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Abstract—The objective of this work is to better understand

and summarize the mountain meteorological observations collected

during the Science of Nowcasting Winter Weather for the

Vancouver 2010 Olympics and Paralympics (SNOW-V10) project

that was supported by the Fog Remote Sensing and Modeling (FRAM)

project. The Roundhouse (RND) meteorological station was loca-

ted 1,856 m above sea level that is subject to the winter extreme

weather conditions. Below this site, there were three additional

observation sites at 1,640, 1,320, and 774 m. These four stations

provided some or all the following measurements at 1 min reso-

lution: precipitation rate (PR) and amount, cloud/fog microphysics,

3D wind speed (horizontal wind speed, Uh; vertical air velocity,

wa), visibility (Vis), infrared (IR) and shortwave (SW) radiative

fluxes, temperature (T) and relative humidity with respect to water

(RHw), and aerosol observations. In this work, comparisons are

made to assess the uncertainties and variability for the measure-

ments of Vis, RHw, T, PR, and wind for various winter weather

conditions. The ground-based cloud imaging probe (GCIP) mea-

surements of snow particles using a profiling microwave

radiometer (PMWR) data have also been shown to assess the icing

conditions. Overall, the conclusions suggest that uncertainties in

the measurements of Vis, PR, T, and RH can be as large as 50,[60,

50, and [20 %, respectively, and these numbers may increase

depending on Uh, T, Vis, and PR magnitude. Variability of

observations along the Whistler Mountain slope (*500 m) sug-

gested that to verify the models, model space resolution should be

better than 100 m and time scales better than 1 min. It is also

concluded that differences between observed and model based

parameters are strongly related to a model’s capability of accurate

prediction of liquid water content (LWC), PR, and RHw over

complex topography.
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1. Introduction

Numerical weather predictions (NWP) of the

meteorological and environmental parameters of

important weather events are strongly related to the

time and space resolutions, initial conditions and data

assimilation techniques. Over mountainous environ-

ments where model grids may not match the height

changes because of quickly changing environmental

conditions, measurements may include large uncer-

tainties and variability; affecting the assessment of

NWP model simulations.

The most difficult issue in assessing weather

conditions over rough topography is to resolve the

natural variability over short distances along the

mountain slopes. It is well known that precipitation

amount may increase or decrease with height,

depending on how the thermodynamical conditions

are distributed along mountain slopes (ISAAC et al.,

2012; GULTEPE and ZHOU, 2012; MO et al., 2012).

When the observations of precipitation type, amount,

and phase changes along the mountain are limited, it

is very difficult to assess model based predictions.

Previous studies suggested that the lower the model

resolution, the lower the precipitation amount, and

the intensity of model based forecast precipitation

rate decreases with increasing grid area size (MAILHOT

et al., 2012). They suggested that sampling strategies

are important for model validation studies. This work

showed that precipitation assessment using the model

simulations should be done with the appropriate time

and space scales, resolving the physical processes.
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Uncertainty in the measurements of precipitation

and visibility (Vis) is strongly dependant on particle

density and definition of snow type as a function of

temperature usually (BRANDES et al., 2007; GULTEPE

et al., 2012). Although temperature (T) is an impor-

tant factor in defining particle type and density,

relative humidity with respect to water (RHw) and

flow conditions also play an important role for par-

ticle shape and density estimation. Visibility

estimated directly from particle spectra can include

large uncertainties related to assumptions used for

distinguishing particle shape. On the other hand,

based on direct extinction of light (GULTEPE and

MILBRANDT, 2011), Vis measurements can represent

various particle shapes very well but a detailed par-

ticle spectra measurement is needed to relate Vis to

particle shape and density. Although Vis measure-

ments can be obtained accurately, precipitation rate

(PR) measurements for snow may not be obtained

accurately because of instrument issues. This sug-

gests that selection of Vis and PR from various

instruments should be done carefully. In the case of

the Vaisala FD12P sensor, T between -3 and ?6 �C

was defined for the wet snow conditions that may not

be valid for NWP model parameterizations for snow

(GULTEPE and MILBRANDT, 2011).

The FD12P T sensor doesn’t represent outside air

T but air T in the protected cylinder that results in a

severe assessment issue for distinguishing snow type.

The total precipitation sensor (TPS) PR may include

large uncertainties when they are used in mountain-

ous areas with strong turbulence conditions

(RASMUSSEN et al., 2011). GULTEPE et al. (2012) sug-

gested Vis and precipitation measurements can be

highly suspicious when T goes down below -30 �C

because they are not calibrated for the cold temper-

atures. These studies suggest that measurements of

meteorological parameters over the mountainous

regions create challenging issues for meteorologists

and researchers.

RASMUSSEN et al. (2011) provided a detailed

summary of snow precipitation measurements. They

stated that the estimation of snowfall rate remains one

of the most challenging measurements to make

because of the wide variety of snow types, shapes,

size distributions, and particle densities. This is

especially true for ground-based measurements using

gauges (GOODISON et al., 1989; WMO/CIMO, 1985;

YANG et al., 1998, 2001). The weighing gauges weigh

the accumulated snow in a bucket and use a glycol-

based solution to prevent evaporation of water. Using

gauges, PR is typically estimated using the amount of

accumulation over a period of *5–10 min. The

Geonor weighing gauges, that use three transducers

for measuring snow mass amount, are sensitive to

vibration resulting from the wind effects (THÉRIAULT

et al., 2012). Optical gauges (GULTEPE and MILBRANDT,

2010) that usually use a laser light, accurately measure

particle volume, and perform well for rain. The

Vaisala FD12P has combined an optical sensor with a

simple measure of snow-water content obtained using

a heated plate to provide improved snow estimates

(GULTEPE et al., 2012).

In the previous studies, T and RHw measurements

were found to be highly correlated with wind speed

(Uh) and solar radiative fluxes (HUWALD et al., 2009).

Although manufacturers provide low uncertainties for

T and RHw values, e.g. ?1 and 5 %, respectively,

these can be much larger in cold, windy, and

changing moisture conditions (GULTEPE and STARR,

1995). During the Fog Remote Sensing and Model-

ing-Ice Fog (FRAM-IF) project which took place at

Yellowknife Airport NWT (North West Territories)

for the winter of 2010–2011, RHw uncertainty

reached up to 20 % (GULTEPE et al., 2012). These

uncertainties in the basic thermodynamic parameters

can pose a serious challenge for assessing model

simulations along short distances (\100 m) over

mountainous regions (BAILEY et al., 2012).

Variability of meteorological parameters observed

over mountainous regions is usually very large

(GULTEPE et al., 2012). Using only surface in situ

observations is not sufficient to represent the weather

conditions along the horizontal and vertical dimen-

sions; some remote sensing observations to capture

environmental variability in the horizontal and ver-

tical distances are also needed. For example, a

profiling microwave radiometer (PMWR), micro-

wave rain radar (MRR), and ceilometer as well as a

scanning C-band radar were also help to better

understand weather conditions in the horizontal and

vertical scales (GULTEPE et al., 2009; JOE et al., 2012).

A PMWR provided T, qv (vapor mixing ratio), RHw,

and liquid water content (LWC) in a profiling mode
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(BIANCO et al., 2005) but it needs to be validated

using in situ observations; this may be a challenge for

stratiform clouds because of a weak signal compared

to that of convective cloud systems. All these remote

sensing platforms are needed to further assess the

weather variability over the mountainous regions.

