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Abstract: 
 

 Orographically-enhanced clouds are essential for global hydrological cycles. To better 

understand the structure and microphysics of orographically-enhanced clouds, an airborne study, the 

Colorado Airborne Mixed-Phase Cloud Study (CAMPS), and a ground-based field campaign, the Storm 

Peak Lab (SPL) Cloud Property Validation Experiment (StormVEx) were conducted in the Park Range of 

the Colorado Rockies. The CAMPS study utilized the University of Wyoming King Air (UWKA) to provide 

airborne cloud microphysical and meteorological data on 29 flights totaling 98 flight hours over the Park 

Range from December 15, 2010 to February 28, 2011. The UWKA was equipped with instruments that 

measured cloud droplet and ice crystal size distributions, liquid water content, and 3-dimensional wind 

speed and direction. The Wyoming Cloud Radar and LiDAR were also deployed during the campaign. 

These measurements are used to characterize cloud structure upwind and above the Park Range. 

StormVEx measured temperature and cloud droplet and ice crystal size distributions at SPL. The 

observations from SPL are used to determine mountain top cloud microphysical properties at elevations 

lower than the UWKA was able to sample in-situ. To assess terrain flow effects on cloud microphysics 

and structure, vertical profiles of temperature, humidity and wind were obtained from balloon borne 

soundings and verified with high resolution modeling.  Comparisons showed that cloud microphysics 

aloft and at the surface were consistent with respect to snow growth processes and previous studies on 

terrain flow effects. Small ice crystal concentrations were routinely higher at the surface and a 

relationship between small ice crystal concentrations, large cloud droplet concentrations and 

temperature was observed, suggesting liquid-dependent ice nucleation near cloud base. 
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Chapter 1: Introduction 
 

Mountain based snowfall is essential for hydrological cycles globally (Smith et al. 2005) and 

provides water to 60 million people in the Western U.S. (Barnett et al. 2005; Bales et al. 2006). The 

Colorado River, whose headwaters and tributaries originate as high elevation snowfall, helps irrigate 5.7 

million acres of land across seven states (Cohen et al., 2013) at an annual worth of 1.41 trillion dollars 

(James et al., 2014).  Due to the importance of municipal water supplies and the economic value of 

irrigation across the Western U.S. alone, understanding and forecasting precipitation amounts and 

distributions in complex terrain is essential.  In the last 30 years, several studies have focused on 

furthering the knowledge of mountain-based precipitation (orographic precipitation) mechanisms, such 

as latent heat release (heat released during the phase change of water)  on the windward slope (e.g., 

Hill, 1983; Pandley et al., 1999; Doyle and Smith, 2003; Jiang, 2003; Zängl, 2007, Kaplan et al., 2012), 

upstream static instability and flow blocking (e.g., Grosman and Durran, 1984; Sinclair et al., 1997; Colle, 

2004; Rotunno and Houze, 2007) and microphysical processes (e.g., Bergeron, 1965; Browning, 1980; 

Borys et al., 2003; Rosenfeld and Givati, 2006; Lowenthal et al., 2011; Saleeby et al., 2012).  The 

culmination of many of these studies is the importance of cross-mountain wind speed, upstream static 

stability, barrier shape and height and freezing level on orographic precipitation distribution (e.g, Sinclair 

et al., 1997; Jiang, 2003; Colle, 2004; Zängl, 2007; Rotunno and Houze, 2007).  

Sinclair et al. (1997) found that precipitation distribution increased on the leeward slope 

(spillover) when cross-barrier wind speed increased and upwind stability decreased. The changes in 

stability and wind speed explained up to 93% of the observed spillover variations during a major storm 

in the Southern Alps.  Jiang (2003) showed that latent heat release on the windward slope can double 

the height at which low level air is lifted over a mountain barrier compared to that of dry air and that 
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warmer upstream surface air delayed flow splitting, blocking and mountain wave breaking.  Several 

modeling sensitivity tests done by Colle (2004) showed that increasing cross-mountain wind speed for 

narrow mountain barriers and reducing static stability increased the spillover and lowered the 

precipitation efficiency (the difference between precipitation aloft and precipitation that reaches the 

ground) on the windward slope to below 60%. Further, sensitivity tests showed that lower freezing 

levels allowed for stronger winds to advect frozen hydrometeors farther onto the leeward slope of the 

mountain.  Zängl (2007) and Rotunno and Houze (2007) showed that upwind latent heat release played 

a major role in orographic blocking and precipitation distribution during the Mesoscale Alpine 

Programme in the Alps. The moist nondimensional mountain height number (Mm) has been used as an 

objective measure of the likelihood of precipitation around and over a mountain barrier in several 

studies and combines upwind static stability, barrier height and cross mountain wind speed (e.g., Sinclair 

et al., 1997; Jiang, 2003; Colle, 2004).  It is defined as:  

    Mm= Nmhm/U      (1) 

or the inverse Froude number, where Nm is the moist Brunt-Vaisala Frequency, a measure of stability 

(Durran and Klemp, 1982; Barcilon and Fitzjarald, 1985), hm is the maximum mountain height and U is 

cross-mountain wind speed.   

  In addition to the dynamical processes mentioned above, aerosols and microphysical properties 

have been shown to alter precipitation formation and distribution over complex terrain (e.g., 

Pruppacher and Klett, 1997; Borys et al., 2003; Rosenfeld and Givati, 2006; Lowenthal et al., 2011; 

Saleeby et al., 2012). Higher concentrations of cloud condensation nuclei (CCN) produce more numerous 

but smaller cloud droplets (Twomey et al., 1984; Peng et al., 2002; Lowenthal et al., 2002).  As cloud 

droplet size decreases below around 10 µm, riming efficiency approaches zero due to aerodynamic 
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effects (Pruppacher and Klett, 1997). Decreasing riming efficiency has been observed to decrease 

precipitation efficiency on the windward slope (Borys et al., 2000, 2003) and has been shown to 

redistribute precipitation over mountain barriers in modeling studies (Saleeby et al., 2009,2012). 

Secondary ice formation processes such as rime-splintering (Hallett-Mossop Process) and free falling 

droplet freezing are also related to droplet size. The Hallett-Mossop Process occurs when cloud droplets 

larger than 16 µm (preferably around 24 µm) rime and splinter as they freeze symmetrically inwards 

when temperatures range between -3 and -8oC (e.g. Hallett and Mossop,1974; Mossop, 1985).  The ice 

splinters can continue to grow rapidly through vapor deposition. Free falling droplets larger than 50 µm 

have also been observed to shatter during the freezing process (e.g. Pruppacher and Klett, 1997; Rangno 

and Hobbs, 2001). Several studies have shown a link between cloud droplet size and ice particle 

concentrations under and outside of secondary ice formation conditions (e.g. Hobbs and Rangno, 1985; 

Rangno and Hobbs, 2001; Ansmann et al., 2009; Lance et al. 2011; de Boer et al., 2011).   Hobbs and 

Rangno (1985) found a strong relationship between the width of cloud droplet spectra and ice particle 

concentrations in both cumuliform and stratiform type clouds where cloud top temperature ranged 

between -36 and -6oC.  Similar results were observed in mixed-phase clouds in the Arctic by Rangno and 

Hobbs (2001).  Lance et al. (2011) found higher ice crystal concentrations in cleaner Arctic clouds with 

larger drop sizes than in polluted Arctic clouds with smaller, more numerous drops.  These results 

suggested that the width of the cloud droplet spectra in Arctic clouds may be more important for ice 

production than the concentration of ice nuclei (IN).  In mixed-phase clouds, a small fraction of aerosols 

can act as heterogeneous IN and produce ice through four known freezing modes: deposition, 

immersion, condensation, and contact freezing (e.g. Ladino et al., 2013). Deposition freezing occurs 

when water vapor deposits directly onto an IN and generally occurs at temperatures below other 

heterogeneous freezing modes (Lohmann and Diehl, 2006).  Contact freezing occurs when an IN comes 

into contact with a supercooled cloud droplet and initiates freezing.  Contact freezing is the most 
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efficient freezing mechanism in slightly supercooled environments (e.g. Lohmann and Diehl, 2006).  

Immersion freezing and condensation freezing are much more difficult to differentiate. Immersion 

freezing occurs when a supercooled cloud droplet nucleates and grows on an IN and then freezes once a 

certain temperature threshold is met.  Meanwhile, condensation freezing occurs when water vapor 

condenses onto an IN and forms a haze a droplet that then nucleates into ice.  However, recent work in 

Arctic mixed-phase clouds showed that ice was observed only after a liquid cloud layer had developed 

and found no evidence of condensation freezing (de Boer et al. 2011).   

  The majority of microphysical studies on ice nucleation have been based on chamber and 

laboratory experiments (e.g.,Fukuta and Takahashi, 1999; Hoose and Mohler, 2012). Meanwhile, many 

airborne studies have been used to examine snow growth processes based on temperature, 

supersaturation and vertical motions (e.g., Lo and Passarelli, 1982; Hobbs and Rangno, 1985; Field et al., 

1999; Field et al., 2000; Korolev et al., 2000; Rangno and Hobbs, 2001; Lance et al., 2011; ). More 

recently, airborne studies of terrain-induced wave clouds have allowed for examination of both snow 

growth and ice nucleation due to their laboratory like environment (e.g., Field et al., 2001; Baker and 

Lawson, 2006; Eidhammer et al., 2010; Field et al., 2012). For example, evaporation freezing has been 

observed in regions of evaporating droplets (e.g., Field et al., 2001; Baker and Lawson, 2006). Shaw et al. 

(2005) were able to recreate the observed nucleation mechanism in a laboratory setting and described it 

as inside-out contact nucleation.  The majority of these studies omitted dynamical analysis with the 

exception of Baker and Lawson (2006), who were able to gain additional information about the structure 

of an unusual wave cloud by utilizing the ratio of static stability to cross mountain wind speed. 

Meanwhile, airborne studies in complex terrain that focus on orographic precipitation tend to 

incorporate dynamical processes (e.g., Woods et al., 2005; Garvert et., al 2007; Geerts et al., 2011; Yang 

et al., under review).   Woods et al. (2005) and Garvert et al. (2007) used data from the Improvement of 
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Microphysical Parameterization through Observational Verification Experiment (IMPROVE) which 

incorporated airborne in-situ and remotely sensed cloud microphysical properties and dynamics to 

further enhance the ability of models to predict precipitation in complex terrain (e.g., Garvert et al., 

2007).  Garvert et al. (2007) used static stability and inverse Froude number to validate the modeled 

vertical structure of a passing storm to ensure that the predicted precipitation biases were primarily 

induced by microphysical processes and not dynamical processes.  Meanwhile, Woods et al. (2005) 

examined the evolution of ice crystal and snow growth as a storm crossed the Oregon Cascades and 

found that interactions between frontal and orographic precipitation increased the scavenging of cloud 

liquid water and enhanced precipitation by up to 1 mm per hour.  Geerts et al. (2011) used the airborne 

University of Wyoming Cloud Radar (WCR) to observe the role of boundary layer (BL) turbulence on 

snow growth processes in orographic cloud and showed that BL turbulence enhanced snow growth. 

Geerts et al. (2011) were unable to identify the growth mechanism due to the lack of in-situ 

microphysical observations within the BL.  Yang et al. (under review) used the airborne WCR to examine 

cloud structures over the Medicine Bow Range in Wyoming and reaffirmed the importance of mountain-

induced waves on upwind precipitation and the role of increased static instability and wind speed on 

spillover. 

 All of the aforementioned studies have greatly furthered the understanding of precipitation 

processes and distributions in complex terrain from dynamical and microphysical perspectives but due 

to the lack of data, were unable to sample the evolution of the cloud microphysics from aloft to the 

mountaintop.  Rogers and Vali (1987) observed cloud microphysics at both the Elk Mountain 

Observatory (EMO) located in the Medicine Bow Mountains of Southern Wyoming and from the 

University of Wyoming Queen Air (UWQA) aircraft.  Comparisons between crystal concentrations at 

EMO and on the UWQA routinely showed higher crystal concentrations at EMO.  The authors attributed 
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the higher surface crystal concentrations to an unknown process of ice crystal generation in supercooled 

orographic clouds in contact with snow-covered mountain surfaces.  However, blowing snow can 

introduce the potential for serious errors in observed ice crystal concentrations at mountaintop 

locations (Roger and Vali, 1987).  Above a threshold wind speed, blowing snow is lofted from the surface 

and then advected downstream before eventually being redeposited to the snow surface. The height to 

which crystals are lofted depends on their size and the wind speed.  Smaller crystals are more easily 

lofted to higher distances above the snow surface and can be advected farther downstream (e.g. 

