while detailed weather observations

were collected along Whistler Mountain. The pre-

cipitation types and characteristics as well as weather

conditions observed are summarized in four different

weather condition categories that occurred during five

storms: (1) localized and short snow pellet event, (2)

rain-snow line along Whistler Mountain, (3) only

snow, and (4) variable weather conditions. Each of

these events is listed in Table 1.

4.1. Snow Pellets Case on 4 March 2010

At 2230 UTC 4 March 2010, a low-level cloud

approached the Roundhouse research station from

Whistler–Creekside. It passed over the helipad and

produced precipitation. This was a very short and

localized event and is documented in GULTEPE

and ZHOU (2012). They suggest that solid precipitation

was formed through a fog-to-snow process (FTS).

Figure 8a, b shows the time-evolution of the type of

precipitation observed manually and measured by the

FD12P optical sensor. The two sets of data do not agree

with each other because the instrumental observations

recorded data when nothing was reported by the

observer and vice versa. For example, at 2300 UTC

snow pellets were reported manually whereas the

instrument had not reported any. Similarly, at

2330 UTC the instrument detected snow pellets

whereas they were not observed manually. These

inconsistencies may be explained by the extremely

low precipitation rate observed during the events.
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−20
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Figure 6
Surface temperature (black lines) and dew point temperature (grey line) near the top (RND, top box) and at the base (VOT, bottom diagram) of

Whistler Mountain on 4–12 March 2010
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Figure 7
Surface wind speed measured near the top (RND, top box) and at the base (VOT, bottom box) of Whistler Mountain on 4–12 March 2010
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On the other hand, the type of precipitation

reported by the automatic optical sensor was mainly

snow pellets, and these were also visually observed.

The main type of precipitation during the event was

snow pellets with some irregulars (Fig. 8b), while

some rimed particles were observed over 85 % of

the time. The snowflake analysis showed that the

mean size of precipitation particles was mainly

constant throughout the storm and that the largest

particles were snow pellets (Fig. 8d). A few exam-

ples of the snow pellets observed are shown in

Fig. 8e and f. The image shows the large variability

in the snow pellet size simultaneously observed at

the surface. Also, the degree of riming of particles

during the event was variable and mixed precipita-

tion was observed from 2300 to 2340 UTC 4 March.

Furthermore, very few aggregates were observed

that day. Examples of the different degrees of riming

observed simultaneously at the surface are illustrated

in Fig. 8f.

4.2. Rain-snow Boundary on 7 March 2010

A precipitation type transition region along the

mountainside was observed on 7 March 2010. Snow

and blowing snow were observed at RND throughout

the day and rain was observed in Whistler Village.

4.2.1 Snow Crystal Types at RND

While detailed documentation of the evolution of the

rain-snow line was made, over 400 pictures of

precipitation were being taken in a systematic manner

at RND. Figure 9a and b show the time-evolution of

S Sp Ms Bl
22:00

22:30

23:00

23:30

00:00

Type

T
im

e 
(U

T
C

)

0 25 50 75 100

Types (%)

De Pl Cl Ne Sp Ir

0 25 50 75 100

Ag and Ri (%) Ag

Ri

0 1 2 3 4 5

Sp

Sp

Sp

Sp

Sp

Ag

Major Axis (mm) Mean

Max

1 mm

(a) (b) (c) (d) (e)

(f)

Figure 8
A time series of the snowflake type and characteristics on 4 March 2010. a A comparison of the precipitation types recorded automatically by

the FD12P at the Roundhouse research station (RND) (left-box) and observed manually (right-box). b Shows the occurrence of the

six snowflake categories: De, Pl, Cl, Ne, Sp and Ir. c Shows the percent of rimed (Ri) and aggregated (Ag) particles. d The mean and

maximum major axis of snowflake. The symbols on the right-hand side indicates the type of the largest snowflake. The symbols are defined in

Table 2. e, f Examples of different degree of riming, both observed simultaneously at the surface (Images taken 2300 UTC)

Julie M. Thériault et al. Pure Appl. Geophys.



the different types of snow crystals observed during

the weather event. It shows a wide variety of snow

crystal types observed manually, whereas only snow

was measured automatically by the optical sensor.

The event started with mainly irregular snowflake

types observed during the event. Most of the snow-

flake types were observed simultaneously, with

mainly dendrites evolving into plates (1810 UTC)

and into columns at 2010 UTC. Snowflake aggrega-

tion (Fig. 9c) varied but was 50 % during the event.