An overview of the measurements made during

the Science of Nowcasting Winter Weather for the

Vancouver 2010 Olympics and Paralympics (SNOW-

V10) project was given by JOE et al. (2012) while the

objectives of the overall project were summarized by

ISAAC et al. (2012). The present work focuses on the

extensive measurements of fog, precipitation from

weighing and optical gauges, particle spectra from

0.3 lm up to cm size, visibility, as well as other

meteorological measurements such as 3D turbulence

and solar radiation collected at the mountain top

called the Roundhouse (RND at 1,856 m) and these

measurements, representing extreme weather condi-

tions, are given in next section.

The goals of this work are (1) summarize the

instruments and their measurements for the Round-

house (RND) site on Whistler Mountain, (2) show the

variability and uncertainty in the precipitation type

and amount, (3) show the response of the sensors to

the temperature, wind, and solar radiation changes

for various weather events (e.g. cases studies), and

(4) emphasize the particle shape effect on precipita-

tion rate estimation and discuss the variability of

measurements over a fast changing altitude (e.g.

*500 m) and extreme weather conditions. There

were no reference precipitation measurements as

described in World Meteorological Organization

(WMO) technical notes because of extreme weather

conditions. The following sections will focus on RND

instruments, analysis of the observations, results,

discussion on uncertainty and variability, and

conclusions.

2. Roundhouse (RND) Meteorological Observations

In this study, we will focus on the RND instru-

ments and their observations collected during

January–April 2010, representing extreme weather

conditions such as high winds and turbulent condi-

tions, blowing snow, and freezing precipitation.

Figure 1 shows the locations of RND, VOA (Whistler

Mountain high level), VOL (Whistler Mountain mid-

level), VOT (Whistler Mountain timing flat), TFT

(Whistler timing flat), and VOC (Nesters) stations.

The symbols and acronyms used in the text are

defined in the ‘‘Appendix’’. To show the variability

and scale dependency of PR and Vis, the measure-

ments of the FD12P as well as T, RHw, and wind

speed from the all mentioned sites are also used in the

analysis. The heights of RND, VOA, VOL, VOT, and

TFT are, respectively, 1,856, 1,640, 1,320, 805, and

776 m.

Figure 1b shows the RND site and instrumented

towers around the RND site. There were three towers,

called tower 1 (T1), T2, and T3. Table 1 shows the

list of the sensors and their definitions used in the

towers. The main observations collected at RND

were related to T, RHw, horizontal and vertical air

speed (Uh and wa), radiative fluxes, 8 Hz 3D wind

speed and direction, particle spectra from disdrome-

ters (LPM, OTT), Rosemount icing detector (RID)

signal, precipitation type, amount, and rate (FD12P

and HSS-VPF-730), particle video imaging (PVI),

snow and droplet spectra, and particle shape (GCIP,

FMD, snow photography), visibility (FD12P, HSS-

VPF-730, Sentry), aerosol spectra ([0.3 lm at 8

channels, CAP) and short wave radiative fluxes

(SWRF) (SPN1 and Eppley radiometers), snow

amount and rate [Geonor and TPS (total precipitation

sensor)], and radar reflectivity (MRR). The other

measurements (JOE et al., 2012) were available from

the remote sensing platforms (e.g. PMWR and MRR)

located at the TFT (Timing Flats, 776 m), and

Whistler Doppler Radar located at (VVO, 557 m).

Radiosonde balloons were released from the VOC

(Nesters, 651 m).

Because of the RND location, the measurements

represent extreme weather conditions. There was no

WMO suggested reference site for precipitation, as a

double fenced intercomparison reference (DFIR)

shield installation was not possible at any location

along the Whistler mountain slope. Snow gauge

shields were not used due to wet snow capping issues.

The site was significantly affected by strong winds

and turbulence, making measurements very difficult

during extreme weather conditions such as blowing

snow, freezing precipitation, and cold temperatures.
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The Geonor is an operationally used sensor. The TPS

is a relatively new instrument and its response to

strong wind environments was tested. Note that the

TPS precipitation algorithm uses a collection effi-

ciency correction as a function of wind speed. Many

sensors had difficulty operating properly when

blowing snow and freezing precipitation occurred.

Solar radiation effects were large on T and RHw

measurements and they are summarized in discussion

section.

All the measurements were collected with an

identical pair of sensors in case one of them failed or

(a)

(b)

(d)

(c)
(e)

Figure 1
Shows the project sites over the Whistler Mountain: a topographic map (a) with stations along the mountain slope. The green line shows the

path of the Whistler Gondola. The major instrumented sites were shown in (b), and instrumented towers are shown in (c). The FD12P is the

Vaisala all weather present sensor and measured precipitation rate, amount, and visibility at 1 min sampling intervals. It was available over

the all major stations. Pictures of PVI and GCIP are shown in (d) and (e), respectively
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to assess their responses in various environmental

conditions. The sensors were calibrated at RND and

also at EC (Environment Canada) before the

deployment. The visibility sensors were calibrated in

the field using the calibration kits and procedures for

that instrument. The precipitation sensors were tested

using a known mass of water, for example, by

pouring water into the weighing gauges. The sensors

used for T and RHw were newly purchased and were

factory calibrated. They were also checked using

recommended procedures for possible issues after the

project. If the sensors were not heated, errors due to

freezing precipitation could affect measurements

significantly such as wind measurement observed

with the Young 3D wind sensor during wet snow and

icing conditions. These conditions were identified

using a RID sensor which responds to icing

conditions.

3. Analysis and Instrumental Issues

Analysis of observations were performed by

examining: (1) time series of various meteorological

and thermodynamical measurements, (2) scatter plots

of the same parameters from identical two sensors to

assess the bias, (3) wind and SWRF effects on T,

RHw, and precipitation rate, and (4) Vis versus PR

Table 1

The instrument list and their specific characteristics as well as their location at the site (Fig. 1) RND-L and RND-R represent the left and right

directions, respectively, of the RND’s north direction

Instrument Measurement Characteristics Location

(1) FMD fog monitor Droplet/ice spectra \50 lm T3

(2) GCIP probe Droplet/ice spectra 15–960 lm RND-L

(3) OTT parsivel Particle spectra 400-max T1

(3) CAP aerosol Droplet/aerosol spectra 0.3–10 lm; 8 chan. T1

(4) Geonor Precip rate/amount [0.1 mm h-1 T3

(5) YU IPC Particle spectra 15–500 lm T2

(6) FD12P Vis Vis/precip amount 0.1 mm/h T3

(7) Sentry Vis Vis [10 m T3

(8) DMIST camera Vis and images, extinction For warm fog RND-R

(9) YES TPS Precip amount 0.25 mm/h T3

(10) VRG101 Precip amount 0.5 mm/h T3

(11) DSC111 Precip amount/friction Surface phase T1

(12) DST111 Surface temperature Surface T/dew point T1

(13) HMP45C RH and T At 4 m T2

(14) HMP45C212 RH and T At 4 m T1

(15) WXT520 T, RH, 2D wind, Pressure, Precip. At 4 m T1

(16) SR50AT Snow depth -45 to 50 �C T1

(17) Eppley IR/SW Broadband radiative fluxes 10 % T2

(18) Campbell RH/T(2) RH and T 10 % and ±1C T1 and T2

(19) Young Ultra 3D anemometer 3D wind and turbulence 4–32 Hz samp. rate T1

(20) SPN1 Dir, Diff radiation, cloud cover 0.4–2.7 lm T1

(21) MRR Rain size spectra, PR, Z For rain/snow T3

(22) RID Icing rate Icing amount T1

(23) Vaisala WXT P, T, wind, PR PR for rain T1

(24) CRN1 IR and SW BRF 0.2–3 lm HT1

(25) HSS VPF-730 Visibility/present weather [0.1 mm/h T3

(26) LPM 5.4110 Particle spectra 0.1 mm–cm, 22 ch T1

(27) Axis Camera 3D picts Zoom/regular T3

(28) PVI (NCAR) Snow shape and spectra [0.5 mm T2–T3

(29) Snow photography Particle shape [100 lm RND

(30) Young 2D anemometer 2D wind speed and direction [10 % T2

The instrument acronyms are given as: FMD fog measuring device, GCIP ground cloud imaging probe, CAP climatronic aerosol profiler,

YU IPC York University ice particle counter, TPS total precipitation sensor, LPM laser precipitation sensor, PVI particle video imaging, and

RID Rosemount icing detector
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plots to show the variability for the various particle

shapes. Then, PR, Vis, T, RHw, and wind speed (Uh)

values from the three stations (RND, VOA, and

VOL) were averaged to represent the 0.5 km hori-

zontal scale (slope *0.7 km).