Schmidt, 1982). In order to account for blowing snow, Rogers and Vali (1987) performed modeling 

studies to determine if the “anomalously” high ice crystal concentrations were due to the lofting of 

snow from the surface and although the results suggested that some contamination was possible, it was 

concluded that the majority of the “anomalous” crystals were not artifacts. 

During the winter of 2011, two simultaneous field campaigns, the Storm Peak Laboratory Cloud 

Property Validation Experiment (StormVEx) and the Colorado Airborne Multi-Phase Cloud Study 

(CAMPS) were conducted in the Park Range of the Colorado Rockies with the mutual goal of observing 

cloud microphysical properties during orographic snow events.  This study will utilize data from both 

field campaigns to better understand the evolution of hydrometeors as they fall through orographically 

enhanced cloud under varying stability regimes.  The principal goals of this study are to gain a 

fundamental understanding of the interactions among dynamics, cloud structure, and cloud 

microphysics in wintertime orographic clouds and to examine ice nucleation processes during the 

CAMPS and StormVEx field programs. In addition to furthering the general understanding of orographic 

precipitation, this study will explore several previously unanswered questions including: 1) what are the 

microphysical pathways responsible for producing enhanced crystal concentrations and reflectivity at 

mountain top compared to airborne observations (Rogers and Vali, 1987; Geerts et al., 2011)?; 2) can a 
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meaningful comparison between upwind aircraft and mountaintop microphysical properties be made?;  

and 3) what role does the nondimensional mountain height number have on mountain top and lee slope 

cloud droplet and ice crystal concentrations?  To better address goal number 1, data from the Isotopic 

Fractionation of Snow (IFRACS) field campaign, which occurred during the winter of 2014, will also be 

incorporated into the analysis. This study is the first comprehensive descriptive meteorological and 

microphysical analysis of the CAMPS and StormVEx campaigns. 
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Chapter 2: Methods 

Section 2.1: Datasets 
 

During the winter of 2010-2011, the Colorado Airborne Multi-Phase Cloud Study (CAMPS) and 

the Storm Peak Cloud Validation Experiment (StormVEx) were conducted simultaneously in the Park 

Range of the Colorado Rockies (see Figure 1 for the study area). Another field campaign, the Isotopic 

Fractionation in Snow (IFRACS) study, occurred at Storm Peak Lab during the winter of 2014. 

CAMPS 
CAMPS, a National Science Foundation (NSF) funded campaign, was designed to focus on the 

observation of wintertime mixed phase clouds using the University of Wyoming’s King Air (UWKA) 

aircraft.  The UWKA flew 29 research flights totaling 30 hours of in-cloud flight time over the Park Range 

of the Colorado Rockies and Muddy Mountain, Wyoming.  CAMPS was planned to occur simultaneously 

with StormVEx (described below) in order to compare ground-based and airborne measurements. 

During CAMPS, the UWKA was equipped with remote and in-situ instruments to measure microphysical 

properties (see also Table 1).  The Wyoming Cloud Radar (WCR) operates with a frequency of 94.2 GHz 

with an absolute estimated accuracy of 3dB (Wang et al. 2012). The downward and upward pointing 

antennas are used to characterize cloud and precipitation structure using the radar reflectivity factor 

(Ze) and Doppler velocity (e.g., Pratt et al., 2009; Wood et al., 2011a; Yang et al., under review).  The 

sensitivity of the WCR is high enough to detect cloud droplets in nonprecipitating water clouds, but 

since the signal is proportional to the sixth power of particle size, the largest particles dominate the 

signal.  Therefore, in mixed-phase clouds, the WCR signal is dominated by the largest ice particles and 

little or no information can be obtained about the cloud droplets (Wang et al., 2012).  The Wyoming 

Cloud Lidar (WCL) operates at a much shorter wavelength of 351nm compared to the WCR which allows 

the WCL signal to be dominated by cloud droplets and smaller particles in mixed-phase clouds.  Using 
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both the WCR and WCL simultaneously allows for detailed microphysical information about both the ice 

and liquid structure within a mixed-phase cloud.  However, in optically thick liquid cloud, the WCL 

becomes attenuated quickly, limiting the vertical penetration into cloud and information about the 

liquid structure of the cloud (Wang et al., 2012). 

The UWKA was also equipped with several optical array and scattering cloud probes, including: a 

Particle Measuring System (PMS) Forward Scattering Spectrometer Probe (FSSP), a Gerber Scientific 

Particle Volume Monitor (PVM-100), and a Droplet Measurement Technologies (DMT) Cloud Imaging 

Probe (CIP) (Table 1).  The FSSP measures single particle concentration and size between 2 and 47 µm in 

diameter using forward light scattering from a helium-neon laser (Knollenburg, 1981; Baumgardner, 

1983; Cerni, 1983).  The PVM-100 also uses light scattering but provides a bulk measure of liquid water 

content (LWC) and particle surface area (Gerber et al., 1994; Gerber et al., 1999) for particles between 3 

and 50 µm in diameter (Wendisch, 2010).  The CIP provides the two-dimensional structure of cloud 

particles using a linear array of diodes illuminated through the sample volume of the probe 

(Knollenburg, 1970).  The size range for the CIP can be adjusted and was set to 25 to 1550 µm during 

CAMPS (see Table 1). 

In addition to the scattering and optical array probes, a modified University of Colorado closed-

path tunable-diode laser hygrometer (CLH), a Hot-Wire Liquid Water Sensor (LWC-100) and a LICOR 

6262 (LICOR) were on board.  The CLH uses tunable diode laser spectroscopy to measure total water 

concentration, including water vapor, liquid water, and ice (Hallar et al., 2004; Davis et al., 2007; Dorsi, 

2013). The LICOR is a differential, non-dispersive, infrared gas analyzer that uses samples of known 

water vapor concentration as a reference for comparison and calculation of ambient water vapor 

concentrations (LICOR-6262 Manual, ftp://ftp.licor.com/perm/env/LI-6262/Manual/LI-

6262_Manual.pdf).  The LWC-100 is a latent heat-based probe that measures the liquid content of the 
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air based on the amount of energy required to maintain the probe at a constant temperature and can 

sample a liquid water content up to 3 g/m3 with an accuracy of 0.02g/m3 (King, 1978).  CAMPS data were 

obtained from the University of Wyoming (at http://flights.uwyo.edu/projects/camps11/). 

StormVEx 
 

 StormVEx was supported by the United States Department of Energy’s Atmospheric Radiation 

Measurement (DOE ARM) Program and focused on collecting concurrent remote and in-situ 

measurements of cloud microphysical processes (e.g., Matrosov et al., 2012).  Several of the in-situ 

measurements occurred at Storm Peak Laboratory (SPL).  SPL is located on the western summit of Mt. 

Werner at an elevation of 3220m in the Park Range of the Colorado Rockies.  The Park Range is a north-

south oriented mountain range which is orthogonal to the predominant westerly flow experienced in 

the mid-latitudes. The lab’s elevation and exposure to westerly flow makes it an excellent location for 

sampling mixed-phase clouds during wintertime storms (e.g., Borys et al., 2003; Saleeby et al., 2012). As 

a part of StormVEx, a DMT SSP100 (modified FSSP), a DMT Cloud Imaging Probe (CIP), and a DMT 

Precipitation Imaging Probe (PIP) (specifications of the probes are given in Table 1) were installed on a 

wind vane and collected data while the lab was in cloud.  In addition to the cloud probes, images of 

snowflakes were taken on certain days with a digital camera to further document the observed 

microphysics.   Another aspect of StormVEx was the deployment of a Balloon-Bourne Sounding System 

(BBSS), which used the Vaisala RS92-SGP with GPS wind finding to acquire vertical profiles of 

atmospheric temperature, pressure, wind speed and direction, and relative humidity (RH).  The BBSS 

was deployed in the valley 6km upwind of SPL at an elevation of 2078m.  A minimum of two soundings 

were launched per day and additional soundings were launched every four hours during intensive 

observation periods. Data collected during StormVEx were obtained from DOE ARM (at 

http://www.arm.gov/campaigns/amf2010valclradar). 
 
 
 

http://www.arm.gov/campaigns/amf2010valclradar


11 
 

IFRACS 
 

 IFRACS, an NSF-funded field campaign, was designed to further the understanding of snow 

growth processes in mixed-phase clouds and to evaluate the role that aerosols have on those processes.  

Samples of cloud water and snow were collected when SPL was in cloud and analyzed for stable water 

isotopic composition.  While these samples were being collected, the SPP100, CIP and PIP were used to 

obtain information about the cloud droplet and crystal size distributions.   The probes were run in the 

same manner as during StormVEx.  Balloon-borne soundings were launched every two hours during 

intensive operating periods.  The soundings were equipped with a Vaisala RS 92G radiosonde with GPS 

wind finding in order to acquire vertical profiles of thermodynamic variables and wind.   

 

Section 2.2: Case Selection and Stability Assignment 
 

The UWKA flew several different flight patterns over the Park Range in the Colorado Rockies 

including cross barrier flight legs, spirals, and ladders.  Cross barrier flight legs were identified to 

determine the variability of the microphysics over the barrier. Although spiral flight patterns have 

frequently been used to assess the vertical development of cloud microphysics (e.g. Lo and Passarelli, 

1982), they are omitted from this analysis due to their non-Lagrangian nature during CAMPS. The cross 

barrier WCR and WCL data were plotted to identify flights and legs of interest based on cloud structure 

above and below the aircraft.  The WCR was also used to identify cases when the UWKA and SPL were 

sampling the same cloud.  To ensure that the WCR signal was truly representative of the cloud and not 

biased by artifacts in the noise field, 99% of the noise was removed using a statistical approach.  The 

criteria for selecting the case studies of interest were cloud depth (thickness of the cloud), distribution 
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over the barrier (the upwind and downwind extent of the cloud), and structure (reflectivity pattern 

inside the cloud). Case studies were categorized into three classifications: 1) hybrid (see Figure 2.a), 

clouds that were relatively deep with various inhomogeneities within the cloud structure; 2) convective 

(see Figure 2.b), clouds that were cellular in nature; and 3) wave (see Figure 2.c), clouds that displayed 

wave like structures over the barrier.  For each case study, the BBSS data were used to calculate vertical 

profiles of Mm, moisture, theta and potential instability.   The BBSS data were interpolated to 10m 

intervals and then smoothed such that the minimum resolved wavelength was 500m (Yang et al., under 

review). A comparison of each sounding profile for each of the three cloud types was made in order to 

identify any systematic dynamical processes responsible for producing the observed cloud structures.   

Due to the proximity of the sounding location to the mountain barrier, model-derived soundings from 

the Weather Research and Forecasting model (WRF) accompany the observed soundings (WRF setup 

details are described in Section 2.5).  Additionally, WRF provides high resolution 4-dimensional parcel 

trajectories for additional airmass and dynamical analyses. 

 

Section 2.3: Calculation of Cloud Microphysics 
 

The optical array probes and the FSSP are used to compare the upwind UWKA cloud particle size 

distributions (PSDs) to the SPL PSDs.  Although PSDs provide an enormous amount of information about 

microphysical properties, their retrieval from optical cloud scattering and imaging probes is challenging 

due to complexities in determining the depth of field (DOF), the effective sample area, and the 

overestimation of particle concentration due to particle shattering.  The DOF and effective sample area 

depend on the particle velocity through the optical path (Baumgardner and Korolev, 1997), the particle 

displacement from the center of focus (Knollenburg, 1970; Joe and List, 1987) and the effective 
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photodiode array width (Knollenburg, 1970). Shattered or splashed particle contamination has been an 

area of concern for quite some time (e.g., Cooper, 1978; Gardiner and Hallet, 1985; Korolev et al., 2011) 

and recent modifications to probe arms (anti-shattering tips) and post-processing algorithms (the use of 

inter-arrival times) have been developed in an attempt to mitigate contamination (e.g., Field et al., 

2003, 2006; Korolev et al., 2011). Shattering contamination is believed to have a higher impact at 

aircraft speeds (Gardiner and Hallet, 1985) but ground based studies using an FSSP measured ice 

concentrations between 300 and 3000 times higher than actual ice concentrations in a simulated cloud 

(Vali et al., 1980, 1981). In addition to sample area and shattering errors, coincidence errors occur when 

multiple particles enter the sample volume simultaneously, which can lead to over-sizing or rejection of 

particles by quality control checks (Dorsi, 2013). However, coincidence errors are greatly reduced in 

optical array probes compared to scattering probes due to a relatively small viewing volume compared 

to the sample area (Knollenberg, 1970).  