Similarly, the occurrence of riming varied during the

event with a peak of *75 % at 1910 UTC. The

largest particles were mainly aggregates and den-

drites with a major axis up to 5.1 mm (Fig. 9d). An

example of photographs taken of the snowflake types

are shown in Fig. 9e–j. The evolution of the crystal

types is clearly shown by the pictures and Fig. 9b

where columns were more dominant at 2010 UTC

and later. For example, capped columns, classified as

columns, were observed during the mid- to late-

afternoon hours (2200–2330 UTC).

4.2.2 Weather Conditions along the Mountainside

Detailed weather observations such as temperature,

relative humidity profiles, and precipitation types

were taken on Whistler Mountain via the manual ski

profile (MSP) and manual gondola profile (MGP)

methods described in Sect. 2.2. The location of the

snow level (above which there is only snow) and the

rain level (below which there is only rain) were

identified during this case. The temperatures hovered

steadily within one degree of 0 �C from the Olympic

gondola station, and winds were calm in this layer

compared with gusts at RND. The rain transition was

narrow (*100 m) and was located not far (*200 m)

above the Village level.

Three manual mountain profiles were collected

during this event (Table 2; Fig. 10). First, one MSP

was conducted in the morning (1824 UTC, Fig. 10a)

and a rain–snow transition was reported (Fig. 10b).

Later during the day, two MGPs were taken. Start

times were approximately 2130 UTC (Fig. 10c)

and 2330 UTC (Fig. 10e) from the Roundhouse

gondola station to the Village. During the

2130 UTC MGP, fog formed between 1,289 and

1,367 m on the Roundhouse–Olympic line. As the

rain–snow boundary region moved down the moun-

tainside, the depth of the layer decreased. During the

later (2330 UTC) sounding, the transition had wid-

ened and moved slightly back up-mountain,

occurring between 748 and 839 m ASL.

Some differences are observed between the three

temperature measurements collected that could be

due to some dynamical effects. The gondola time

response is slower than the Kestrel sensor. GULTEPE

et al. (2012) have shown that dynamical effects can

alter the measured temperature and relative humidity

by 2–3 �C and 20 %, respectively. Furthermore, the

ski route, gondola and surface station are not located

at the exact locations (Fig. 1). Because of these

existing uncertainties in the measurements, the loca-

tion and width of the rain–snow boundary may be

variable. We can estimate the height of the boundary

by examining the location of the temperature mea-

surements between -1 �C and ?1 �C because of the

uncertainty in the measurements. For example, the

temperature in Fig. 10a, has an uncertainty of 200 m

on the location of the 0 �C line. However, the manual

measurements show that the rain–snow boundary

occurred below the 0 �C line.

4.3. Snow Event on 9–10 March 2010

Snow was observed at RND all day on 9–10

March 2010 with differing weather conditions

observed at lower elevations. The snow crystal types

observed at higher elevations and the weather con-

ditions at lower elevations are discussed in the

section.

The time evolution of the snow crystal types for 9

March 2010 is shown in Fig. 11. The FD12P reported

snow during the entire event, whereas the manual

observations reported snowflake types. All six cate-

gories were generally observed during the event. The

number of irregular particles increased from

1940 UTC until the end of the period (Fig. 11a, b).

The particles were generally not rimed compared

with a peak *25 % at 2000 UTC (Fig. 11c). The

amount of aggregated snowflakes was \50 %

throughout the event. The maximum size of the

particles varied greatly, from \0.5 to 5.1 mm

(Fig. 11d), which also is supported by the snowflake

images (Fig. 11e–j).

Weather observations on Whistler Mountain during five storms



In contrast, the time evolution of snowflake types

on 10 March 2010 differed from 9 March 2010

(Fig. 12). First, blowing snow was reported six times

more often than the previous event (Fig. 12a). Second,

irregular particles were dominant throughout the storm

where the amount of irregulars was variable during the

previous event (Fig. 12b). Third, the snowflake types

were mainly unrimed aggregates on 9 March 2010

whereas on 10 March 2010 snow particles were mainly

rimed and not aggregated. However, the size of

particles was comparable to the previous event. The

differences in the evolution of snowflake type was also
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evident by comparing the images (Fig. 12e–j). Small

crystals were observed at 1850 UTC and their size

increased with time (2050 UTC) and decreased again

until the end of the event.