In the analysis, the five cases with three major

events, representing: (1) blowing snow (BSN) con-

ditions, (2) snow (SN) conditions, and (3) freezing

fog (FF) and icing (ICNG) conditions, were exam-

ined. These conditions are shown in Fig. 2. Note that

all these conditions may result in very low Vis con-

ditions. Therefore, in the analysis, their effect on Vis

and PR calculations was considered carefully using

the laser precipitation monitor (LPM) sensor and

wind measurements because their integrated values

can be used to assess specific weather events.

The FD12P measurements may include large

uncertainties when air T is between -3 and ?6 �C

during which FD12P based mixed precipitation

information may not be true if the upper level con-

ditions do not represent the mixed phase conditions or

there is an inversion. Therefore, particle shape rec-

ognition at the low levels may not be representative

of the true conditions at higher levels (GULTEPE et al.,

2012). It should also be emphasized that, at sizes less

than 500 lm, disdrometers can include large uncer-

tainties and should be used cautiously. During the

project, snow particles were collected over plates

covered with a piece of cloth (as in Fig. 2d–h) and

their pictures were taken directly using a macro lens

in the field (GULTEPE et al., 2012). Various snow

particle shapes and their distributions are shown in

Fig. 2 and for splintered snow crystals, e.g. needles

(-6 �C, January 28 2010) in box d, sector plates and

stellar crystals, and needles in box e (January 28

2010), graupel with riming in box f (March 4 2010),

various mixed snow crystals in box g (March 7 2010),

and aggregates and stellar crystals in box h (March 9

2010). These images, collected over approximately

1 min time intervals, show that snow crystals had

very variable particle shapes and distributions.

Clearly, it is shown that particle shape at the surface

may not be related to surface T. It should be noted

that accurate PR from particle spectra can be obtained

only when both snow and ice particle characteristics

such as shape, concentration, cross-section area and

fall velocity over entire size range are known.

Visibility and PR are obtained from either the

present weather sensors or weighing gauges. Both

parameters are strongly related to particle shape and

density, and these parameters are also related to T

and RHw, and dynamical activity within the clouds

and boundary layer. FD12P PR measurements are

related to optical characteristics of snow scattering

and capacitance measurements of melted snow

(SWE). When the melted water amount is used to

estimate snow depth, usually a ratio of SWE *1:10

is used, e.g. 2 mm converts to 20 mm snow physical

depth. In this case, Vis versus PRSN for snow is

plotted for various particle shapes to emphasize the

particle shape effects. The LPM PRSN (mm h-1)

value is obtained using the following equation:

PR ¼ 3; 600
p
6

� �Xm

i¼1

NiVfD
3 ð1Þ

where Vf is the measured particle fall velocity

(mm s-1), Ni the ice crystal number concentration

(cm-3), D the diameter (cm) or maximum size of ice

snow particles. Vf is determined directly from falling

particles through the sampling volume over Dt time

period. Ni is calculated as:

Ni ¼
Ci=Vf;i

SA� Dt
; ð2Þ

where Ci is the count of particles at ith bin, SA the

sampling area (45.6 cm2), and Dt the sampling time

period. The fall velocity (cm s-1) is directly obtained

from the sensor algorithm. In order to get true snow

water equivalent rate, PRSN at each bin needs to be

multiplied with snow density (qSN = aDb) described

by HUANG et al. (2010) where a = 0.178 and b =

-0.922 for wet snow for D [ 1 mm (BRANDES et al.,

2007). Huang et al. (2010) stated that if Ni is reduced

about 50 %, PRSN was underestimated at about 34 %

with a = 0.21 and b = -0.80. Based on Eq. 2, it is

recognized that particle shape effects are included in

the PR through the Vf. Note that the coefficients can

change depending on snow type. It is clear that par-

ticle shape recognition from all disdrometers and

FD12P are based on retrievals that may not represent

true particle shape statistics. This suggests that

without accurate particle shape recognition, water

equivalent snow precipitation rate (PRSN) values may

include large uncertainties. In this respect, FD12P
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(a)

(c)

(b)

(d)

(f)

(e)

(g)

(h)

Figure 2
Severe weather events at the RND site: April 9 for blowing snow event (a), Jan 28 for heavy snow and low visibility event (b), and Jan 25

for heavy freezing fog event at VOA (c). Pictures of the various snow crystal types taken by the first author during snow storm

conditions: splintering mechanism at -6 �C for Jan 17 2012 (d), dendrites and wet particles for Jan 21 (e), graupel for Jan 17 (f), rimed

particles; including dendrites, sector crystals, and some aggregates for Jan 21 (g), and light snow with aggregates and stellar crystals for Jan

21 (h)
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measurements at least use the melted snow amount to

estimate PRSN.

4. Results

The five cases related to FF and ICNG, BSN, and

SN conditions (Table 2) were selected to accomplish

the goals of this study. The Jan 17 2010 case is given

in Sect. 5 to show the importance of variability in the

model validations. The cases are summarized below.

4.1. Case Studies

4.1.1 Jan 25 Case (with FF, BSN, SN, ICNG)

Time series and cross correlation plots of the

measurements, and wind effects on PR are shown

in Fig. 3. Vis on this day went down to almost

1000 m for several hours (box a). PR from various

sensors went up to 3 mm h-1 (box b) but significant

differences occurred among them. The PRgeo from

the Geonor sensor had significantly lower value

compared to Vaisala FD12P (PRfdp) when turbulence

and strong winds occurred (e.g. 1800 UTC). The

PRtps from the Yankee TPS sensor was usually

comparable to PRfdp. Maximum Uh and wa reached 6

and 2 m s-1 (box c), respectively, but Uh was usually

less than 3 m s-1. Note that strong wind and

turbulence significantly affected both PRgeo and PRtps

measurements because of collection efficiency issues

and significant dynamical effects on the plates of the

TPS. The Jan 25 case had saturated conditions (RHw

[97 %) for the entire day and this resulted in FF

(see Rosemount Icing Detector relative tipping frequen-

cies) over cold temperatures (-3 to -5 �C) (box d).

The PR comparisons shown on Fig. 3e, f are

for PRfdp versus PRtps, and versus PRgeo, respec-

tively. When PR \2 mm h-1; relative scattering is

very large for both plots. For an example, when

PRtps = 1 mm h-1, PRfdp can be between 0.2 and

2 mm h-1. For PRgeo, this difference can be between

0 and more than 2 mm h-1. Overall, PR varies from

case to case. Figure 3g–i show PRtps, PRgeo, and

PRfdp versus Uh, respectively. PRtps decreases with

increasing Uh; when Uh [ 3 m s-1, PR decreases

significantly (box g). PRgeo (box h) also decreases in

a similar way. PRfdp (box i) measurements appear to

be not affected as much as PR from other precipi-

tation sensors.