With the above challenges in mind, the PSDs from the UWKA CIP were calculated to a one- 

second resolution using image analysis post processing software (provided by the National Center for 

Atmosphere Research Mesoscale and Microscale Meteorology Division, NCAR/MMM) which applies 

corrections for DOF and inter-arrival times.  DOF corrections are essential for particles with small 

diameters relative to the probe resolution and at high particle velocities (e.g., Baumgardner and Korolev, 

1997; Korolev et al., 1998; Strapp et al., 2001).  Inter-arrival time corrections remove shattered particles 

by identifying particles that pass through the DOF more closely spaced than Poisson counting statistics 

would predict (e.g., Field et al., 2003,2006; Dorsi, 2013). The software uses an approximate maximum 

diameter to size the particles by finding the diameter of the smallest circle that completely 

encompassed the 2D projected particle (Heymsfield et al., 2013).    In order to be consistent, the SPL CIP 

and PIP PSDs were calculated to one-second resolution using the same corrections even though it has 
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been shown that the DOF correction is smaller at low wind speeds (Strapp et al., 2001) and the 

likelihood of shattering is much lower at relatively slow wind speeds at the surface.   

Section 2.4: Microphysics Comparisons 
 

In order to assess the ability of the Mm to predict the distribution of microphysics over the 

barrier, the cross-barrier flight legs were averaged based on altitude and case type. Averaging was 

limited to periods when the UWKA was determined to be in cloud based on the presence of ice or liquid 

water from the in-situ probes.  Upwind and downwind cloud droplet and ice PSD’s (methods for 

calculating the PSD’s are listed below) were compared in order to identify systematic relationships 

between cloud microphysical properties at flight level and Mm.   

A comparison was also done between the upwind UWKA and SPL microphysics.  Comparisons 

were limited to periods when the WCR indicated relatively homogeneous cloud along the cross-barrier 

flight leg.  An approximate hydrometeor trajectory was calculated to estimate the upwind region for the 

comparison and the lag time, or the time for the particles observed from the UWKA to reach the lab.  

The trajectories were calculated using aircraft altitude, aircraft to mountain top mean layer U-wind and 

an assumed hydrometeor fall speed of 1 m/s (Figure 3).  Due to the mountain top location of SPL, the 

possible contamination from blowing snow was assessed by comparing wind speed and crystal 

concentration.  Previous research on blowing snow shows a decrease in crystal size with an increase in 

distance above the snow surface during blowing snow (Schmidt, 1982).  Therefore a comparison 

between wind speed and small and large crystal concentrations was done. Additionally, previous work 

has shown that gustiness leads to an increase in blowing snow due to the increase in shear stress on the 

snow surface.  To evaluate this issue, a comparison between small ice crystal concentration and 

gustiness was calculated.  Gustiness was assessed by using the swinging nature of the wind vane the 
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cloud probes are mounted on.  When a gust of wind hits the wind vane, the increase in shear forces it to 

swing off the axis of the wind. Thus the ratio of the u-component and the v-component of the wind can 

be used as a metric for gustiness.   

Section 2.5: Modeling Setup  
  

High resolution numerical modeling was done using the Weather Research and Forecasting 

version 3.6.1 model (WRF) in order to augment and validate the measured vertical profiles for each case 

study type.   The model domain consists of three, two-way nested grids, with the outer and innermost 

domains centered over SPL as can be seen in Figure 4.  The outer domain contains 341 X 166 horizontal 

grid points with spacing of 10km.  Grid 2 consists of 286 X 280 horizontal grid points with a spacing of 

3.33km and the innermost grid, grid 3, has 280 X 406 horizontal grid points and a spacing of 1.11km. All 

three grids contain 41 vertical levels.  The model was initialized using North American Regional 

Reanalysis (NARR) 32-km, 3-hour data.    The long wave and shortwave radiation physics are handled 

with the NCAR Community Atmospheric Model Radiation Scheme (Collins et al. 2004). The Monin-

Obukhov (Janjic Eta) scheme is used for the surface layer physics and the Noah Land Surface Model is 

used for the land surface option due to upwind wintertime snow cover (e.g., Skamarock et al., 2008).  

The planetary boundary layer physics used the Mellor-Yamda-Janjic (Eta) TKE scheme (Janjic, 1994) due 

to the use of the Monin-Obukhov (Janjic-Eta) scheme (Monin and Obhukhov, 1954; Janjic, 1996, 2002) 

for the surface layer physics.  The microphysics scheme explicitly predicts the mixing ratios of five liquid 

and ice species and the number concentration of cloud droplets, making it a single moment scheme 

except for cloud droplets, which is two moment (Thompson et al. 2008). Model-derived cross-barrier 

profiles of vertical velocity, theta and liquid water content are compared to WCR reflectivity and flight 

level observations of liquid water content and vertical velocity in order to evaluate the model’s 
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performance.    Upwind model-derived atmospheric profiles are compared to the observed BBSS data in 

order to gain a better understanding of the hydrostatic meso-scale upwind environment. 
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Chapter 3: Data Analysis 

Section 3.1: Cloud Probe Image Processing 
 

In order to obtain reliable and consistent PSD’s, the UWKA and SPL CIP were processed using 

image analysis software provided by NCAR/MMM.  The software uses a circle-fit method to size the 

particles by fitting the smallest possible circle around a particle image and then uses the diameter of 

that circle as the diameter of the particle.  This sizing method allows for use of the “area-ratio” or the 

ratio of occluded diodes to the area of the circle for particle rejection.  Particles are rejected when they 

have a low area ratio (less than 0.1) and are larger than the size-bin range possible.  Particles are also 

rejected based on their inter-arrival time in an attempt to correct for particles that splash or shatter on 

the probe arms.  The inter-arrival time rejection (ITR) follows the technique described in Field et al. 

(2006).  Partially imaged particles that touch either or both ends of the diode arrays are processed.  To 

account for this, the sample area is calculated using the “reconstruction” method outlined in Equation 

17 of Heymsfield and Parrish (1978).   

Shattering has been shown to drastically impact the PSD for particles up to several 100 µm in 

diameter at aircraft speeds (e.g. Field et al., 2006). Figure 5 shows the average UWKA CIP PSD with and 

without the ITR for the seven flights analyzed limited to seconds when particles were present. 

Consistent with previous studies, the ITR affects the PSD for particles 300 µm and smaller. When all 

channels of the CIP are used, the ITR reduces the mean particle number concentration by 42.7%. If the 

first two channels of the CIP are omitted (only 75-1550 µm particles are considered) due to possible 

miss-sizing and undercounting (e.g. Strapp et al., 2001), the average ITR reduction in mean particle 

number becomes 35.9%.    
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The ITR was also applied to the SPL CIP in order to determine the impact of shattering at much 

lower wind speeds.  A much smaller impact was observed with a 6.11% reduction in average crystal 

concentrations when all sizes are included and a 14.32% reduction was observed when the first two 

channels were omitted.  The increase in percent difference when the first two channels are omitted is 

due to the ITR having a maximum effect for 75 and 100 µm crystals.  Figure 6 shows the difference in the 

SPL CIP PSD with and without the ITR. 

Section 3.2: UWKA Liquid Water Probe Comparison 
 

 The liquid water content (LWC) measurements on the UWKA using three different probes, the 

PVM, the FSSP and the LWC-100 hotwire, were compared to determine the most reliable measurement 

for this study.  Of the three, the PVM and the FSSP were consistently the closest to each other when all 

three sensors reported LWC concentrations of 0.01 g/m3 or greater (see Figures 7, 8 and 9).  The FSSP 

LWC was routinely higher than the PVM LWC but this is believed to be primarily due to ice particle 

shattering on the FSSP inlet, as can be seen in Figure 10.  The FSSP’s bimodal PSD, when shattering is 

identified on the CIP, is evidence of shattering on the FSSP.   However, when the PVM and FSSP are 

compared when no crystals are present and both probes have LWC of 0.01 g/m3 or greater, the FSSP still 

reported higher LWCs than the PVM (see Figure 11).  Ground-based studies done by Wendisch (1998) 

and Wendisch et al. (1998) showed an underestimate in LWC by the PVM when cloud droplets grew in 

size.  Contrary to Wendisch (1998) and Wendisch et al. (1998) a comparison between the LWC from the 

FSSP and PVM based on effective diameter shows no dependence on particle size when shattering was 

not observed on the CIP (see Figure 12).  When shattering was observed on the CIP, the FSSP 

significantly overestimated the LWC for particles with an effective diameter of 30 to 40 µm (see Figure 

12), indicating that the majority of particles shattered by the FSSP arms fall in the 30-40 µm range, 

which is at the lower size limit for the CIP.  Due to the observed impact of shattering on the FSSP inlet 
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and the potential for shattered particles to be at the lowest detection limit of the CIP, the PVM was 

chosen as the LWC measurement for this study.    

Section 3.3: Colorado Laser Hygrometer 
 

Ice water content (IWC) was calculated from a modified University of Colorado closed-path 

tunable-diode laser hygrometer (CLH).  In order to retrieve IWC, the total water measurement from the 

CLH was reduced by the water vapor concentration (from the Licor) and the LWC from the PVM.  The 

CLH collected data during 6 out of 7 flights examined in this study.  A comparison between the CLH-

derived IWC and the concentration of crystals between 800 and 1550 µm obtained from the UWKA CIP 

for the six flights when the CLH was operational is shown in Figure 13.  The smaller crystals are excluded 

because IWC is dominated by the larger crystals. The CLH-derived IWC corresponds well with the large 

crystal concentrations until the start of research flight 12 (represented by the green line).  Large 

negative values of IWC are observed during research flight 12 and the subsequent 2 flights.  In order to 

ensure that the PVM was functioning properly during these three flights and was not the cause of the 

negative values of the CLH-derived IWC, a comparison between the UWKA FSSP and PVM was done 

(Figure 14).  The relationship between the PVM and FSSP LWC during this period is consistent with that 

seen for all seven flights examined in this study (Figure 8). It can therefore be inferred that the negative 

values of the CLH IWC during this period were not due to over-estimation of LWC by the PVM. Due to 

this inconsistency in the CLH-derived IWC, it is omitted from the following analysis. 

Section 3.4: Ground Based Probes 
 

 PSD’s from the three cloud probes at SPL were averaged for all seconds when crystals were 

present at SPL.  A comparison among the three PSD’s shows that the probes were in good agreement 

during the seven flights examined (Figure 15).    
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Chapter 4: Results and Discussion 
 

 Of the 29 research flights (RF), seven were chosen for this analysis based on their observed 

cloud structure, meteorological characteristics, and proximity to SPL.  The flights were binned into 3 

categories as follows, three convective (RF# 12, 26 and 28), two wave (RF#3 and RF#5) and two hybrid 

cases (RF#1 and RF#9). The categories were assigned based on the observed cloud structure from the 

WCR.  Each category is broken into sections that compare and contrast the WCR radar images, the 

balloon-borne soundings, the average UWKA observed microphysics, and the comparison between the 

UWKA and SPL microphysics for each flight within the category.  A comparison between modeling 

results and one of the flights in each category is also included. Lastly, a separate section is dedicated to 

the discussion of the relationship between cloud droplet concentrations and crystal concentrations at 

SPL. 