While snow was observed at higher elevations,

detailed weather conditions were systematically

recorded along the mountainside. The observations

taken during a MSP show that different weather

conditions were occurring during both weather

events. The temperature profiles collected via MSP

and measured automatically by the weather stations

were comparable to each other on 9 March 2010. The

surface temperature along the mountain in the

morning (Fig 13a) was all \0 �C and was slightly

above 0 �C in the afternoon at lower elevations

(Fig. 13c). Finally, the temperature profiles measured

on 10 March differed slightly and suggest the

presence of a melting layer at lower elevations

(Fig. 14a, c).

On 9 March 2010, snow was observed (Fig. 13b,

d) only at higher elevations (\1.6 km) whereas a

mixture of precipitation was observed near the

surface on 10 March 2010 (Fig. 14b, d). The weather

conditions were more variable on 10 March 2010; in

the morning, slightly rimed snowflakes that melted

very quickly (reported by the manual observer) were

observed in the Village. A MGP was taken later in the

afternoon. Light snow consisting of large aggregates

was observed in the Village by midmorning/early

afternoon. The low-level clouds in the valley between

Whistler and Blackcomb Mountain had a cloud base

at approximately 1,019 m. The snowfall rate signif-

icantly increased at 1,367 m as visibility decreased.

In the afternoon, visibility dropped at 1,182 m and

increased at 990 m. Snow pellets were observed at

902 m and they increased in size a few meters below

(887 m). While skiing at an altitude of 836 m wet

snow was sticking to the skiers goggles, and at 786 m

wet snow was mixed with snow pellets. During the

later afternoon MGP, snow was observed at RND and

decreased intensity at 1,006 m.

4.4. Variable Weather Conditions Observed on 11

March 2010

Snow and blowing snow were observed all day at

RND, but the Whistler gondola temperature sensor

recorded a nearly isothermal layer of 0 �C, suggest-

ing the presence of diabatic cooling as a result of

melting snow or other microphysical processes at

lower elevations. The depth of that layer was

*400 m at 2130 UTC and *200 m at 1530 UTC.

During this weather event, visual observations and

kestrel profiles (MSP and MGP) between RND and

Whistler Village were carried out, and macrophotog-

raphy was conducted all day.

The macrophotography of snowflakes was partic-

ularly difficult due to the strong winds that often led

to zero visibility. Figure 15a, b shows the evolution

of snowflake types observed at RND. The FD12P

reported snow during most of the event and snow

pellets from 2150–2220 UTC. Manual observations

reported sunny conditions when the instruments

reported snow pellets. During most of the event, the

manual observations reported blowing snow, which

likely contaminated the real precipitation rate during

this weather event. Furthermore, snow pellets were

observed manually, but not at the same time as the

instrument (1800–1850 UTC). The manual observa-

tions also showed that irregulars were the main type

and was mixed with the other five categories most of

the time (Fig. 15b), the particles were rimed during

most of the event (Fig. 15c) with very little (\10 %)

Table 2

Definitions of the symbols

Symbol Definition

S Snow

Sp Snow pellets

Ag Aggregates

Bs Blowing snow

Ir Irregulars

De Dendrites

Ne Needles

Pl Plates

Cl Columns

Ri Rimed

Ws Wet snow

Mx Mixture of rain and snow

Ms Melting snow

Msp Melting snow pellets

Ra Rain

Ls Light snow

Fg Fog

MGP Manual gondola profile

MSP Manual ski profile

Weather observations on Whistler Mountain during five storms



aggregates. The snowflakes varied in size to up to a

major axis of 3 mm (Fig. 15d). This is also supported

by the snowflake photos shown in Fig. 15e–j. As the

storm evolved, the size of snow particles decreased

and increased again. In general, the snowflake size

was highly variable during the event.