The spectral precipitation sensors such as

disdrometers can also be used for PR and Vis

calculations. Figure 4a–d represent Vf, Vis, and PRlpm

from LPM, and Vf from MRR, respectively. Note that

the PR estimation obtained using Eq. 1 from LPM

measurements does not use counts with sizes\0.1 mm

(Fig. 4a). This figure shows Vf versus particle diameter

with counts on the color bar. Two areas of particle

counts (C) on the plots are important to emphasize;

first, C [ 500 in counts at sizes\0.5 mm in diameter

signifies the BSN particles and small snow particles.

The green line is the theoretical curve for Vf repre-

senting cloud liquid droplets/drops. Second, below the

curve, usually snow particles exist. Large snow flakes

(diameter[3 mm) are seen with Vf = 0.5–4.2 m s-1.

Note that the stronger the vertical air velocity (wa)

snow crystal gets the higher Vf with increasing particle

size range.

Table 2

Cases used in the analysis: Jan 17 case includes observations from RND, VOA, and VOL that are used to emphasize variability in the

measurements along the Whistler mountain slope and discussed in Discussion section. VOT observation were not available on this day

Cases Precip type Uh; wa (m s-1) Max PR (mm hr-1) T(�C); max RHw (%) minVis (m) RID (Icing)

Jan 17 SN; FF 10; 2 3 (-8; 0); 95 50 Yes

Jan 25 SN; FF; BSN 6; 2 5 (-3; -4); 95 200 Yes

Mar 17 LSN; FF 8; 1 3 (-3; -8); 95 150 Yes

Mar 30 LSN; FF 7; 1.5 6 (-5; -8); 95 100 Yes

Apr 5 SN; FF 4; 2 3 (-3; -7); 100 100 Yes
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During fog and snow conditions, Vislpm went

down below 1 km for almost 50 % of time (Fig. 4b).

After 6 pm, Vislpm was below 500 m for about 5 h.

The PRlpm was usually less than 5 mm h-1 (Fig. 4c)

and found to be larger than PRfdp and PRgeo. Vf

obtained from MRR was between 0.3 and 5 m s-1

(Fig. 4d) which was consistent with Vflpm (Fig. 4a).

Using the NASA PVI probe (NEWMAN et al.,

2009), time series of snow crystal width as a

maximum dimension (W) is shown in Fig. 5a; the

color bar shows the spectral number concentration

density (Nid, m-3 mm-1). Clearly, W \ 1 mm, Nid

becomes about 5 m-3 mm-1. Variability in Nid

versus diameter (D) is shown in Fig. 5b over

10 min time intervals. For this case, the slope of

the spectra did not change much but Ni over 10 min

intervals changed significantly for a given D.

Figure 5c shows the snow crystal shapes from PVI;

including mostly dendrites and aggregates with sizes

up to 10 mm.

Figure 3
Time series of Vis from FD12P and RHw from HMP212 �C sensor (a), PR from FD12P, Geonor, and TPS (b), horizontal (Uh) and vertical

wind (wa) from ultrasonic anemometer (c), Rosemount icing detector relative frequency (red line) and T (blue line) (d), PR from FD12P

versus PR from TPS (e) and versus PR from Geonor (f), PR from TPS versus horizontal wind (Uh) (g), PR from Geonor versus Uh (h), and PR

from FD12P versus Uh (i) for Jan 25 2010
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4.1.2 March 17 Case (FF, Strong Gust, Light SN)

The time series plot in Fig. 6 is obtained in a similar

way to that in Fig. 3 given for January 25 case study.

Visfdp was less than 1 km for the first 6 h, and then,

occasionally, snow showers occurred (box a). PR

from various sensors was usually below 0.3 mm h-1

(box b) but significant differences occurred among

Figure 4
Particle fall velocity (Vf) versus particle width (diameter) (a); the color bar shows the counts (C) of particles (e.g. snow or droplets). The

LPM sensor used for observations is shown in the inlet. Time series of Vis is shown in (b). The vertical red colored line indicates where the

counts in (a) is taken. The precipitation rate (PRlpm) time series is shown in (c). The MRR particle fall velocities time-height cross section is

shown in (d). The results are shown for Jan 25 2010
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them. The PRtps did not report the observations

because of a malfunction. The PRgeo had significantly

larger values as compared to PRfdp because of strong

turbulence and winds. Therefore, PRgeo measure-

ments cannot be reliable for PR \0.5 mm h-1.

During freezing drizzle events (FDRZ), 3D wind

components were not measured accurately before

1200 UTC because the Young ultrasonic sensor was

iced up. During non-icing conditions, the Uh and wa

(vertical air velocity) reached to 8 m s-1 and 1 m s-1

(box c), respectively. Note that wind speeds, similar

to the January 25 case, significantly affected PRgeo

measurements because of collection efficiencies. In

this case, saturated conditions (RHw [95 %) until

1800 UTC resulted in FDRZ (see RID tipping relative

frequencies) over temperatures from -7 to -12 �C

(box d).

The PMWR retrievals (BIANCO et al., 2005) for the

March 17 case are shown in Fig. 6e where the color

bar is for RHw. The T and LWC are shown with light

colored solid lines and light colored dotted lines,

respectively. Between 0600 and 1800 UTC, icing over

sensors at RND (1856 m) was very severe and LWC

*0.16 g m-3 based on GCIP measurements was

observed at the RND level. The 3D wind sensor

during icing event was iced up, resulting in a

malfunctioning (Fig. 6c). Just before 0600 UTC,

icing was very severe; LWC reached up to 0.3 g m-3.

Figure 5
Time series of width (W) of the particles measured with PVI (a). The color bar indicates the particle number concentration density (Nid). The

spectra obtained over 10 min intervals are shown on (b) and ice crystal images collected during the snow storm at the RND station are shown

in (c). The results are shown for Jan 25 2010
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The GCIP images (Fig. 6f) suggested that drop

diameters were between 50 and 300 lm. Integration

of measurements from various sensors on this day

suggested that freezing drizzle and precipitation con-

ditions can occur often at mountainous regions.

4.1.3 March 30 Case (Heavy SN Conditions)

Figure 7 is obtained similar to the previous cases.

The Visfdp during saturated conditions (RHw [95 %)

came usually down to a few hundred meters during

very low PRfdp (\0.5 mm h-1) measurements (box

a). The PR from various sensors reached 3 mm h-1

between 1600 and 1800 UTC (box b) but there were

significant differences between them. The PRtps had

significantly larger values (*2 mm h-1) compared

to PRfdp and PRgeo values (\0.5 mm h-1) when Uh

were more than 4 m s-1 (before 1100 UTC). Clearly,

TPS sensor was not working accurately on this day

when strong winds were occurring. The Uh and wa

reached to 6 and ±1 m s-1 (box c), respectively, that

significantly affected PRgeo and PRtps measurements

Figure 6
Time series of various measured parameters are shown in box a–d as given in Fig. 3 but for the March 17 case. In this case, icing conditions

are indicated by PMWR measurements (e) and shown by black dashed lines for LWC. LWC estimated using GCIP data is shown in (f). In (e),

the blue line indicates RND level where LWC is measured by both GCIP and PMWR. RHw and T are shown by colored regions and solid

black lines, respectively. At RND level, T was about -10 �C
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when PR \0.5 mm h-1. Because of collection effi-

ciency issues of small particles and dynamical

effects, both PRtps and PRgeo include large uncertain-

ties. On this day, RHw was usually [95 % for the

entire day; FF (see RID tipping relative frequencies)

was occurring occasionally over cold temperatures

(-5; -8 �C) (box d).