Section 4.1: Convective Cases 

WCR: 
The WCR retrievals show the convective nature of the low-level cloud structure for RF#12 and 

RF#26.  During RF# 28, the normally downward pointing antenna of the WCR was disabled so that the 

side antenna could be operated.  Therefore, RF#28 was identified as convective based on the upward 

pointing antenna of the WCR and the downward pointing WCL.  An example of the structure from all 

three cases is shown in Figure 16.  A comparison between the WCR images from RF#12 and RF#26 shows 

some significant structural differences, mainly that during RF#12, only a single convective cloud deck 

was observed from the WCR for the entire flight while the convective cloud appeared to be developing 

throughout RF#26.  RF#26 also featured an upper-level laminar cloud above the developing convection, 

as can be seen in Figure 16b.  Even with the convective nature of the low level clouds, form drag is 
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evident in all three cases, comparable to water flowing over a rock, resulting in lowering the cloud top 

heights to the lee of the barrier (e.g., Lin, 2007) (e.g. Figure 16a and 16b).  During RF#12, the convection 

appeared to intensify on the windward slope of the barrier, associated with strong updrafts, as derived 

from the WCR (Figure 17).  This is likely due to the release of potential instability as the air is lifted over 

the barrier.  Meanwhile, during RF#26, the convective nature of the clouds was much less pronounced 

and cloud base was routed closer to mountain top.  This is likely due to low-level blocking and the 

reduced lifting of the low-level air over the barrier (sounding measurements support this and are 

described in the following section). 

BBSS:  
Vertical profiles of U-wind speed, static stability and the nondimensional mountain height 

number (Mm) are calculated from the balloon-borne soundings taken during each flight (see Figure 18).  

Vertical profiles of Mm can explain the major differences between RF#12 and RF#26.  For RF#26, the low-

level Mm predicts strong low-level blocking between the 2000m (the surface) and 2500m ASL and a 

second layer of blocking that straddles the mountain top from 3200m up to 3500m ASL.  The low-level 

easterly flow and the stagnation point observed in the sounding is a product of flow blocking and the 

ensuing flow splitting (e.g., Hunt and Snyder, 1980; Smith, 1989; Smolarkiewicz and Rotunno, 1990; 

Baines and Smith, 1993).  The low-level counter flow and the stagnation point are known as the 

dynamically induced secondary circulation. Jiang (2003) found an enhanced updraft upstream of the 

barrier associated with the dynamically induced secondary circulation as the reversed flow met with the 

background flow, producing a region of enhanced convergence (see Figure 11 in Jiang, 2003).  In this 

case, no evidence of an enhanced updraft or associated precipitation is observed upstream of the 

barrier from the WCR (Figure 16b).  The WCR does, however, show an elevated layer of convection 

consistent with and above a low-level stable layer and blocked flow.  The profile of static stability 

supports this with a transition from positive to negative stability at 2600 meters (Figure 18b).   
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During RF#12, the Mm is below unity from the surface up to 6 km, indicative of spillover and air 

freely flowing up and over the mountain barrier.  WCR vertical velocity observations support this with 

abundant turbulence observed near the surface, indicative of a well-mixed boundary layer and no 

evidence of low-level blocking, as shallow water theory predicts (e.g. Long, 1953; Durran, 1990; Geerts 

et. al, 2011). Without the downward pointing radar during RF#28, it is difficult to determine the 

effectiveness of Mm at predicting the low-level cloud structure.  However, based on the convective 

nature of the liquid water (observed from the WCL, not shown), the Mm appears to be a good predictor 

of the flow over the barrier with no blocking expected above 3km.    

 The strong upward vertical velocities noted from the WCR on the windward slope of the Park 

Range during RF#12 are supported by a deep layer of potential instability from 2500 to 3500 meters 

(Figure 18d).  The other two convective cases have much less potential instability along the mountain 

barrier, and as such, the vertical velocities are expected to be lower (WCR confirms this for RF#26).  On 

the leeward slope, the WCR vertical velocities support the presence of form drag, consistent with 

shallow water theory and the findings of Lilly and Klemp (1974), who showed the presence of drag when 

the Mm was 0.6 or below.  

Modeling Results  
 

 Modeling was done for RF#12, as it was the most convective of the three cases observed. An 

analysis of the 700 hPa temperature, height and relative humidity fields show strong cold air advection 

and high relative humidity over the Park Range (Figure 19).  Unfortunately, the 700 hPa field intersects 

the terrain over the higher elevations of the Rocky Mountains, making the interpretation of the contour 

analysis challenging. The 700 hPa vertical velocities are conducive for the development of precipitation 

with widespread and orographically enhanced ascent located over the Park Range (Figure 20).  The 500 
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hPa absolute vorticity field supports the 700 hPa ascent with positive vorticity advection and vorticity 

values in the 15 to 18 x10-5 s-1 range (Figure 21).   

With the large-scale dynamics supporting precipitation over the region, a closer comparison 

between the balloon-borne sounding and the model-derived sounding reveal very similar features.  

Figure 22 shows very similar profiles of static stability and Mm above 2.5 km between the two soundings.  

The model over predicts the U-component of the wind below approximately 3700 meters and then 

under predicts above that altitude (Figure 22a). It is difficult to determine if above that altitude, the 

model-derived sounding or the observed sounding is more representative of the actual upwind profile 

due to the downstream drift of the observed sounding.   Even with the slight discrepancies between the 

model-derived sounding and the observed sounding, the vertical profiles support the presence of 

spillover, as predicted from theory with Mm at or below unity from the mountaintop and above (e.g. 

Sinclair et al. 1997). 

 A comparison between the UWKA average cross-barrier flight legs and the model-derived 

average cross-barrier LWC and vertical velocity fields at the same altitude further validate the model.  

Figure 23 shows the model and observed cross-barrier flight level vertical velocity and LWC for RF#12.  

The model is generally in good agreement with the observations with upward motion observed upwind 

of SPL and descent downwind of the crest.  However, the maximum ascent is displaced 7km upwind of 

the observed maximum and the descending motion occurs closer to SPL in the model than in reality.  On 

the leeward slope, the model under predicts the maximum downward motion by 1 m/s but is in 

generally good phase with the location of the maximum.  The model-derived LWC responds to the 

vertical motion field with an upwind displacement of the LWC compared to observed values (Figure 

23b). The differences between the observed and model-derived values are likely due to the convective 

nature of the observations and the 1 km resolution of the model versus the 100 meter resolution of the 
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aircraft.  Another possible explanation could be due to the timing difference between the model-output 

and the observed data.       

 Model-derived vertical cross-sections of theta, vertical velocity, LWC and IWC fields (Figure 24) 

support the distribution of reflectivity and vertical velocity shown in Figure 17.  The model captures the 

development of convective cells just upwind of the barrier in a region of enhanced vertical motion and 

the continued development of the cells as they ascend the windward slope of the Park Range.  To the 

lee of the barrier, the model-derived LWC drops off more rapidly than the observations from the WCL 

show but the model-derived IWC is consistent with the cellular structure of the cloud observed on the 

WCR (Figure 17).  The release of potential instability as latent heating is also observed in the model with 

a stretching of the theta surfaces over the windward slope of the Park Range.  Overall, the model 

confirms the relationship between the observed cloud structure and Mm, which is consistent with 

previous observations and theory (e.g., Sinclair et al., 1997; Colle, 2004). 

  

UWKA Average Microphysics: 
 

 In-situ aircraft microphysical measurements were averaged for the cross barrier flight legs for all 

three of the convective flights to obtain an understanding of how the microphysics varied over the 

barrier for each convective case. The altitude and number of cross-barrier flight legs used to compute 

the averages for each flight are listed in Table 2.  For the three convective cases, the average flight 

altitudes closest to the barrier used in the averages varied between 4300 and 4500 meters and 

contained between three and five cross-barrier legs.   

For all three convective cases, the average cross-barrier profiles of vertical velocity are 

consistent, as shown in Figure 25a. These flight level observations support the vertical velocity 
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measurements from the WCR with form drag on the lee of the barrier (e.g. Figure 17b).  Weak upward 

vertical motion is observed upwind of the crest that generally ranges between 0 and 1 m/s.  To the lee 

of the crest, vertical velocity quickly becomes negative and bottoms out at -2 m/s before recovering to 

approximately 0 m/s. This type of plunging flow and recovery is predicted in cases where Mm is less than 

1 (Lilly and Klemp, 1974).  RF#12 and RF#28 are the quickest to recover on the leeward slope and 

generally trace each other.  RF#26 is much slower to recover on the leeward slope and this may be due 

to weaker convection at the beginning of the flight and a higher Mm near mountain top (Figure 18d).   

 The average LWC over the barrier is rather consistent between all 3 convective flights (Figure 

25b.).   There is generally an increase in LWC as the aircraft approaches the barrier with a maximum 

observed just upwind of the crest.  Then the LWC decreases to the lee of the barrier, as expected, in 

response to subsidence. The pattern of the LWC over the barrier is consistent with the updraft-based 

hypotheses for mixed-phase cloud persistence (e.g. Korolev and Mazin, 2003). However, the maximum 

in aircraft-observed upward vertical velocities are not co-located with maximum in the LWC.  This is 

likely due to the strong mixing associated with the convective nature of the clouds.  

 There is much less consistency between the distributions of crystal concentration observed by 

the UWKA CIP over the barrier.  Ice crystal concentrations are an order of magnitude higher in RF#28 

than during the other two convective flights (not shown).  However, when the first two channels of the 

CIP are omitted from the analysis (due to sampling issues at aircraft speed (Strapp et al., 2001) and the 

inability to determine particle phase), the concentrations are all on the same order of magnitude (see 

Figure 25c).  This suggests that during RF#28, the UWKA was flying through a region of newly formed ice 

or large supercooled cloud droplets near cloud top.  Based on the observations from the upward 

pointing WCR, this is likely the case as the UWKA was located just below cloud top (see Figure 16) where 

enhanced ice nucleation may be occurring due to colder temperatures at that altitude.    
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 Even with the first two channels of the CIP removed from the total concentration, the 

distribution of ice over the barrier is much less consistent than the vertical velocities or the LWC.  In 

general though, there is an increase in ice concentrations to the lee of the crest (see Figure 25c.)  The 

increase is consistent with theory, which predicts enhanced spillover when upstream conditions are 

unstable (e.g., Sinclair et al. 1997; Yang et al., under review).  To further determine the evolution of 

snow over the barrier at flight level, upwind and downwind averages of particle size distributions from 

the CIP were calculated.  For all three convective cases, the crystal concentrations increased to the lee of 

the barrier.  Figure 26 shows the percent difference between the upwind and downwind particle size 

distributions.  Of the three convective flights, the largest difference was observed during RF#28, as there 

was very little cloud sampled on the windward slope of the barrier.  

UWKA and SPL comparisons 
 

 A direct comparison between CIP particle size distributions between the upwind UWKA and SPL 

was only possible for RF#12.  During the other 2 convective cases, cloud was not observed far enough 

upwind for the trajectory model to work.  Comparisons for RF #12 show much higher ice concentrations 

observed at the lab at all but the largest sizes of the distribution (Figure 27).  Due to the lack of 

trajectory comparisons available for RF#26 and 28, average particle size distributions were computed for 

seconds when the UWKA was upwind of SPL, in cloud, and lower than 4700m.  The results show no real 

consistency among the convective cases but do show a sharp increase in concentrations of particles less 

than 200 µm for RF# 26 and 28 (see Figure 28).  RF#12 shows a slight increase in the difference for 

crystals less than 200 µm but this difference is much less exaggerated than the increase observed in the 

other two cases. The smaller difference in RF#12 may be due to enhanced updrafts and is examined 

further in section 4.4.  This is consistent with the majority of the trajectory comparisons during RF#12.  

However, the comparison in Figure 27 is consistent with the general observations in Figure 28. 
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Discussion 
 

 The three convective fights were identified based on the convective nature of the cloud 

structure obtained from the WCR and then intercompared to determine the ability of the Mm and 

potential instability to predict the observed cloud structures, the flight level microphysics and the 

feasibility of comparing upwind airborne microphysics to mountaintop microphysics.  Consistent with 

previous work, (e.g., Sinclair et al., 1997), Mm was an effective predictor of the distribution of the cloud 

over the barrier during the three convective flights.  When Mm was less than unity from the surface up 

to mountaintop (RF#12), the airmass was able to ascend the barrier uninhibited.  When Mm was larger 

than unity below mountaintop (RF#26 and 28), low level blocking was observed, increasing the altitude 

of cloud base and reducing windward precipitation (based on the strength of the WCR reflectivity 

reaching the surface).  Above mountaintop, the ability of Mm to predict the cloud structure was much 

less robust and became more of a function of the static stability.  Potential instability played an 

important role in determining the strength of the vertical motions observed on the windward barrier.  