A MSP (Fig. 16a) was conducted in the morning

(1745–1837 UTC). At this time of the day, snow
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Figure 10
Weather observations along Whistler Mountain on 7 March 2010. a, c and e The temperature profiles measured manually, M-S1 and M-S2,

which refer to Kestrel 4,000 and 4,500, respectively. Data recording method (manual ski or gondola profile) is indicated in Table 1. They are

compared with the temperature measured automatically by the sensor installed on the Whistler Village gondola station (W-G, grey x) and the

temperature measured at the surface weather stations installed along the mountainside (S-S, black error bars). The weather stations are RND

(1,856 m), VOA (1,640 m), VOL (1,320 m), VOT (805 m) and VOC (659 m). The error bars indicated the variation of temperature during

the manual observations where collected (*30 min). b, d, f The weather conditions collected manually. The symbols are defined in Table 2
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existed all the way down the slope, but an evolution

in snowflake habit was recorded (Fig. 16b). At RND,

snow was predominantly categorized as dendrites and

dendrite aggregates. By the Olympic (mid) station,

occasional snow pellets occurred alongside dendrites

and rimed dendrites. At the Village level, the ground

at 1837 UTC was mainly made up of snow pellets.

By 1839 PST, the snowflake type had changed back

to large aggregated dendrites.

Two MGPs (Fig. 16c, e) were carried out in the

afternoon. During the descent (Fig. 16d) of the set

of manual observations along the mountainside
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Figure 11
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(2105 UTC), snow and blowing snow tapered at

1,650 m ASL, and broken clouds (small portions of

blue sky) were visible above the gondola location. A

fog layer existed between 1,039 and 864 m, which

formed the cloud base observed while in the Village.

While particularly strong wind gusts and continued

snowfall was observed at RND through the afternoon,

no precipitation and calm winds were observed in the

Village between 2132 UTC (at the end of the

descent) and the start of the ascending return trip,

which began at 2230 UTC. During the ascent

(Fig. 16e, f), it was seen that while the base of the
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fog layer had stayed at the same location (862 m), the

fog layer itself had deepened to 1,289 m. Almost

immediately above the fog layer (*1,326 m), mod-

erate snow pellets began falling. At 1,637 m, the

snow aggregates tapered to a lighter rate. Finally, at

1,382 m winds had become gustier. According the

Environment Canada weather station at Whistler

Village, rain only started at 0100 UTC 12 March

2010 in the Village.

5. Discussion

The manual observations such as macrophotog-

raphy, manual ski and gondola profiles, collected on

Whistler Mountain during 4–12 March 2010

demonstrated the variability of the weather condi-

tions observed such as the occurrence of localized

short-lived events leading to low visibility along the

mountainside, the presence of a warm layer

(T [ 0 �C) near the surface during most of the

weather events documented, and the high variability

of snow crystal types observed at RND.

5.1. Visibility and Precipitation Types

along the Mountainside

A rapid change in visibility and precipitation

phase was often observed along Whistler Mountain.

First, the visual and recorded visibility observations

from sensors at RND demonstrate that visibility may

be reduced significantly during a short period of time
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Figure 13
Weather observations along Whistler Mountain on 9 March 2010. a and c The temperature profiles measured manually, M-S1 and M-S2,

which refer to Kestrel 4,000 and 4,500, respectively. Data recording method (manual ski or gondola profile) is indicated in Table 1. They are

compared with the temperature measured automatically by the sensor installed on the Whistler Village gondola (W-G, grey x) and the

temperature measured by the weather stations installed along the mountainside (S-S, black error bars). The weather stations are RND

(1,856 m), VOA (1,640 m), VOL (1,320 m), VOT (805 m) and VOC (659 m). The error bars indicated the variation of temperature during

the manual observations where collected (*30 min). b and d The weather conditions collected manually. The symbols are defined in Table 2
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during a sunny day. The case documented on 4 March

2010 is a good example. Sunny conditions were

observed in the Whistler area and a precipitating

cloud moved quickly near the top of Whistler

Mountain.

Second, a variation in precipitation type was also

observed on 7 and 11 March 2010. For example, the

precipitation types changed from snow at higher

elevations to rain at lower elevations on 7 March

2010. On 11 March 2010, many of the weather

observations (radar and temperature time series)

suggested that rain was occurring in Whistler Valley.

For example, the temperature showed a 0 �C isother-

mal layer indicating the melting of solid precipitation.

However, the in situ visual observations following a

MGP confirmed that a significant period (1 h) passed

when no precipitation occurred in the Village while

precipitation continued to fall at higher elevation on

the mountain. In addition, visual in situ observations

demonstrated that blowing snow was occurring near

the top of the Whistler Mountain, evolving to snow

and a fog layer with decreasing elevation. Later in the

day, the fog layer extended in height and a moderate

amount of snow pellets were observed. These are

examples of the highly variable and difficult to

forecast/nowcast weather events.