The PR comparisons from Geonor, TPS, and

FD12P measurements are shown in Fig. 7e, f. When

PRtps \2 mm h-1, PRfdp was usually less than

0.3 mm h-1. For large PR values, PRfdp was larger

than PRtps. For an example, when PRtps = 3 mm h-1

at 1300 UTC, PRfdp was usually less than 2 mm h-1.

For PRgeo \0.5 mm h-1 (1100 UTC), PRfdp was less

than 1 mm h-1; this likely reflects the Geonor’s

slower response to low precipitation rate conditions.

Figure 7g–i show PRtps, PRgeo, and PRfdp versus Uh,

respectively. The PRtps (box g) increases with

increasing Uh which is opposite to the PRgeo trend

(box h) in general. The PRgeo decreases (*50 %)

with increasing Uh when Uh [ 2 m s-1. The PRtps

measurements were much larger than both PRgeo and

PRfdp. The PRfdp (box i) shows no wind dependency.

During the extreme weather conditions, thermo-

dynamical parameters such as RHw and T can be

affected by both SWRF and Uh. Figure 8a–f were

Figure 7
Time series and scatter plots of various measured parameters as given in Fig. 3 but they are for March 30 2010
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obtained for T and RHw along y axis, respectively.

The Th45c from HMP45C versus Th212 from

HMP45C212, Ttps, and Tsr50 are shown in Fig. 8a.

With increasing T, differences between them

increase. If we assume that Th45c is correct and its

value is -4 �C, then, Ttps *-3 �C, Tsr50 *-6 �C,

and Th212 *-5.5 �C. Differences decrease when

T goes down to -8 �C. Figure 8b shows T versus

SWRF. When the sun comes out, T measurements

range between -6 and -8 �C (difference *2 �C).

A sudden jump in T value about 2 �C at 160 W m-2

was likely due to direct solar radiation effect on the

sensor shield. This difference rises to 5 �C when

SWRF was about 500 W m-2. It seems that both

Th212 and Tsr50 were less responsive to SWRF

changes, indicating that their shields were more

effective for this case. Figure 8c (same parameters as

in Fig. 8b) shows various T measurements versus Uh.

It seems that Ttps, Th45c, and Th212 were significantly

affected by increasing wind speed, resulting in

Figure 8
Scatter plots of temperature from HMP45C (Th45c) versus others (Tsr50; Ttps; and Th45c) (a), Th45c, Th212, and Ttps versus SWRF (b), T from all

sensors versus horizontal wind speed (Uh) (c), RHwh212 versus RHw45c (d), RHwh45c versus short wave radiative flux (SWRF) (e), and RHw45c

and RHwh212 versus Uh (f) for March 30 2010
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lowering T from -2 to -6 �C. Ttps measurements

were affected severely with increasing wind speed

compared to other measurements.

The plot of RHwh212 versus RHwh45c is shown in

Fig. 8d. In this figure, for a given value of RHwh45c

*90 %, RHwh212 changes from 87 to 92 %. A 5 %

uncertainty in RHw measurements for this case was

found to be reasonable as defined in the company’s

manual. Figure 8e shows RHw versus SWRF. For a

given SWRF, RHw from both H45C and H45C212

sensors usually varies between 85 and 93 %. An

uncertainty in RHw measurements is found to be

about 8 %. Increasing Uh from 0 to 7 m s-1 also

resulted in RHw values ranging between 85 and 95 %.

This may be a result of evaporating effects of the

wind speed.

4.1.4 April 5 Case (FF, SN)

Results for this case are shown in Figs. 9 and 10. The

Visfdp during light SN and FF conditions was about a

few hundred meters for PR \0.5 mm h-1 (box a).

The PR from the various sensors was less than

3 mm h-1 for entire day (box b); the PRtps increased

to 2 mm h-1 while PRfdp had values less than

0.5 mm h-1 between 1800 and 0700 UTC when Uh

was about 3–4 m s-1. Clearly, TPS measurements

were strongly affected by the intense winds. On this

day, the Uh and wa reached 4 and ±1 m s-1 (box c),

respectively. RHw was usually [95 % before 1800

UTC, and decreased to 75 % for very light SN PR.

The FF (see tipping RID values) was indicated

occasionally with cold T (-2; -5 �C) and saturated

RHw (box d).

The PR inter-comparisons from TPS, Geonor, and

FDP measurements are shown in Fig. 9e, f. When

PRtps \2 mm h-1, PRfdp was usually less than

0.5 mm h-1. For large PR values, PRfdp was usually

less than PRtps but not always. For PRtps = 3 (or

1) mm h-1, PRfdp was usually *1.8 ([2) mm h-1.

For PRgeo \0.5 mm h-1, PRfdp was usually larger

than PRgeo; this likely happened due to strong winds

and turbulence. Figure 9g–i show PRtps, PRgeo, and

PRfdp versus Uh, respectively. The PRtps (box g)

increases significantly with increasing Uh. Also, PRtps

was much larger than both PRgeo and PRfd12p during

strong wind conditions. Even if a trend were taken

from Fig. 9g, PRtps would be still larger than other

PR values because it uses an internal algorithm to

correct the PR. The PRgeo (box h) decreases with

increasing Uh. The PRfdp (box i) shows no strong

wind dependency, and its maximum values were

larger than PRgeo.

Figure 10a–f are obtained for T and RHw, given

along y axis, respectively. The Th45c versus Th212, Ttps,

and Tsr50 are shown in Fig. 10a. With increasing T,

differences between any two increases. If we assume

that Th45c is correct and its value is -4 �C; the values of

Ttps, Tsr50, and Th212 range from -5.0 �C to almost

0 �C. When T goes down to -6 �C, T values from all

sensors are in the range of ±0.5 �C of the 1:1 line.

Figure 10b shows T versus SWRF. When sun comes

out, T measurements ranged between -6 and -5 �C

(difference *1 �C). This difference approached

5–6 �C when SWRF was 600 W m-2. It seems that

Th212 and Tsr50 were less responsive to SWRF changes.

Figure 10c shows T versus Uh where Ttps and Th45c

were significantly affected with increasing wind,

resulting in lowering T from 2 to -2 �C, and from

-2 to -4 �C, respectively. Ttps measurements were

strongly affected by changing wind speed compared to

other T measurements.

The RHwh212 versus RHwh45c is shown in Fig. 10d.

In this figure, for a given RHwh45c *90 %, RHwh212

varied by *5 %. Uncertainty in RHw increased to

10 % when it was *70 %. Also, changing sign of

RHw difference between two measurements was likely

due to solar radiation effects shown on Fig. 10e where

RHw versus SWRF is plotted. For a given SWRF

during sunrise, the difference between RHwh45c, and

RHwh212 was about 5 %. This uncertainty in RHw

during the afternoon was about 10–15 % when SWRF

[350 W m-2. The RHw ranged between 70 and

100 % over Uh range (Fig. 10f). More data points

close to 100 % RHw suggest that saturation conditions

exist usually when Uh \ 2 m s-1. RHw becomes

smaller when stronger winds occurred likely resulting

in evaporative cooling.

4.2. Variability in the Measurements

along the Mountain Slope

Variability in the measurements is studied using

the three stations shown in Fig. 1. The RND, VOA,

Vol. 171, (2014) Roundhouse (RND) Mountain Top Research Site 73



and VOL based FD12P measurements of Vis and PR,

T, RHw, and Uh are used to show the variability over

500 m along the slope from the VOL to RND. The

mean and standard deviation (SD) values, and

variability versus height (at the station level) are

shown in Table 3 for the entire Feb 2010 period.