During RF#12, a deep layer of potential instability was responsible for producing much stronger updrafts 

and convective cells on the windward slope of the barrier than during the other two convective flights.    

Unlike previous ground based studies (e.g., Sinclair et al., 1997), the UWKA was able to 

determine the distribution of vertical velocity and cloud microphysics over the barrier.  For all three 

convective flights, the vertical velocity measurements were surprisingly consistent considering the 

convective nature of the cloud structure.  The maximum flight level upward motion was consistently 

observed over the windward slope of the barrier and form drag was present to the lee of the crest.  The 

profiles of LWC over the barrier were relatively consistent with the vertical velocity field but maximum 

in LWC were not collocated with maxima in vertical velocity.  This is mainly due to the response of LWC 

to the vertical motion throughout a column of air rather than just at a single slice.  The distribution of ice 
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over the barrier was independent of the flight level vertical velocity and LWC.  However, consistent with 

previous ground-based observations of spillover, higher concentrations of ice were observed downwind 

of the crest during all three convective flights (e.g., Sinclair et al., 1997; Kaplan et al., 2012).  

A direct comparison between upwind and mountaintop microphysics using a simple 

hydrometeor trajectory was only possible during RF#12. To account for this, the percent difference 

between the average upwind and the average mountaintop crystal size distributions was calculated.  

There was no consistency among the percent differences for the three convective cases except at crystal 

sizes smaller than 200µm (Figure 28).  The consistent increase in the percent difference of these small 

crystals confirms the observations of Roger and Vali, (1987).  

Based on the observations from these three flights, Mm and potential instability are effective 

predictors of the distribution of cloud over the mountain barrier. All three convective cases had higher 

flight-level crystal concentrations to the lee of the barrier consistent with previous ground based 

measurements and further supporting the ability of Mm to predict the distribution of precipitation over a 

mountain barrier (e.g., Sinclair et al., 1997; Kaplan et al., 2012).   The feasibility of comparing upwind 

and mountaintop microphysics was inconclusive in this case but a consistent enhancement in crystals 

smaller than 200µm was observed at mountaintop, consistent with previous observations (Rogers and 

Vali, 1987). 
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Section 4.2: Wave Cases 

WCR 
 

 Research flight number 3 (RF#3) is highlighted by trapped lee waves.  The WCR shows two 

distinct levels of trapped waves downwind of the crest (see Figure 29a.).  Radar-derived vertical 

velocities show an elevated zone of weak turbulence close to mountaintop on the windward slope and 

strong turbulent mixing to the surface on the leeward slope, as is expected under lee wave conditions 

(Figure 29b., e.g., Ralph et al., 1997; Geerts et al., 2011). The WCR-derived vertical velocities also 

support the presence of trapped lee waves versus vertically propagating waves, as the sign of the wave-

induced vertical motion does not change with height (e.g., Ralph et al., 1997). The WCR shows a much 

more typical orographically-induced cap cloud with weak waves observed to the lee of the barrier during 

RF#5, as can be seen in Figure 30a.  A persistent updraft is observed upwind of the barrier directly below 

a region of high reflectivity (see Figure 30b).  This feature is consistent throughout the flight and is due 

to upstream topography not shown in the WCR cross-section.     

BBSS 
 

 During both wave cases, Mm predicted flow blocking at the mountaintop level, which is 

consistent with linear and shallow water theory for the presence of lee waves (e.g. Long 1953; Smith, 

1989; Durran, 2003). During RF#3, a 500 meter layer of stagnant flow is observed from the surface up to 

2.5 km ASL (Figure 31.a).  This layer is indicative of strong blocking and produces a very high Mm up to 

2.6 km ASL, while Mm slowly drops to near unity above the mountaintop (Figure 31c). Based on shallow 

water theory, an acceleration of the flow is expected as the air ascends the barrier when Mm is larger 

than unity at mountaintop (subcritical flow, e.g. Long 1953; Durran, 1990). The vertical profiles of the 

cross barrier wind speed support this with a rapid increase in flow as the balloon ascends towards 
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mountaintop (Figure 31a).  This acceleration is due to the increase in the pressure gradient forces over 

the fluid depth as the fluid thins (e.g. Durran, 1990). Fluid thinning is observed by the WCR as the air 

ascends the barrier, supporting shallow water theory (Figure 29).   However, the WCR also shows the 

presence of trapped lee waves, which are not predicted by shallow water theory and are associated with 

nonhydrostatic processes (e.g., Scorer 1949; Durran, 1990). Trapped lee waves arise when large vertical 

variations in static stability and cross-barrier wind speed occur and can be predicted with linear theory 

(Scorer, 1949).  The sounding supports the presence of large variations in static stability with height, as 

can be seen in Figure 31b.   Vertical variations in the Scorer Parameter also support the presence of 

trapped lee waves.  In particular, Ralph et al. (1997) showed that sharp increases in the Scorer 

parameter collocated with relatively high static stability are conducive for trapped lee wave formation.  

Vertical profiles of the Scorer Parameter are consistent with the observations made by Ralph et al. 

(1997) and support theory (Figure 31d).  

 During RF#5, a large increase in Mm is observed at the mountaintop associated with a 

deceleration and a minimum in the cross barrier flow (Figure 31).  Long (1953) proposed that a 

deceleration in the flow at mountaintop was observed when the acceleration on the flow acted in the 

same direction as gravity and considered it supercritical flow (Mm <1) which is the opposite of the Mm 

observed (Figure 31c). Due to the proximity of the sounding site to mountain and the potential for drift, 

the sounding could have sampled the terrain-induced deceleration instead of the true upwind 

environment, ultimately producing an artificially high Mm. To verify whether the Mm value was indicative 

of the upstream environment, model-derived soundings were calculated.  Model-derived sounding were 

calculated for points 10, 30, 50 and 80 km upwind of the barrier and all supported the observed 

sounding with decelerating flow and a high Mm at the mountaintop the level.  Additionally, during 
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supercritical flow, the fluid is predicted to thicken as it crosses the barrier and, as can be seen in Figure 

29a, no change in cloud depth occurred over and upstream of the barrier (Durran, 1990).   

Modeling Results: 
 

 Modeling was done for RF#3 and RF#5 but RF#3 was chosen for discussion due to the presence 

of strongly trapped lee waves.  The model-derived synoptic scale features show SPL located underneath 

the right exit region of the jet in a region of weakening ageostrophic flow (Figure 32). This location is 

conducive for upper-level subsidence and warm air advection associated with the low-level return 

branch of the jet.  The 700 hPa vertical velocities support this with weak subsidence or no vertical 

motion in the vicinity of the Park Range (Figure 33).  Weak warm air advection is also present with 

warmer air observed upstream of SPL (Figure 34). Weak positive absolute vorticity (negative relative 

vorticity) advection is present at 500 hPa (Figure 35) further supporting subsidence throughout the 

column.  The sinking motion coupled with warm air advection produces an environment favorable for 

lee wave trapping and strong stable layers.      

 Model-derived soundings also support the presence of trapped lee waves with strong static 

stability and Mm greater than unity from the surface up to 6km ASL (Figure 36).  The model-derived 

soundings are in good agreement with the observed soundings but again show some discrepancies in 

the strength of the wind speed with the observed sounding stronger than the model (Figure 36a).  As in 

RF#12, this is likely due to the advection of the observed sounding into a region of higher velocities 

downstream of SPL (based on model estimates). 

 Due to the lack of flight level LWC when the trapped lee waves were observed and model-

derived LWC at flight level, a direct comparison was not done for this case.  However, model-derived 

vertical cross-sections of theta, vertical velocity, LWC and IWC (Figure 37) are very consistent with 
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observations from the WCR and the WCL (Figure 29). Upwind of the barrier, the model produces a 

stratiform cloud consistent with the WCR.  At SPL, the model produces a spike in LWC associated with 

orographic lifting, consistent with the WCL (Figure 29c).  In the lee of the barrier, the model reduces the 

IWC and drops the LWC to zero, except in regions where strong updrafts are present, associated with 

the lee waves.  The model-derived lee wave features are consistent in both location and magnitude with 

the observations made by the WCR and WCL.  The only difference between the model and the 

observations is the lack of the secondary and tertiary cloud decks observed on the WCR (Figure 29).  As 

with RF#12, the model confirms the relationship between the observed Mm and the distribution of 

microphysics over the barrier with remarkable consistency. 

Average Microphysics 
 

 For both wave cases, the average cross-barrier flight legs show remarkable consistency in the 

aircraft observed vertical velocity (see Figure 38a). Upwind vertical velocities peak around 1 m/s, 13km 

upwind of the crest.  The upwind displacement of maximum vertical velocity is consistent with flow 

blocking as it effectively moves the crest of the barrier upwind (e.g., Colle, 2004).  For RF#5, the 

maximum upward vertical velocity is collocated with the dynamically-forced secondary circulation but is 

much weaker at flight level than observed on the WCR radar.  To the lee of the crest, strong plunging 

motion is observed during RF#3.  The descent to the lee of the crest is weaker on RF#5 and much slower 

to develop.  As supported by linear theory and the WCR images, a rapid recovery in the flow is observed 

approximately 9km downwind of the crest for both flights.  The period of the waves is almost identical 

for both flights with the only difference in the waves being their amplitude.  The vertical motions in the 

lee waves are 2m/s stronger than in RF#5. This is likely due to stronger low-level stability and stronger 

cross-barrier wind above mountaintop during RF#3 (Figure 31).  
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 Due to the relatively dry and shallow nature of the orographic wave clouds, observed LWC 

measurements are relatively low (see Figure 38b).  For RF#3, 2 peaks in LWC are observed on the 

windward slope with the first occurring approximately 15km upwind of the crest and the second near 

the crest. The first peak is likely associated with upstream propagating gravity waves as theory would 

predict.  During RF#5, LWC peaks upwind of the crest in the region downwind of the dynamically-forced 

secondary circulation.  Downwind of this maximum, the LWC dissipates and drops off to zero just 

upwind of the crest.  On RF#3, the LWC rapidly dissipates just to the lee of the crest before resurging 

downwind in association with the strong upward motion of the second lee wave.  This 

resurgence/formation of LWC can also be observed at the 6000m flight level when the UWKA was 

sampling an upper-level trapped lee wave (Figure 29c).   

 Ice crystal concentrations peak upwind of the crest during RF#5 (see Figure 38c), which is 

consistent with observations from the WCR.  Meanwhile, during RF#3, very little ice is present upwind of 

the crest at flight level, with significant ice only appearing downwind of the crest. A secondary maximum 

is also observed downwind of the crest during RF#5.  The downwind maximum is in phase with a 

decrease in mean number weighted diameter (MWD), consistent with new ice formation or sublimating 

crystals mixing up from lower altitudes.  Previous work done in orographic clouds has observed the rapid 

glaciation of lee wave clouds in regions where downdrafts cause evaporating droplets to freeze (e.g., 

Field et al., 2001; Baker and Lawson, 2006).  This process is known as inside-out contact nucleation or 

“evaporative freezing” and has been recreated under laboratory conditions (Shaw et al. 2005). However, 

this mechanism is likely not responsible for the observed ice formation, especially since very little LWC is 

present, and the region of evaporating droplets is approximately 8 km upwind.  More likely, and 

consistent with observations from the WCR, is the advection of partially sublimated crystals from lower 

levels of the cloud where initial crystal concentrations were higher than observed at flight level.  During 
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RF#3 at 6000m, the UWKA observed a rapid increase in ice crystal concentration and MWD in the trough 

of a trapped lee wave (not shown).  The WCR confirms the increase in crystal concentration and MWD 

with increasing reflectivity observed in this region.  This is likely a region of evaporative freezing and the 

continued growth of ice through the Wegener-Bergeron-Findeisen Process.   However, due to the lack of 

flight level observed LWC and the lack of the upward pointing Lidar, the presence of cloud water and 

therefore evaporative freezing cannot be confirmed.   

 Average percent differences between upwind and downwind flight-level CIP crystal size 

distributions are displayed in Figure 26.  Higher crystal concentrations are observed at all sizes on the 

leeward slope of the barrier during RF#3.  This is likely an artifact of the shallow nature of the clouds 

sampled during the flight rather than a signal of more crystals at all sizes on the leeward slope of the 

barrier.   Similar sampling issues likely occurred during RF#5 due to the cloud type.  However, much 

higher concentrations of large crystals were observed on the windward slope of the barrier but the 

noisiness of the signal is indicative of only a few large crystals present on either side of the barrier.    