5.2. Temperature Profiles along the Mountainside

Similar temperature profiles accompanied vastly

different precipitation type and visibility measure-

ments along the mountain slope. Emphasizing this
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Figure 14
Weather observations along Whistler Mountain on 10 March 2010. a and c The temperature profiles measured manually, M-S1 and M-S2,

which refer to Kestrel 4,000 and 4,500, respectively. Data recording method (manual ski or gondola profile) is indicated in Table 1. They are

compared with the temperature measured automatically by the sensor installed on the Whistler Village gondola (W-G, grey x) and the

temperature measured by the weather stations installed along the mountainside (S-S, black error bars). The weather stations are RND (1,856

m), VOA (1,640 m), VOL (1,320 m), VOT (805 m) and VOC (659 m). The error bars indicated the variation of temperature during the

manual observations where collected (*30 min). b, d The weather conditions collected manually. The symbols are defined in Table 2
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similarity while exhibiting a very different signature

of events is important. The manual observations were

often 1–3 �C warmer than the weather station

observations, most likely because the instruments

used for the data collection were not as well

ventilated. GULTEPE et al. (2012) showed that the

wind speed causes a bias in the measured temperature

and relative humidity. However, the similarity in the

shape of the temperature profiles and a consistent

slight warm bias allows for a meaningful comparison

of the profiles. A detailed investigation of the relative

humidity profiles during these events follows.

S Sp Ms Bl

18:00

19:00

20:00

21:00

22:00

23:00

00:00

Type

T
im

e 
(U

T
C

)

0 25 50 75 100

Types (%)

 

 

De Pl Cl Ne Sp Ir

0 25 50 75 100

Ag and Ri (%)

 

 

Ag

Ri

0 1 2 3 4 5

Ag
Pl
De
Ag
De
Ir
De
De

De
De
Ag
De
De
Sp
De
Ne
Cl

Ne

De

De
De

Major Axis (mm)

 

 

Mean

Max

2 mm

(e) 2300 UTC

2 mm

(f) 2050 UTC

2 mm

(g) 2010 UTC

2 mm

(h) 1950 UTC

2 mm

(i) 1930 UTC

2 mm

(j) 1800 UTC

(a) (b) (c) (d)

Figure 15
A time series of the snowflake type and characteristics on 11 March 2010. a A comparison of the precipitation types recorded automatically by

the FD12P at the Roundhouse research station (RND) (left-box) and observed manually (right-box). b Shows the occurrence of the six

snowflake categories: De, Pl, Cl, Ne, Sp and Ir. c Shows the percent of rimed (Ri) and aggregated (Ag) particles. d The mean and maximum

major axis of snowflake. The symbols on the right-hand side indicates the type of the largest snowflake. The symbols are defined in Table 2.

Snowflake pictures taken during the storm at e 2300 UTC, f 2050 UTC, g 2010 UTC, h 1950 UTC, i 1930 UTC and j 1800 UTC

Weather observations on Whistler Mountain during five storms



The relative humidity and temperature depen-

dence along the mountainside for each weather event

is shown in Fig. 17. The diagram is based on the

study conducted by MATSUO and SASYO (1981). They

defined a relative humidity threshold by which

melting occurred as a function of temperature. The
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Weather observations along Whistler Mountain on 11 March 2010. a, c and e The temperature profiles measured manually, M-S1 and M-S2,

which refer to Kestrel 4,000 and 4,500, respectively. Data recording method (manual ski or gondola profile) is indicated in Table 1. They are

compared with the temperature measured automatically by the sensor installed on the Whistler Village gondola (W-G, grey x) and the

temperature measured by the weather stations installed along the mountainside (S-S, black error bars). The weather stations are RND

(1,856 m), VOA (1,640 m), VOL (1,320 m), VOT (805 m) and VOC (659 m). The error bars indicated the variation of temperature during

the manual observations where collected (*30 min). b, d, f The weather conditions collected manually. The symbols are defined in Table 2
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solid black lines on each diagram indicate this

threshold. Because no temperature inversions have

been observed, the warmest temperatures are associ-

ated with lower elevations. Most of the temperature

profiles observed have a ‘‘potential’’ melting layer

near the surface. This means that there is a layer

associated with temperature [0 �C, but no rain or

melted snow was observed at the surface.