MO et al. (2012) and GULTEPE and ZHOU (2012) also

showed that clouds along the mountain slope were

not always linearly distributed and mid-mountain

clouds were usually present while low and high levels

were cloud free. Their work clearly demonstrated the

horizontal and vertical variability. These results are

discussed in the following section in the context of

model verifications.

5. Discussions

5.1. Measurement Uncertainties

Uncertainty in the measurements at the RND site

can be significant because of extreme weather

conditions such as BSN, cold T, strong winds, and

radiation effects. In this section, first we will

Figure 9
Time series and scatter plots of various measured parameters as given in Fig. 3 but they are for the April 5 2010 case
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summarize the comparisons between HMP45C212

and HMP45C sensors (Table 1) from 20 days of

randomly selected data for T and RHw. The SWRF

and wind effects on T and RHw, comparisons of

precipitation and Vis from various sensors, and the

impact of wa on PR are also given. In the end, the

importance of averaging scales on the measured

parameters, and their representativeness for model

verification will be discussed.

5.1.1 T and RHw Comparisons

The T and RHw uncertainties for T down to -30 �C

are usually given as ?1 �C and 5 %, respectively, by

Figure 10
Scatter plots of temperature from HMP45C (Th45c) versus others (Tsr50; Ttps; and Th45c) (a), Th45c, Th212, and Ttps versus SWRF (b), T from all

sensors versus horizontal wind speed (Uh) (c), RHwh212 versus RHw45c (d), RHwh45c versus short wave radiative flux (SWRF) (e), and RHw45c

and RHwh212 versus Uh (f) for April 5 2010
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the manufacturing companies. But these values can

be much higher in extreme weather conditions

(e.g. during mixed precipitation at *0 �C; T \
-30 �C; Uh [ 3 m s-1). Figure 11a, b show T and

RHw, respectively, obtained from HMP45C and

HMP45C212 sensors as well as T from SR50 and TPS.

The T comparisons using a randomly selected

20 days of data from December 1 2009 to April 5

2010 indicated that T differences significantly

increase from T = -13 to ?1 �C, and Ttps can be

2 �C larger than that of Th45c. On the other hand,

Th212 and Tsr50 can be 2 �C colder than that of Th45c at

warm temperatures. Clearly, T uncertainty can be as

high as 5 �C if we assume that Th45c measurements

are correct. Both H45C and H45C212 were calibrated

at Vaisala Inc. The RHwh45c and RHwh212 were

plotted against each other in Fig. 11b. If RHwh212 is

fixed at 95 %, RHwh45c changes from 80 % up to

97 %, and the net change is *20 %. The percentiles

and mean values are also shown on Fig. 11b.

Overall, RHwh212 are overestimated as compared to

RHwh45c.

5.1.2 SWRF and Wind Effects on T and RHw

The SWRF can play an important role on T measure-

ments because of the direct heating effect on the

T sensor. Figure 11c shows T from various sensors

(y axis) versus SWRF (x axis). It is obvious that

SWRF may cause heating at the surfaces, resulting in

an increase in T. When SWRF changes from 0 to

200 W m-2, T change is about 1 �C. After

200 W m-2, T values from all sensors became very

noisy and with significant scatter being observed.

Uncertainty in T was about ±3 �C because of

changes in SWRF from 200 to 600 W m-2. All T

sensors respond similarly to SWRF changes. Note

that early in the morning, the SWRF effect was about

2 �C. Figure 11d shows the effect of SWRF on RHw

measurements. In reality, SWRF can affect RHw

directly because, increasing SWRF may result in

increasing moisture on the ground by melting the

snow. Therefore, it is not easy to make firm

conclusions on this issue. Figure 11d suggests that

some accumulation of data points below 80 % may

be related to SWRF heating problem and this is

needed to be further analyzed.

Wind effects on T sensors are shown in Fig. 11e.

In general, wind speed effects could not be identified

clearly on T sensors but both Th212 and Th45c were

affected significantly with increasing wind speed

when T is around 0 �C. This effect can be as high as

2 �C. Figure 11f shows wa effect on PRgeo and it is

discussed in next subsection.

The SWRF and wind effects on T and RHw

measurements are well known from many previous

studies. A summary of radiation and wind effects on

T and RHw is given by HUWALD et al. (2009). They

stated that over snow, 30 min mean T differences can

be as large as 10 �C. Unshielded thermocouples were

not affected as much as shielded ones for SWRF.

They also stated that T errors decrease with decreas-

ing solar radiative fluxes and increasing wind speed

when a shield is used. The present work also

suggested that SW heating effects can be as high

5 �C when T is close to 0 �C where diabatic effects

can also be important. In our case, increasing wind

speed resulted in an increasing error up to 3 �C in

T measurements. Although it is not shown here,

HUWALD et al. (2009) stated that T measurement

errors because of reflected SWRF increase much

faster than incoming SWRF because of snow albedo

effects. They used a sonic anemometer to improve the

T measurements because its measurements are inde-

pendent of SWRF. They also suggested a technique

to improve the albedo effects and this will be

considered for future studies.

5.1.3 3D Wind Effects on PR

Figure 11f shows the PRgeo against wa from the

Young ultrasonic anemometer. This plot clearly

shows that PRgeo reaches its maximum value when

wa * 0 m s-1. Increasing ?wa suggests that air

parcel goes away from the Geonor inlet, resulting in

decreasing PRgeo. Increasing -wa also results in

decreasing PRgeo. This result cannot be explained

easily because increasing downward motions (see

Eq. 1) should increase PR but this is not usually the

case. This means that wind effects on precipitation

can only be resolved by considering winds in 3D.

THÉRIAULT et al. (2012) stated that snow gauge

collection efficiency is also strongly related to

snowflake characteristics. The results from the
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Figure 11
Scatter plots of temperature from HMP45C (Th45c) versus others (Tsr50; Ttps; and Th45c) (a) where solid line is for 1:1 line, RHwh212 versus

RHw45c (b) where yellow line is for 1:1 lines and mean with percentiles are also shown, Th45c, Th212, and Ttps versus SWRF (c), RHwh45c versus

short wave radiative flux (SWRF) (d) where solid line is a trend line, T from all sensors versus horizontal wind speed (Uh) (e) where the solid

line shows a possible trend on some data points, and PRgeo versus wa (f) for the randomly selected 20 cases from December 2009 to April 5

2010
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current work suggest that a detailed flow model

around the measuring gauges is needed to better

assess the precipitation measurements quality.

5.1.4 PR Comparisons

The PR measurements during the project were

collected at 1 min sampling rate. The PR measure-

ments from the three transducers in the Geonor

instrument are used to get instantaneous PR values

after using 5 min running averages. Horizontal wind

effects are not removed because of the lack of

reference PR measurements. Also, it is shown that a

correction cannot be made using only 2D winds

(Fig. 11f). As shown during the case studies, increas-

ing wind speed affects PR by decreasing its value. In

ideal conditions, zero wind speed is perfect for

accurate PR measurements. Therefore, horizontal

wind effects can be taken away from the PR

estimation algorithms. Figure 12a, b show PRfdp

versus PRtps and PRgeo, respectively. Figure 12a

shows that scattering increases with decreasing PR,

and inconsistency is seen mostly for the low PR

values. More scattering in PRfdp versus PRgeo plot in

Fig. 12b exists when PR is less than 1 mm h-1.

Clearly, when PR [2 mm h-1, scattering of the data

points decreases. Note that for a given value of PRfdp,

PRgeo and PRtps can be two times more or less than

PRfdp.