UWKA and SPL comparisons 
 

 Particle size distribution comparisons between the upwind UWKA and the SPL CIP during RF#3 

show much higher concentrations at all sizes at SPL than on the UWKA.  This is consistent with the WCR 

reflectivity observed over the barrier.  No comparison was possible during RF#5, as the trajectory model 

predicted that the upwind crystals would reach the lab after sampling at SPL had ended.  To further 

understand the comparison between upwind microphysics and mountaintop microphysics, the percent 

difference between the upwind UWKA CIP PSD and the SPL PSD was calculated.  No consistent signal 

was identified for the two wave cases sampled from the UWKA and SPL, except for crystals smaller than 

 
 
 



35 
 

200 µm, where a strong increase in crystal concentration was observed at SPL during RF#5 and a much 

weaker increase was observed during RF#3 (see Figure28).   

Discussion 
 

 Both of the wave cases examined in this study displayed values of Mm above unity at the 

mountaintop level, supporting the presence of blocked flow and the formation of waves on the leeward 

slope.  However, the cloud structure observed by the WCR was significantly different between the two 

cases, with one case consisting of trapped lee waves and the other showing characteristics of a typical 

cap cloud.  The differences in cloud structure resulted from nonhydrostatic processes, limiting the ability 

of Mm to predict the lee wave structure of the cloud.  In order to better predict the lee wave structure, 

an understanding of the lee environment is necessary (e.g., Long, 1953).  Additionally, incorporating 

other indices such as the Scorer Parameter (Scorer, 1949; Ralph et al., 1997) to compliment Mm can be 

helpful in predicting the presence of trapped lee waves. 

 Regardless of the observed lee wave structure, the profiles of vertical velocity over the barrier 

were remarkably consistent between the two wave cases with the major difference being the 

magnitude of the vertical motion in the lee waves.  A comparison between the flight-level microphysics 

was almost impossible due to the UWKA sampling at cloud top.  However, this is consistent with theory, 

as blocked flow is expected to produce shallow laminar flow upwind of the barrier. To the lee of the 

barrier, the microphysics are expected to be determined by the lee wave structure and this was the case 

in this study (e.g., Long, 1953).  During RF#3 (flight with the trapped lee waves), ice formation and snow 

growth was observed by the WCR associated with regions of strong upward vertical motion (Figure 29).  

Meanwhile, during RF#5 (flight with the traditional cap cloud), no ice formation or snow growth was 

observed to the lee of the barrier due to the much weaker vertical velocities in the lee waves.  A 
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comparison between upwind and downwind microphysics for both wave flights was inconclusive due to 

sampling occurring at cloud top and the varying lee wave structure. 

 Due to the UWKA sampling location at cloud top during both of the wave cases, a meaningful 

comparison between mountaintop and upwind microphysics is difficult to assess.  However, consistent 

with the comparison between the convective cases, an increase in percent difference was observed for 

crystals smaller than 200µm.  The increase in percent difference for small crystals supports the 

observations made by Rogers and Vali (1987) and shows that this phenomenon occurs for different 

cloud types. 

        

Section 4.3: Hybrid Cases 

WCR 
 

 Both hybrid cases are highlighted by very deep cloud decks and evidence of the seeder-feeder 

process (e.g., Bergeron 1965; Browning, 1980; Carruthers and Choularton, 1983; Reinking et al., 2000).   

During the seeder-feeder process, ice formed in the upper-level frontal cloud (seeder cloud) falls 

through the orographically-enhanced mixed-phase cloud (feeder cloud) where riming occurs and 

enhances the water content of the snow.  For narrow mountain ranges like the Park Range, the seeder-

feeder process has been identified as one of the most effective ways of orographically enhancing 

precipitation (e.g., Zängl, 2006).  Figure 39a shows the seeder-feeder process as observed from the WCR 

during RF#1.  Pockets of reflectivity above the aircraft can be seen falling into the liquid cloud at or just 

below the UWKA flight level.  These fall-out streaks are more easily seen just downwind of the barrier 

where descending motion reduces the amount of liquid present in the cloud.  The seeder-feeder process 

also appears to be occurring during RF#9 with ice forming at the highest levels of the clouds (see Figure 
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40a).  However, unlike RF#1, much less liquid appears to be present in the cloud with a much weaker 

attenuation of the WCL (Figure 40c).  Additionally, WCR-retrieved vertical velocities show a high 

elevation turbulent zone just below flight level and deep subsidence over the leeward slope (Figure 

40b).  There is also a very shallow cloud layer upwind of the barrier (Figure 40a).  The cellular nature of 

this low-level cloud is consistent with observations of fog (e.g., Uematsu et al. 2005) and not an artifact 

of the radar.   

BBSS 
 Soundings taken during both research flights are surprisingly consistent with profiles of Mm 

shown in Figure 41c.  During RF#9, Mm is at or below unity from 2800 km and above.  The low-level 

blocking and sharp increase in static stability (shown in Figure 41b) might be responsible for the shallow 

fog layer observed from the WCR in Figure27a.  During RF#1, Mm predicts a deeper layer of blocking with 

unity achieved above the mountaintop level at 3500 meters.  However, little blocking is observed in the 

WCR-calculated vertical velocities with only minimal form drag observed on the leeward slope of the 

barrier.  It is likely that the blocking signal in the WCR reflectivity is overcome by the extremely efficient 

seeder-feeder process and the copious amount of moisture associated with this system.  As previously 

mentioned, several studies have shown that moisture can drastically reduce the amplitude of lee wave 

formation (e.g., Smith, 1989).  

Modeling Results:    
 

 Modeling was done for RF#1 due to its higher moisture content and more complicated cloud 

structure observed during the flight.  A very strong jet streak at 300 hPa dropped south over the Park 

Range during the morning of the flight with SPL located underneath the center of the exit region by the 

middle of the flight (Figure 42).  A 700 hPa trough began deepening over central Utah in response to the 

upper-level jet with increasing southwesterly flow impacting the Park Range before moving east and 
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producing a convergence zone upwind of SPL (Figure 43).  Based on the location of the Park Range 

relative to the 700 hPa trough and the presence of a maximum in absolute vorticity at 500 hPa (Figure 

44) just upwind of SPL, bands of embedded heavy precipitation are expected associated with enhanced 

lift. Coinciding WCR images support the model output with the presence of a narrow band of heavy 

precipitation crossing the Park Range (Figure 45).  The model-derived 700 hPa vertical velocity fields also 

support the presence of banding with strong couplets of upward and downward motion (Figure 46).   

 The model-derived sounding supports the observed sounding but is faster with the U-

component of the wind speed above 3km ASL (Figure 47a) and slightly stronger with the static stability 

between 3.3km and 4.6km ASL (Figure 47b).  The result is a similar profile of Mm above 3.5 km ASL 

(Figure 47c) and a much stronger Mm in the model below 2.8 km ASL due to the low wind speed of the 

model below that level.  The differences in the low-level wind speed are likely due to the model over-

estimating the effect of shadowing of the Flat Tops upstream of Steamboat Springs during southwesterly 

flow.  Meanwhile, the difference above 3km ASL is due to the drift of the actual sounding downstream 

as the model produces a sharp gradient in the magnitude of the southwesterly flow immediately 

northeast of the Park Range at and above the 700 hPa level (Figure 43).   

 The comparison between the UWKA average cross-barrier flight legs and the model-derived 

average cross-barrier LWC and vertical velocity fields at the same altitude help to validate the model 

(Figure 48).  However, the model-derived vertical velocity field is slightly out of phase with the 

observations upwind of the barrier and much weaker to the lee of the barrier (Figure 48a). At the same 

time, the maxima in model-derived LWC are collocated just downwind of the maximum in the vertical 

velocity field (Figure 48b).  The observed LWC shows much less dependence on the fluctuations of 

vertical velocity upwind of the barrier and has much less LWC to the lee of the barrier even with 

stronger ascent.  The difference to the lee of the barrier is likely due to the conversion of LWC to ice due 
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to the enhanced ice mass falling from the seeder cloud observed in Figure 26a.  Meanwhile, the 

coinciding cross-section of model-derived IWC shows no ice above the region of LWC, suggesting the 

lack of a seeder cloud (Figure 49).  Even with the unrealistic distribution of ice over the Park Range, the 

model supports the observations of a deep synoptic system with ample spillover and minimal form drag 

consistent with Mm. 

Average Microphysics 
 

 Due to the depth of both of the hybrid systems, multiple flight level legs were averaged and 

compared. At the lowest flight level (4400 or 4600 meters) comparisons of leg-averaged vertical motion, 

liquid water content, ice crystal concentrations and ice crystal mean weighted diameter are shown in 

Figure 50 for both flights. Vertical motion is collocated during both flights with a maximum in vertical 

motion observed approximately 10 km upwind.  A secondary collocated maximum is observed about 

25km upwind but is much weaker during RF#9. Weak form drag is evident to the lee of the crest as 

predicted from Mm and observed by the WCR.  The minimum in vertical velocity is collocated 

approximately 5 km downwind of the crest before the flow recovers to roughly 0.5m/s.   

Unlike the consistent vertical velocities in both cases, the LWC is significantly different.  RF#9 

has almost no LWC observed at flight level and this is confirmed by the WCL. During RF#1, the LWC is 

much higher, also consistent with the WCL.  A maximum of 0.25 g/m3 is observed about 20km upwind of 

the crest and just downwind of the upwind maximum in vertical velocity.  LWC slowly decreases from 

this maximum until just downwind of the crest when it plummets to 0 g/m3 in the region of form drag.  

Farther downwind, the LWC recovers to approximately 0.06 g/m3 before dropping off again.  This 

resurgence of LWC is likely due to the recovery of weak upward motion in the region.   
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Large discrepancies exist between the 2 flights when ice crystal concentrations and MWD are 

compared.  A 300% surge in ice concentration is observed far upwind of the crest during RF#1. This spike 

is likely associated with the precipitation rate of the seeder cloud as a similar spike in concentration is 

observed in the same region at the 5200 meter level (see Figure 51c).  After the apparent spike, crystal 

concentrations level off at around 5 L-1.  MWD values continue to slowly increase towards the crest until 

they drop off in the region of form drag.  This is likely due to smaller crystals from aloft being dragged to 

flight level or sublimation of those crystals.  Downwind of the region of form drag, the MWD recovers, 

consistent with vertical mixing of the crystals rather than sublimation. During RF#9, a steady increase in 

crystal concentration and MWD is observed as the aircraft approaches the barrier.  Over the leeward 

slope of the barrier, the crystal concentration and MWD slowly decrease.  A slight recovery in crystal 

concentration is observed further downwind but no real change is observed in the MWD, which is 

surprising as the vertical motions in both cases are similar.  This suggests that the sublimation rate is 

higher during this flight than during RF#1, which is supported by the lack of LWC.   

To better understand the vertical structure of the cloud during each flight, the vertical motion, 

LWC, ice crystal concentration and MWD are plotted in Figure 51 for RF#1 and in Figure 52 for RF#9.  

Above the lowest flight level, a very similar story emerges during RF#1.  Vertical velocities change very 

little with height, indicative of the lack of tilting associated within the terrain-induced waves (Figure 

51a).  The maximum in LWC is shifted downstream towards the crest as the altitude increases.  Ice 

crystal concentrations generally decrease with height with the exception of downwind of the crest at 

the 5200m flight level.  The decreasing crystal concentrations are counterintuitive as ice nucleation is 

expected to be more efficient at lower temperatures, and in this case, at higher locations in the cloud 

(e.g., Hoose and Mohler, 2012).   However, this may be an artifact caused by removal of crystals smaller 

than 75 µm from the analysis. Freshly-nucleated crystals are expected to be small. Thus, relatively fewer 
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crystals larger than 75 µm are expected at higher levels in the cloud.  The averages of MWD support this 

with a continuous decrease in MWD with height.  The trend in MWD is consistent with snow growth 

mechanisms as crystals are expected to continue to grow as they fall through the cloud (e.g. Pruppacher 

and Klett, 1997).   