On 7 March 2010 (Fig. 17a), a ‘‘potential’’

melting layer was observed during all three profiles,

and it is consistent with the results shown in Fig. 10.

In the morning, the temperature profile was highly

variable, as was the relative humidity. According to

the Whistler gondola sonde (not shown), the relative

humidity increased, whereas the temperature

decreased during the morning. Figure 10b shows that

the melting of precipitation started at 900 m height.

That measurement was taken at colder and moister

atmospheric conditions because the data collection

along the mountainside started at the top. The

temperature decreased with time along the moun-

tainside; therefore, the lower level associated with

that temperature was also associated with the level at

which snow starts to melt (Fig. 10b). From Fig. 17a,

the 1.5 �C isotherm was associated with a transition

from no melting to melting conditions, which is

consistent with the height of the melting level.

Furthermore, the lowest relative humidity associated
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AM
PM1
PM2
MT

Temperature (°C) Temperature (°C)

Temperature (°C) Temperature (°C)

Figure 17
The relation between melting at surface temperature and relative humidity following the melting threshold value suggested in MATSUO and

SASYO (1981). The threshold between melting (right of the solid black line) and no melting (left of the solid black line) is indicated by the solid

line. The different grey shaded markers are associated with the profiles collected on 7, 9, 10 and 11 March 2010. The symbols AM, PM1, PM2

are during the manual morning manual profile, first afternoon manual profile, the second afternoon manual profile, respectively, and MT is the

melting threshold
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with the warmest temperature at 900 m (3.5 �C) is

associated with melting in Fig. 10a.

During the snow events on 9–10 March 2010, the

reported weather conditions were different. On 9

March 2010, both profiles reported no precipitation at

lower elevations (Fig. 13b, d). This could be associ-

ated with a combination of low precipitation

observed (Fig. 5) and the type of snow crystals

(Fig. 11) occurring along with the dry weather

conditions (Fig. 17b). There were favorable condi-

tions for sublimation of snow at higher levels of the

atmosphere leading to no precipitation near the

surface. On the other hand, precipitation was

observed all day along the mountainside on 10 March

(Fig. 14b, d). Both temperature profiles (AM and

PM) had a melting layer near the surface (Fig. 14a

and c), and it is consistent with the data shown in

Fig. 17c. The morning profile is associated with wet

snow and mixed precipitation at the surface, and the

relation between relative humidity and temperature in

Fig. 17c supports this. The warmer air temperature at

lower levels was associated with melting, whereas a

small fraction of it was associated with no melting.

The afternoon profiles also suggest a melting layer

near the surface, but it was not reported in the manual

observations (Fig. 14d). The warmer temperatures

reported were at the same elevation in Fig. 14c, and

these temperatures were associated with the melting

layer. It is possible that the gondola was at the base of

the mountain going inside to turn around and go back

up the mountain. In that case, this explains why ‘‘no

melting’’ was reported at the lower levels.

Finally, the weather conditions on 11 March 2010

were highly variable. The morning profile was mainly

all below 0 �C and associated with dry conditions

(Fig. 17d). Snow and snow pellets observed at higher

elevations (Fig. 16b) probably sublimated before

reaching the base of Whistler Mountain. At the

beginning of the afternoon, the temperature was

warmer than 0 �C (Fig. 16d), the atmosphere was

mainly subsaturated (Fig. 17d), and no precipitation

was reported. At mid-levels, the relative humidity

increased and a fog layer was reported. Later during

the day when the relative humidity increased, snow

and snow pellets were observed at higher elevations,

but no precipitation was reported at lower levels.

Figure 17d suggests that when snow and snow pellets

started to fall they sublimated completely and satu-

rated the atmosphere, creating a deep cloud layer at

mid-levels with no precipitation below it. The fog

could also be produced, for example, by ascending air

along the mountainside. Further investigation should

be conducted on the process triggering precipitation

at higher levels and how it was suppressed as it fell

through the atmosphere.

5.3. Snow Crystal Characteristics

The occurrence of different snow crystal habits

was highly variable during the intensive observation

period. This was also observed by YUTER et al. (2006)

in complex terrain. Based on the manual observations

and the snowflake macrophotography, the frequency

of observed snow crystal types reported is summa-

rized in Fig. 18 based on a bulk analysis of the

snowflake types. If both plates and dendrites were

observed simultaneously, they were both counted.

Also, the aggregate category indicates that the

snowflakes were aggregated, regardless of the habit.