5.2. Uncertainty and Variability in Vis

Visibility measurements are usually based on

scattering and absorption properties of the particles in

a small air volume nearby the transmitting and

receiving sensors. Unfortunately, they don’t represent

the larger scales and their measurements are usually

extended over tens of kilometers that may not

represent variability. Variability (Var) here is defined

as the ratio of SD to the mean (Var = SD/mean) for a

given time and space scale. Especially over moun-

tainous regions, real Vis may include much larger

variability compared to those over smooth surfaces.

Figure 6 previously showed that Vis may change

quickly over a few minutes. Figure 12c shows Vissen

versus Visfdp plot where a fit to data suggests that

Visfdp is 1.5 times larger than Vissen. Also, increasing

Vis results in larger scatter of the observations. Time

series of Visfdp shown earlier suggested that Vis

during snow and fog events may change drastically.

Figure 9a as an example shows that Vis at about

1200 UTC drastically decreased from tens of kilo-

meters down to a few hundreds of meters in less than

a few minutes, suggesting that variability of Vis can

be significant over very short time periods. Time

series of PR measurements from different instruments

are shown for various cases in Figs. 4, 6, 7, and 9.

These showed that PR also changes quickly over

periods of a few minutes, indicating that NWP

models should represent microphysical processes

over time periods less than a few minutes.

5.2.1 Vis versus Snow Type and Intensity at RND

The FD12P’s particle shape recognition technique is

a function of T, optical response to falling snow

amount, and capacitance during the melting process.

During the project, T between -3 and ?6 �C was

assigned to mixed phase precipitation based on the

manufacturer’s specifications. In that T range, as

indicated earlier, T measurements may include large

uncertainties that can affect the specification of snow

type. Figure 12d shows the Vis versus PR obtained

from the FD12P sensor as a function of snow type.

The LSN, MSN, and HSN types are easily described

using PR limits but other types of precipitation (see

Fig. 12d) cannot be distinguished. Data points seen

between Vis = 100 and 300 m for PR \1 mm h-1

may be related to light snow or ice crystals (e.g. snow

grains, light ice pellets) but the same snow types are

also seen between Vis = 2 and 10 km, suggesting that

particle concentration was not determined accurately

or snow type was not related to surface air T. A fit to

all the data with 10 and 90 % lines is provided on the

figure and its equation is obtained as

Vis½km� ¼ 2:432PR�0:3684½mm hr�1� � 1:16: ð3Þ

This equation (with correlation coefficient R =

-0.65) can be used for Vis estimation for snow PR but

its percentile values should also be considered to get

a probabilistic estimation of Vis (GULTEPE and

MILBRANDT, 2010). Because of variability in Vis for a
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Figure 12
Scatter plot of PRfdp versus PRtps (a) and versus PRgeo (b), Vis from sentry sensor (Vissen) versus Vis from FD12P (Visfdp) (c) where red

circles are for human observations. The red solid line is a fit for all data points and yellow line is for 1:1 line. Scatter plot Visfdp versus PRfdp

for various snow types is shown in (d) where red solid line is for the fit to all data points (equation is given on the plot). The mean (red filled

circles) and percentiles (red thin lines) as well as SD bars (green lines) are also shown on (d) for all 20 cases. The labels of LSN, MSN, HSN,

LIP, MIP, SG, ICE, MEAN, 10 and 90 % represent, respectively, light snow, medium snow, heavy snow, light ice pellet, medium ice pellet,

snow grain, ice crystals, mean, 10 and 90 % percentiles. Time series of width (W) of the particles measured with a PVI are shown in (e) where

the color bar indicates the particle number concentration density log(Nid). The ice crystal images, showing the variability of the shapes,

collected during the snow storm at the RND station are shown in (f) for February 16 2010
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given PR value, we should not compare the fit values to

mean values simulated with a forecasting model.

5.2.2 Variability in Snow Particle Type and Intensity

at RND

Snow precipitation rate is directly related to snow

particle types and their fall speed (which is also related

to density). As shown in Fig. 2, snow crystal types can

change significantly over 1 min time periods. Using

the PVI sensor (NEWMAN et al., 2009), time series of

snow crystal width (W) are shown in Fig. 12e; the color

bar shows the spectral concentration density (Nid) of

snow crystals. Clearly, for W \ 1 mm, Nid becomes

about 5 m-3 mm-1. Figure 12f shows the snow crystal

shapes from PVI; including columns/needles, den-

drites, sector plates, and aggregates with sizes up to

5 mm. Equation 1 suggests that Vf which is function of

particle shape and density plays a significant role in the

PR calculation.

5.2.3 Variability along the Slope: Daily 1-min

Observations

The observations collected during SNOW-V10 cre-

ated a unique data set to study variability over the

Figure 13
Variability in the weather conditions on Jan 17 2010: snowing at the RND site (1,853 m) at 1000 LST (a) and fogy/cloudy below the RND

site at the VOA and VOL sites on 1600 LST (b). The fog/cloud filled the valley below the RND site on this day
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Whistler Mountain slope. The Jan 17 2010 case is

chosen as an example to show the variability along

the Whistler Mountain. Figure 13 shows two pictures

representing the weather conditions at 1000 LST

(snowing 1800 UTC) and 1600 LST (fogy). The five

stations were located along the slope but only three of

them are used for discussions here. The observations

of Vis and PR (from FD12P), T, RHw, and wind

speed/direction were collected at each minute.

Figure 14 shows the time series of Vis, PR, T, RHw,

and wind speed from RND, VOA, and VOL stations to

indicate variability over a distance about 500 m. Box

(a) shows that Vis ranges from 100 m to 10 km

depending on the stations at 1800 UTC. During snow

precipitation (box b), Vis differences can be more

than 1 km (1200 UTC). Snow PRfdp at 0200 UTC

ranges from 0.5 mm h-1 (VOL) up to 3 mm h-1

(RND). The Uh ranges from 1 m s-1 (VOL) to

7 m s-1 (VOA) at 1100 UTC (box c). During

saturation (foggy) conditions, RHw becomes very

close to 100 % at all stations except during clear air

conditions (from 0000 to 0400 UTC), where differ-

ences between stations are about 40 % (box d).

Absolute T differences become more than 3 �C

during clear air conditions (box e) and *1 �C when

snowing at the all stations.

5.2.4 Variability along the Slope: Monthly Averaged

1-min Observations

Variability in the measurements is studied using

the data collected at the three stations shown in

Fig. 1. The RND, VOA, and VOL based FD12P

measurements of Vis and PR are used to show the

variability over *500 m height in the vertical (700 m

Figure 14
Time series of Vis (a), PR (b) from FD12P, Uh from 3D ultrasonic anemometer (c), RHwh45c (d), and Th45c (e) for RND, VOA, and VOL sites

to show the vertical variability over along a 500 m slope for Jan 17 2010
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along the slope) from the station VOL to RND. Table 3

shows the monthly mean, SD, and variability

(SD/mean) of the 1 min observations in February

2010 from the individual stations along the slope. In

fact, differences between two stations represent the

scale of about 200 m. The results show that MRV

(maximum relative variability) for PR, Vis, T, RHw,

and Uh over February 2010 can be up to 43 %, 73 %,

140 %, 10 %, and 76 % (Table 3), respectively, along

the 700 m slope. This result can contribute to a

significant error in comparisons with NWP models

when a forecasting model has a resolution of about

1 km in the horizontal and 100 m in the vertical.

BAILEY et al. (2012) showed that both RND and VOA

sites share the same GEM-REG-15 km and GEM-

LAM-1 km model points; therefore, comparisons

become difficult unless models resolved these scales.