For RF#9, a slight upwind tilt appears to occur at the 6000m flight level, but this could also 

simply be due to the evolution of the cloud system with time (Figure 52a).  Very little LWC is present at 

all flight levels, with a general decrease with altitude and the maximum occurring near SPL.  At the 

6000m flight level, LWC appears to be higher than at the other levels, and this is likely due to small, 

freshly nucleated ice crystals (Figure 52b).   Ice crystal concentrations increase with height while the 

MWD decreases, which is consistent with snow growth and ice nucleation processes (e.g., Lo and 

Passarelli, 1982).   

Average upwind and downwind crystal size distribution comparisons between the two flights 

below 4700 meters show very little similarity, as shown in Figure 26.  During RF#1, there are more 

crystals observed upwind of the crest than downwind at all sizes.  Meanwhile, during RF#9, there are 

slightly more small crystals observed on the leeward slope and slightly more 500 to 1550 µm crystals 

observed on the windward slope.  The relative increase in large crystals upwind of the crest is likely due 

to sublimation to the lee of the barrier.         

UWKA and SPL comparisons 
 

 During both flights, there are instances when the trajectory model appears to work well but also 

when it doesn’t.  Figure 53 shows an example of when the trajectories worked well during RF#9.  As 

shown in Figure 53, there were consistently more small crystals observed at SPL than aloft.  These 

findings are inconsistent with ice nucleation theory and snow growth processes as more IN are activated 
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at colder temperatures which occur higher in the cloud. However, they are consistent with observations 

in the convective and wave cases and with observations by Rogers and Vali (1987), who found higher 

concentrations of small crystals at the mountaintop than aloft.    

Discussion 
 

 Both of the hybrid cases were associated with synoptic scale systems and were enhanced by jet- 

induced banding and the seeder-feeder process.  Mm is unable to predict the presence of banding or the 

seeder-feeder enhancement. However, it was capable of predicting the terrain-induced enhancement 

observed for these large scale systems.  Both cases featured Mm values close to unity at mountaintop 

and above.  Meanwhile, Mm predicted weak low-level blocking below mountaintop, consistent with the 

observed low-level fog during RF#9.   

 Consistent with the other case types, the profiles of vertical velocity were remarkably consistent 

between the hybrid cases.  Both cases featured the presence of form drag to the lee of the barrier and 

lacked lee waves.  In both cases, the mountaintop value of Mm near unity correctly predicted the 

presence of form drag.  Meanwhile, the expected lee wave formation due to low-level blocking was 

likely reduced due to the abundant moisture present in both cases (e.g., Smith, 1989).  Unlike the 

profiles of vertical velocity, the profiles of LWC varied dramatically between the two cases.  During RF#1, 

LWC was observed throughout the cloud while during RF#9, no LWC was observed at flight-level.  

However, just below flight-level and collocated with a turbulent layer (apparent from the WCR-derived 

vertical velocities), the WCL indicated the presence of LWC during RF#9.  The profiles of ice crystal 

concentrations were consistent during both flights except in a region 25 km upwind of the barrier during 

RF#1, where banding produced much higher crystal concentrations than elsewhere over the barrier.  
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The vertical profiles of crystal MWD support snow growth processes in both cases, with increasing MWD 

with decreasing altitude (Lo and Passarelli, 1982).     

 Comparisons between the upwind and downwind flight-level crystal concentrations showed 

higher crystal concentrations upwind of the barrier at all sizes during RF#1 and for crystals larger than 

400 microns during RF#9.  These results are consistent with previous studies that found enhanced 

precipitation upwind of a barrier when Mm was near or larger than unity (e.g., Sinclair et al., 1997; Colle, 

2004). The feasibility of comparing upwind and mountaintop microphysics was inconclusive due to the 

complex structural features.  However, consistent with the comparison between the convective and 

wave cases, an increase in percent difference was observed for crystals smaller than 200µm.  The 

enhanced concentrations of small crystals in the hybrid case further support the observations of Rogers 

and Vali (1987).  

 Although the profiles of vertical velocity were remarkably consistent in the hybrid cases, the 

profiles of LWC and crystal concentrations differed drastically.  The large differences in LWC and crystal 

concentrations between the hybrid cases stemmed from synoptic scale differences, jet enhanced 

banding and the seeder-feeder process, all of which Mm was incapable of predicting.  However, due to 

the consistency in the vertical velocity and Mm in both cases, Mm appears to be a good predictor of the 

flow over complex terrain in deep synoptic-scale systems (e.g., Kaplan et al., 2012). Due to the 

complexities of banding and the varying efficiencies of the seeder-feeder process, comparing upwind 

and mountaintop microphysics was inconclusive.  However, as in the convective and wave cloud cases, a 

consistent increase in small crystal concentration was observed at mountaintop. This suggests that the 

ice nucleation mechanism producing the small crystals at mountaintop is more efficient than the ice 

nucleation processes occurring in the seeder cloud.    
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Section 4.4: Enhanced Ice Crystal Concentrations at SPL 
 

 Due to the complexity of the upstream cloud structures between the UWKA and SPL, average 

crystal size distributions for each flight when the UWKA was below 4700 meters and upwind of SPL are 

compared to average PSDs at SPL for the same time periods.  When comparing the convective, wave and 

hybrid flights, no real similarities arise except for a consistent spike in small crystal (75-200 µm) 

concentration at SPL, as is seen in Figure 28. This increase is consistent with the results of the trajectory 

analyses discussed previously and with the findings of Rogers and Vali (1987).   

Due to SPL’s location on a snow-covered surface, the potential for blowing snow could be large.  

Previous studies have shown a relationship between wind speed and crystal concentration (e.g., 

Schmidt, 1982). Figure 54 shows the relationship between wind speed at SPL and the concentration of 

crystals between 75 and 200 µm (Figure 54a) and for crystals between 225 and 1550 µm (Figure 54b).  

No relationship exists in either case, with r2 values of 0.045 and 0.054, respectively.  However, Schmidt 

(1982) and Gordon and Taylor (2009) found that blowing snow often traveled at the same velocity as the 

wind speed, making it difficult to discriminate blowing from falling snow and obscuring any relationship 

between crystal concentration and wind speed.   Therefore, the swinging nature of the probe mount 

was used to identify periods when the flow was more turbulent (e.g., had rapid variations in both speed 

and direction) and when more crystals were likely to have been lofted from the snow surface.  To 

determine the intensity of the gustiness, the ratio of the v- to u-component of the wind speed measured 

with the sonic anemometer on the probe vane were used.  If there was a wind effect, small crystal 

concentrations should be higher for all measurements than for the subset of measurements with a low 

v/u ratio. Figure 55 shows that there is no consistent effect on the crystal size distributions when the v-
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component is less than 30% of the u-component.  This further supports the conclusion that the 

enhanced crystal concentrations observed at mountaintop were not an artifact of blowing snow, 

consistent with the findings of Rogers and Vali (1982). 

 Previous studies in mixed-phase clouds have identified a relationship between the width of the 

cloud droplet spectrum and ice crystal concentration (e.g., Hobbs and Rangno, 1985 hereafter referred 

to as HR85; Rangno and Hobbs, 2001; Lance et al., 2011).  To quantify the broadness of the cloud 

droplet spectrum, HR85 defined a threshold diameter (Dt) for a spectrum such that the cumulative 

concentration of droplets with diameters >= Dt is 3 cm-3.  To determine if such a relationship can explain 

the high small crystal concentrations at the surface, the average Dt is compared with the average small 

crystal concentration (75-200 µm) during the case study periods when the KA was over the Park range 

and when cloud droplet concentrations were higher than 3 cm-3.  To bolster the number of sample 

periods used in the comparison, sample periods from IFRACS are incorporated into the analysis.  Each 

data point in the comparison represents between 30 and 120 minutes of measurements. The results 

shown in Figure 56 don’t show much of a relationship until the ambient temperature during the sample 

periods is identified.  Figure 56 suggests that there is a relationship between Dt and crystal 

concentration below -8oC but that no such relationship exists at warmer temperatures. This 

temperature dependence suggests that the elevated crystal concentration at the surface is not a 

product of the Hallett-Mossop Process (HMP; e.g.,Hallett and Mossop, 1974), which has been shown to 

occur between -3 and -8oC.  In addition, enhancement of crystal concentration from the HMP would 

produce an increase in concentration on the order of 3 to 4 orders of magnitude, which is far greater 

than the observed difference between crystal concentrations at the surface and aloft. This is especially 

true since there is an abundance of potential riming sites near the mountain surface (e.g., the snow 

surface, trees, rocks).  
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 Two other modes of ice multiplication, mechanical fracturing and droplet freezing (e.g., 

Pruppacher and Klett, 1997), are much harder to assess in this study. Mechanical fracturing is much 

more likely to occur when crystals form at temperatures between -12 and -18oC (the dendritic growth 

region).  HR85 estimated that mechanical fracturing could increase crystal concentrations by a factor of 

5 in maritime stratus clouds, which is close to the observed enhancement of small crystals at SPL.  

However, the difference between the UWKA and SPL small crystal concentration is unrelated to whether 

the UWKA was sampling in the dendritic growth region or not.  This suggests that mechanical fracturing 

is not responsible for the observed enhanced crystal concentrations at SPL. Droplet freezing has been 

observed to occur for drops larger than 50 µm (e.g., Mason and Maybank, 1960; Hobbs and Alkezweeny, 

1968; Pruppacher and Klett, 1997; Rangno and Hobbs, 2001). Pruppacher and Klett (1997) reported that 

droplet freezing could multiply ice concentration by a factor of 2 and rarely by as much as 5. The 

observed difference in small crystal concentrations at the lab and on the UWKA falls within that range.  

The SPP100 at SPL sampled particles up to 47.5 µm in diameter, making it impossible to determine 

whether cloud droplets larger than 50 µm were present. Additionally, habit identification from the CIP at 

that size is impossible due to the resolution (25 µm) of the probe. However, droplets larger than 50 µm 

are only likely to occur in deep updrafts, yet a similar increase in small crystal concentration was 

observed in the shallow wave cases (RF#3 and 5) (see Figure 28). Therefore, large-droplet freezing is 

unlikely the cause of high concentrations of small crystals at the surface. 

 Another possible explanation for the relatively high surface small crystal concentrations is liquid-

dependent ice nucleation such as immersion, condensation, and contact freezing.  In the case of 

immersion freezing, small droplets have been shown to freeze less readily than larger drops due to 

higher solute concentrations and the smaller volume of the drops (e.g., Bertram et al., 2000; Diehl et al. 

2006; de Boer et al., 2010). However, the impact of solute concentration on freezing point depression 
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has been found only to occur for drop diameters of around 10 µm or smaller (Pruppacher and Klett, 

1997; Diehl et al., 2006) which is typically exceeded in the mixed-phase clouds observed at SPL (e.g., 

Borys et al., 2003).  Modeling sensitivity tests done by Deihl et al. (2006) confirmed that there was no 

impact on immersion freezing efficiency when cloud droplets exceeded 10 µm in diameter.  Thus, there 

is no reason for ice production by immersion freezing to be related to the droplet spectrum width (Dt) 

when the drops are larger than 10 µm. Immersion freezing has also been shown to have a strong 

dependence on temperatures (e.g., Diehl et al., 2006).  Very few non-bio-aerosol particles have been 

observed to nucleate in the immersion mode at temperatures warmer than -7oC (e.g., Hoose and 

Mohler, 2012). This suggests that the onset of immersion freezing for certain aerosols may partially 

explain the temperature dependence observed in this study.  However, no relationship is observed 

between the temperature at SPL when it is below -7oC and the high small crystal concentrations (not 

shown).  Therefore, it is unlikely that immersion freezing is responsible for the elevated crystal 

concentrations at SPL.  Condensation freezing is also unlikely, as De Boer et al., (2011) found no 

evidence for its occurrence in Arctic mixed-phase stratus clouds at temperatures similar to those 

observed at SPL.   