For example, an aggregate of columns was classified

in the aggregate and column categories. Dendrites

were the most frequent snowflake type observed

([30 %) and mixed precipitation was only observed a

few times. The second most commonly observed type

of snowflake was irregular particles (24 %). Snow

pellets were reported for about 22 % of the time

whereas plates, columns and needles occurred for

\12 % of the time. The occurrence of riming and

aggregation is also indicated with respect to each

crystal type. The total occurrence of riming is 73 %

and aggregation is 41 %.

Each macro photograph was analyzed in detail.

Fig. 19 shows the size distribution for each event,

which follows an exponential distribution with

respect to the major axis. The largest particle

measured during the 5-day period is a dendrite with

a major axis length of 5.1 mm and occurred on 10

March 2010. A dendrite was also identified as the

largest habit on 9 March 2010 with a major axis

length of 4.8 mm. Graupel was the largest particle

observed on March 4 with a size of 2 mm. Finally

aggregates were the largest snowflakes observed on 7

and 11 March 2010 with a major axis length of 4 and

3 mm, respectively.
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The occurrence of snowflake aggregation was

variable during the five events. Almost no aggrega-

tion was reported on 4, 10 and 11 March 2010,

whereas more aggregated snowflakes were reported

on 7 and 9 March 2010. The days associated with

fewer aggregated snowflakes have size distributions

that do not extend to the large particle sizes observed

on 9 March. It seems that the type of snowflake

played a role in the narrower size distribution

because, for example, more snow pellets were

observed on 4 March 2010 (Fig. 19a) compared to

7 March 2010 (Fig. 19b).

Each event has a different size distribution

because it is associated with different crystal types

and occurrence of aggregation. The size distributions

computed for the different snowflake types and

aggregates are shown in Fig. 20. From these distri-

butions, the habits of columns, needles, irregulars and

snow pellets have a steeper slope than aggregates and

dendrites. This is because dendrites and aggregates

are generally identified as the largest snowflake type

(cf Figs. 8, 9, 11, 12, 15), whereas irregulars are

generally the smallest particles. Fig. 18 shows that

dendrites are the preferred habit for aggregates.

Overall, different snow crystal types may influ-

ence the processes affecting precipitation type and

evolution at the surface. First, depending on the

snowflake type, the sublimation, evaporation, melting

and other processes will be different. For example,

WOODS et al. (2008) showed that simulations of

different snowflake characteristics impact the distri-

bution of precipitation in mountainous terrain. These

will distribute the diabatic heating and cooling

differently and impact the meteorological conditions

of storms. Second, different habits of precipitation

can impact where the precipitation occurs in moun-

tainous terrain. For example, if we have more snow,

the precipitation can be lofted farther downstream of

the barrier, whereas if we have more graupel or snow

pellets, the precipitation will fall out faster on the

windward slopes. This is a crucial point that can

link our study to the precipitation near mountainous

terrain and the potential climate impact in a

warmer climate. Finally, the different types of

snow crystals and associated environmental condi-

tions can suggest physical processes taking place

along the mountainside.

6. Conclusions

A few innovative techniques to collect observa-

tions along a mountainside were developed and used

to capture unprecedented detail of the surface con-

ditions and precipitation types along Whistler

Mountain. Several precipitation events were sampled

extensively during the 4–12 March 2010 period to

study rapid changes in weather conditions in the

Whistler area. Analysis of the available observations

has led to several key observations and conclusions.

6.1. Summary

The manual mountain profiling revealed that

Whistler Mountain is subject to a wide variety of

precipitation events, such as only snow, transition

from snow to rain, and snow pellets. Detailed surface

observations demonstrated that local conditions along

the mountainside were mainly subsaturated with

respect to water at lower elevations. Such subsatu-

rated conditions can lower the rate at which solid

precipitation melts into rain, which could impact the

presence or absence of a rain–snow transition region.
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Figure 18
The bulk-occurrence (%) of snow crystal types observed at the

RND research station near the top of Whistler Mountain during

4–12 March 2010. The symbols are given in Table 2
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For example, 90 % of the profiles collected on the

mountainside had a melting layer (T [ 0 �C) near the

surface, whereas only 30 % were associated with a

rain–snow boundary (7 and 11 March 2010). In

addition, the two cases when a rain–snow transition

was observed along Whistler Mountain were days on

which a deeper synoptic trough was present in the

vicinity of the region. The relationship between the

synoptic and local scale and its influence on the rain–

snow transition region will be further investigated in

a future study.