Note that individual variability of the parameters at

each station can be up to 100 % per minute except for

RHw (which is up to 30 %). The RHw measurements

can be highly susceptible to measurement errors as

described earlier. Further analysis of the observations

on this issue will be made later using extended data sets

from the stations along the slope (Fig. 1).

6. Conclusions

The main conclusions obtained from this work

are important for nowcasting PR, Vis, T, RH, and

Uh using forecast models, and for their verifications

using statistical methods and observations. The

meteorological parameters can change quickly over

short time and space scales as described. The

models should have enough time and space reso-

lutions to reduce the scale dependent uncertainties.

For example, vertical (horizontal) space resolutions

of the forecasting models should be better than

50 m. Otherwise, because of variability, compari-

sons using point observations may not be accurate,

resulting in large uncertainty issues. The main

points obtained from this work can be summarized

as:

Table 3

Mean, SD, variability (var), 10 %, 50 %, and 90 % values of FD12P PR, Vis, T, RHw, and Uh over entire Feb 2010 based on 1 min

observations. FD12P PR threshold used was 0.05 mm hr-1 to account for light precipitation. Last two rows are for absolute MDM (maximum

difference of means) and maximum relative variability (MRV = MDM/max mean) for all cases

RND PR (mm h-1) Vis (km) T (�C) RHw (%) Uh (m s-1)

Mean/SD 0.53/0.64 3.18/0.77 -2.82/1.22 92.91/5.11 1.59/1.22

Var 1.21 1.18 0.43 0.06 0.77

10 %; 50 %; 90 % 0.03/0.29/1.33 0.53/2.01/6.98 -4.35/-2.86/-1.18 87.20/93.60/97.80 0.25/1.34/3.24

VOA PR Vis T RHw Uh

Mean/SD 0.31/0.35 3.79/3.67 -1.71/1.45 84.33/26.42 2.17/1.55

Var 1.14 0.97 0.85 0.31 0.71

10 %; 50 %; 90 % 0.03/0.19/0.72 0.72/2.57/8.39 -3.67/-1.76/0.10 75.60/93.40/98.20 0.40/1.87/4.41

VOL PR Vis T RHw Uh

Mean/SD 0.30/0.33 2.53/3.21 -0.79/0.88 90.37/27.32 1.08/0.98

Var 1.13 1.27 1.11 0.30 0.91

10 %; 50 %; 90 % 0.03/0.20/0.64 0.15/1.58/6.17 -1.93/-0.72/0.21 90.30/99.90/100 0.04/0.79/2.56

VOT PR Vis T RHw Uh

Mean/SD 0.40/0.59 9.49/10.50 1.11/0.09 92.75/23.18 0.51/0.47

Var 1.48 1.10 0.89 0.25 0.92

10 %; 50 %; 90 % 0.04/0.25/0.84 1.42/5.70/22.78 0.11/0.82/2.58 90.19/100/100 0.04/0.39/1.14

MDM 0.23 6.96 3.93 9.00 1.66

MRV (43 %) (73 %) (140 %) (10 %) (76 %)
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1. Time and space variability obtained from surface

point observations can be significant and they

may not be compared directly with NWP

simulations.

2. Models need better subgrid scale representation

of the processes to resolve smaller scales (e.g.

\100 m).

3. Uncertainties in RHw and T because of wind and

SWRF variations can be as high as 20 % and

2–3 �C, respectively.

4. Vertical air velocity (wa) can increase or

decrease PR depending on Uh direction, sug-

gesting that 3D winds need to be used in

improving snow PR measurements.

5. TPS measurements are strongly affected by the

horizontal wind speed, and resulted in up to

100 % error in PR when a collection efficiency

equation used in the embedded algorithm.

6. FD12P measurements were not affected by the

wind as much as TPS and Geonor measurements,

and it was the best sensor for mountain applications

to record the precipitation rate (especially for

rates \0.5 mm h-1). PR from Geonor and TPS

was usually found to be strongly affected by wind

speed.

7. Snow type changed drastically over 1 min time

periods in many conditions, and the FD12P was a

good sensor for distinguishing snow fall rate as light,

medium, and heavy, but was not a good indicator for

individual ice crystal shape recognition.

8. LPM sensor was overestimating PR but it was

good for BSN detection and snow type.

9. Uncertainty in Vis from both FD12P and Sentry can

be significant for both low and high Vis conditions,

and also from human based observations.

10. Variability over 700 m scale along a mountain

slope can be up to 100 % for many meteorolog-

ical parameters; therefore, observations and

models should have similar time and space scale

resolutions for comparisons.

11. Based on observational uncertainties, additional

methods and efficient project setups should be

developed for model validations.

This work suggested that PR, Vis, T, and RHw

measurements need to be improved over the complex

terrain; also, other than point measurements, some

areal based techniques should be developed for model

validations. Future work on this issue using SNOW-

V10 observations will be considered.
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Appendix

The symbols and definitions used in the text are

defined below:

BSN Blowing snow

Ci Snow crystal counts

DS Now crystal diameter

FF Freezing fog

FDRZ Freezing drizzle

HSN Heavy snow

ICNG Icing

LWC Liquid water content

LSN Light snow

MSN Medium snow

Ni Snow crystal number concentration

Nid Snow crystal number density

PRgeo Precipitation rate from Geonor

instrument

PRfdp Precipitation rate from FD12P

instrument

PRtps Precipitation rate from TPS instrument

RHw Relative humidity with respect to water

RHwh212 Relative humidity from Vaisala

HMP45C212 sensor

RHwh45c Relative humidity from Vaisala

HMP45C sensor
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SA Sampling area

SN Snow

SWE Snow water equivalent

SWRF Broadband shortwave radiative flux

Dt Sampling period

T Temperature

Th45c Temperature from Vaisala HMP45C

sensor

Th212 Temperature from Vaisala HMP45C212

sensor

Ttps Temperature from TPS sensor

Tsr50 Temperature from SR50 sensor

Uh Horizontal wind

Vf Snow crystal fall velocity

Vis Visibility

Vissen Visibility from sentry sensor

Visfdp Visibility from FD12P sensor

W Snow crystal width

wa Vertical air velocity

Station Names

RND Roundhouse site

VOA Whistler Mountain high level site

VOL Whistler Mountain mid-level site

VOT Whistler Mountain timing flat site

TFT Whistler timing flat site

VOC Nesters station site

Models and Project Names

NWP Numerical weather Prediction

GEM-REG The Global Environment Multiscale

Model with 15 km resolution

GEM-LAM High-resolution limited-area model

version of the GEM with 1.5 km

FRAM-IF Fog Remote Sensing and Modeling-

Ice Fog project

SNOW-V10 Science of Nowcasting Winter

Weather for the Vancouver 2010

Olympics and Paralympics

REFERENCES

BAILEY, M.E., G.A. ISAAC, I. GULTEPE, I. HECKMAN and J. REID,

(2012), Adaptive Blending of Model and Observations for

Automated Short Range Forecasting: Examples from the Van-

couver 2010 Olympic and Paralympic Winter Games. Pure and

Applied Geophysics. doi:10.1007/s00024-012-0553-x.

BIANCO, L., DOMENICO CIMINI, FRANK S. MARZANO, and RANDOLPH

WARE, (2005), Combining Microwave Radiometer and Wind

Profiler Radar Measurements for High-Resolution Atmospheric

Humidity Profiling. Journal of Atmospheric and Oceanic Tech-

nology. V. 22, Issue 7, 949-965.

BRANDES, EDWARD A., KYOKO IKEDA, GUIFU ZHANG, MICHAEL
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