The intensity and the trajectory of the synoptic

weather system, along with the near 0 �C temperature

in the Whistler area, can be responsible for the

variability of precipitation types. Further investigation

will be conducted in an attempt to separate the synoptic

versus local influence in regions of complex terrain. In

particular, a detailed case comparison study will aim to

understand the difference in the weather conditions

between 7 and 11 March 2010. The instruments

suggested a transition region of snow to rain in the

Village, but our observations show precipitation types

along the mountainside. Understanding the physical

mechanisms leading to this difference can illuminate

key factors controlling the rain–snow transition and its

impact on winter orographic precipitation.
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Figure 19
The snowflake size distribution for each day. It is defined as the normalized number of snowflakes. The symbols are given in Table 2
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Detailed profiles of weather conditions were col-

lected, such as visual observations of precipitation

types, temperature, and humidity profiles along the

mountain during precipitation events. The data are

comparable to the SNOW-V10 automatic stations

along Whistler Mountain. When a rain–snow boundary
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was observed, the manual mountain profile allowed the

detailed characterization of it because it is often

located between VOL and the Whistler Village, where

there was no instrumentation. In addition, macropho-

tography of snow crystals was conducted at RND.

Snow crystal photographic analysis during these cases

demonstrates the temporal variability of snow crystal

types and sizes. Many different snowflake types were

classified into six categories: dendrites, plates, irreg-

ulars, snow pellets, columns and needles. Twelve

different particle types were observed. The most

common snowflake habit was dendrites ([30 % of

the time) and plates were reported only \5 % of the

time. Also, rimed particles were a common occurrence

during precipitation events that were often observed

just above the melting layer and were reported in every

snowflake category and aggregate from each category

were observed. From an observational point of view,

further comparison with manual observation and

instruments such as the FD12P should be conducted

because in some instances, the instrument did not

match the manual observations.

6.2. Concluding Remarks

To conclude, the key findings are as follows:

– During the 8-day period of study, a wide range of

precipitation events occurred on Whistler Moun-

tain that can be attributed to both synoptic and

local-scale processes.

– Conditions along the mountain were predomi-

nantly subsaturated with respect to water at lower

elevations, which can lower the rate at which solid

precipitation melts into rain. The determination of

the rain–snow line on a mountainside does not only

depend on the temperature, but on the degree of

saturation as well.

– Rain–snow transition regions were observed during

more synoptically driven events; however, local

effects such as riming were evident.

– Many types of snowflakes were reported near the

top of Whistler Mountain (RND), which were often

aggregated and rimed. The automatic and manual

analysis demonstrated that the type and size (major

axis) of snowflake habits varied in time during an

event.

– Innovative measuring techniques enabled detailed

microphysical and environmental observations

along Whistler Mountain and comparisons with

automated stations.

Overall this study provides a detailed description

of the manual weather observations collected during

the SNOW-V10 field campaign along Whistler

Mountain. A high degree of variability was observed

as both the synoptic and local processes contribute to

precipitation on Whistler Mountain. The new mea-

surement techniques presented in the study have

contributed to better understanding the atmospheric

conditions leading to precipitation over complex

terrain that allows for greater insight into the nature

of orographic precipitation near a major mountain

range. Understanding the impact of different habit

types and how they interact with complex terrain can

give a better idea of what to expect when the habit

types for typical storms shifts due to warmer

conditions. Investing in research toward understand-

ing coastal precipitation processes will decrease the

uncertainty of solid and liquid precipitation estimates

in coastal mountainous regions and aide in providing

accurate climate estimates for these regions.
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BRUGMAN M, CAMPOS E, CARPENTER R, CRAWFORD RW, COBER S,

DENIS B, DOYLE C, REEVES H, GULTEPE I, HAIDEN T, HECKMAN I,

HUANG L, MILBRANDT JA, MO R, RASMUSSEN R, SMITH T, STEWART

RE, WANG D (2012) Science of Nowcasting Olympic Weather for

Vancouver 2010 (SNOW-V10): A World Weather Research

Programme project. Pure Appl Geophys. doi:10.1007/s00024-

012-0579-0

JOE P, DOYLE C, WALLACE A, COBER SG, SCOTT B, ISAAC GA, SMITH T,
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