 Consistent with the observations from this study and previous work done in mixed-phase clouds 

(e.g., HR85; Rangno and Hobbs, 1998; Hobbs and Rangno, 2001; Korolev et al., 2003; Lance et al., 2011), 

contact freezing is a likely candidate for the relationship between small crystal concentrations and cloud 

droplet spectral width (Dt) at SPL.  The collision efficiency between sub-micron aerosols (including ice 

nuclei) and cloud droplets has been shown to increase with cloud droplet size through Brownian motion 

(e.g., HR85; Diehl et al., 2006; Rzesanke et al., 2011). This would explain the apparent relationship 

between Dt and small crystal concentration at SPL, especially since higher aerosol concentrations are 

found near the surface.  However, studies done by Ladino et al., (2011) and Bunker et al., (2012) found a 
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much weaker relationship between freezing efficiency and drop size.  The threshold temperature of -

7oC, with little dependence below this value, can also be explained by contact nucleation, as no 

relationship between temperature and contact nucleation efficiency has been observed once the 

nucleating temperature of an IN is reached (e.g., Diehl et al., 2006).  Additionally, contact nucleation 

could be enhanced under conditions where orographic forcing supplies ice nuclei into the cloud.  A rapid 

depletion of IN is expected in steady state stratiform clouds (e.g., de Boer et al., 2010). This could help 

explain the enhancement of small crystals at SPL compared with the UWKA where conditions were 

usually more stratiform.  During RF#12, when deep convection was observed, much less of a difference 

between SPL and the UWKA was observed (see Figure 28).  This potentially supports the need for 

updrafts to introduce ice nuclei into the cloud or they would rapidly deplete.    Due to the uncertainty in 

contact freezing efficiency as a function of cloud droplet size, more research is required (e.g., Hoose and 

Mohler, 2012) to determine if it is the mechanism responsible for the observed relationship between 

the Dt and small crystal concentrations at SPL.  
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Chapter 5: Summary and Conclusions 
 

 In this study, in-situ and remote sensing cloud microphysical measurements aboard the 

University of Wyoming King Air (UWKA) were used to study the distribution of cloud microphysical 

properties across the Park Range of the Colorado Rockies under varying profiles of the nondimensional 

mountain height number (Mm).  Concurrent ground based cloud microphysical measurements at Storm 

Peak Laboratory (SPL) were used to measure cloud microphysics near cloud base below which the 

UWKA is prohibited from operating.  Cross-barrier flight legs from 29 flights were identified with a total 

of seven flights selected and binned into three categories: wave, convective and hybrid, based on the 

observed cloud structure retrieved from the Wyoming Cloud Radar.  Cross-barrier average profiles of 

vertical velocity, liquid water content, ice crystal concentration and mean concentration-weighted 

crystal diameter were calculated for each flight based on altitude.  The cross-barrier averages were 

compared to vertical profiles of Mm retrieved from upwind balloon-bourne soundings to evaluate 

relationships with cloud microphysical distributions. High resolution modeling was performed for a flight 

from each category in order to validate observed relationships between Mm and the cloud microphysics 

across the barrier.   

Consistent with theory and previous studies, Mm was found to be a good predictor of the cloud 

structure over the barrier obtained from the observations and the modeling.  In cases where Mm was 

below unity at mountaintop and above, much higher crystal concentrations were observed downwind of 

the crest at flight level in-situ and with the Wyoming Cloud Radar.  Furthermore, in all three of the more 

unstable convective cases, higher flight level crystal concentrations were observed on the leeward slope 

than on the windward slope.  However, form drag was still observed to the lee of the barrier but was 

much less consistent amongst the convective flights than the flights in the other categories. Meanwhile, 
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when Mm was greater than unity at the mountaintop level and below, the Wyoming Cloud Radar 

showed the presence of lee waves and a rapid decrease in spillover precipitation downwind of the 

barrier.  However, the expected presence of wave breaking was never observed.  The amount of 

moisture present in each case likely dampened the waves and prevented them from breaking. In both of 

the wave flights, a consistent increase in the period of the flight level vertical velocity field was 

observed.   The deeper hybrid cases had similar Mm to the convective cases but were more stable, 

showed less dependence on Mm and more dependence on the available moisture and the efficiency of 

precipitation processes.  However, the magnitude and location of the vertical motion was very 

consistent between the two hybrid flights examined.  Overall, Mm was a good indicator of the terrain-

induced flow over the barrier, which helped to constrain the flight level microphysics.  

Comparisons between upwind UWKA and SPL mountaintop crystal size distributions showed a 

consistent enhancement of small crystals at SPL, regardless of Mm, and confirmed previous observations 

of enhanced ice crystal concentrations near snow- covered surfaces. The possibility of contamination 

from blowing snow was explored by comparing both wind speed and gustiness to crystal concentration.  

No relationship was found for either variable, indicating that blowing snow was not a likely cause for the 

observed enhancement.  In order to further examine the source of the anomalously high surface crystal 

concentration, additional data from the IFRACS field campaign at Storm Peak Laboratory were added to 

the analysis.  Ice crystal concentration showed a strong dependence on the cloud droplet size 

distribution and an upper threshold temperature of -8⁰C.  These results suggest the importance of a 

liquid-dependent ice nucleation process occurring near the cloud base in mixed-phase orographic 

clouds.  The Hallett-Mossop ice multiplication process is unlikely to occur at the colder temperatures at 

SPL during winter. Based on the relationship between the cloud droplet size distribution and more 

importantly, its width, contact nucleation is a likely mechanism for the anomalously high crystal 
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concentrations at SPL.  However, contact nucleation is one of the most uncertain nucleation 

mechanisms and further work is needed to determine the role of droplet size on collision efficiency 

before this mechanism can be confirmed.  Additionally, potential contamination from blowing snow, 

limitations in cloud probe resolution and the resulting uncertainty in hydrometeor phase must be 

addressed in order to determine the exact origin of the small crystals. 
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Figures and Tables 

 

Figure 1. Shows the elevation profile of the study area and the location of Storm Peak Lab (marked by 
the red star) and the town of Steamboat Springs where the BBSS was located (black circle). 
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Figure 2. Examples of the hybrid (a.), convective (b.) and wave (c.) cloud types observed over the Park 
Range obtained from the upward and downward pointing WCR. 
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Figure 3. An example of a hydrometeor trajectory sampled by the UWKA and then arriving at SPL (red 
compass).  ΔZ represents the difference in altitude between SPL and the UWKA. D is the upwind 
distance necessary for the same hydrometeor to be sampled by the UWKA and SPL. 
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Figure 4. The domain setup for the WRF model runs with the outermost domain (GRID1) highlighted in 
red, the middle domain (GRID2) in green and the innermost domain (GRID3) in yellow. The red star 
represents the location of SPL. 
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Figure 5. The impact of the interarrival time rejection (ITR) on the average UWKA CIP PSD for all seven 
cases when crystals are present.  Solid line is the PSD when the ITR is applied and the dashed line is 
when no ITR is applied 
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Figure 6. The impact of the interarrival time rejection (ITR) on the average SPL CIP PSD for the December 
15th (RF#1) case when crystals are present.  Solid line is the PSD when the ITR is applied and the dashed 
line is when no ITR is applied 
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Figure 7. Liquid Water Content comparison between the UWKA FSSP and LWC100 Hot-Wire for all 
seconds when both probes reported the presence of liquid water during the 7 flights examined in this 
study. The red line is the 1 to 1 line and the blue line is the linear fit between the two datasets. 
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Figure 8. Same as for Figure 7 but for the comparison between the UWKA FSSP and PVM 
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Figure 9. Same as for Figure 7 but for a comparison between the UWKA PVM and the LWC100 Hot-Wire. 
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Figure 10. Comparison of the UWKA FSSP PSD with (dashed line) and without (solid line) shattering 
reported on the UWKA CIP. 
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Figure 11. Comparison between the LWC from the UWKA FSSP and PVM when both probes reported 
LWC>=0.01 and no crystals were present on the CIP. 
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Figure 12. Difference in UWKA LWC observed from the FSSP and PVM based on effective particle radius 
when shattering (black x's) and no shattering (cyan x's) was observed on the CIP.   
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Figure 13. CLH-derived IWC (a.) and UWKA CIP crystal concentrations for crystals between 800 and 1550 
microns (b.) The vertical green line refers to the start of RF#12and the red line in panel a. is the zero line. 
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Figure 14. Comparison between the UWKA FSSP and PVM LWC for seconds when the CLH was 
functioning and after the start of RF#12.  The red line signifies the 1 to 1 line. 
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Figure 15. Average Particle Size Distribution from the SPL FSSP (solid line), CIP (dashed line) and PIP 
(dotted line) for the seven cases analyzed. 
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Figure 16. Example of the cloud structure as observed from the WCR for RF#12 (a.), RF#26 (b.) and 
RF#28 (c.).  The vertical white line is the crest of the Park Range and the vertical red line is the location 
of SPL. 
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Figure 17. An example of the WCR reflectivity (a.), vertical velocity (b.) and WCL Power (c.) during RF#12.  
The white line represents the location of the crest while the red line is the location of SPL. 
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Figure 18. Sounding based profiles of u-wind speed (a.), moist static-stability (b.), inverse Froude 
number (c.), and potential instability (d.) for all three convective flights. The horizontal dotted black line 
represents the altitude of SPL. 
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Figure 19. Model-derived 700 hPa height (black contours), relative humidity (color fill) and temperature 
contours for RF#12.  The red star indicates the location of SPL. 

80 
 



81 
 

 

Figure 20. Model-derived 700 hPa vertical velocity contours during RF#12.  The lack of color fill is where 
the terrain exceeds the 700 hPa height level.  The red star indicates the location of SPL. 
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Figure 21. 500 hPa absolute vorticity (s-1) (color fill) and height (black lines) during RF#12.  The red star 
indicates the location of SPL. 
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Figure 22. Comparison between model-derived (dotted line) and observed (solid line) sounding at the 
onset of RF#12. The u-component of the wind speed (a.), static stability (b.) and Mm (c.) are compared. 
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Figure 23. Cross-barrier profiles of model-derived (dotted line) and observed (solid line) vertical velocity 
(a.) and LWC (b.) during RF#12.  The black dotted vertical line represents the location of SPL on the 
barrier while the solid black line represents the location of the crest of the Park Range. 
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Figure 24. Model-derived vertical cross section of theta (black contours), vertical velocity (color fill), LWC 
(magenta contours) and IWC (red contours) over the Park Range at the latitude of SPL during RF#12. 
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Figure 25. Average cross-barrier profiles of vertical velocity (a.), liquid water content in g/m3,(b.), crystal 
concentration (75-1550 microns) per liter (c.), and number weighted mean diameter for crystals (75-
1550 microns) in microns (d.) for RF#12 (magenta), RF#26 (red) and RF#28 (brown). 
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Figure 26. Percent difference between the average upwind and downwind crystal size distributions for 
flight levels below 4700 meters. Percent difference is calculated as (upwind-
downwind)/((upwind+downwind)/2).  As such, positive (negative) difference means higher 
concentrations on the windward (leeward) slope. Convective cases are in red, hybrid cases are in blue 
and wave cases are in grey hues. 

 

 

 

87 
 



88 
 

 

Figure 27. Comparison of the UWKA and SPL crystal size distribution based on the trajectory model for 
leg 10 of RF#12. 
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Figure 28. Percent difference between SPL and the upwind UWKA below 4700 meters crystal size 
distributions (75-1550 microns).  Positive (negative) percent difference indicates higher concentrations 
at SPL (on the UWKA). Convective cases are in red, hybrid cases are in blue and wave cases are in grey 
hues. 
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Figure 29. WCR reflectivity (a.) vertical velocity (b.) and WCL power (c.) for RF#3.  The white line 
represents the location of the crest and the red line is SPL. 
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Figure 30. Same as Figure 29 except for during RF#5. 
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Figure 31. Sounding based profiles of U-Wind Speed in m/s (a.), Moist Static Stability (b.), 
Nondimensional Mountain Height Number (c.) and Scorer Parameter (d.) for RF#3 and 5. 
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Figure 32. Model-derived 300 hPa wind speed (color fill), height (black contours) and direction (arrows) 
just before RF#3.  The green star represents the location of SPL. 
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Figure 33. Model-derived 700 hPa vertical velocity right before RF#3. The red star represents the 
location of SPL. 
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Figure 34. Model-derived 700 hPa height (black contours), relative humidity (color fill) and temperature 
(colored contours) just before RF#3.  The red star represents SPL. 
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Figure 35. Model-derived 500 hPa absolute vorticity (color fill) and height (black contours).  The magenta 
star represents the location of SPL. 
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Figure 36. Model-derived (dotted line) and observed (solid line) vertical profiles of u-wind speed (a.), 
static stability (b.) and Mm (c.) during RF#3.  The horizontal dotted line represents the altitude of SPL. 
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Figure 37. Model-derived vertical cross-section of theta (black contours), vertical velocity (color fill), LWC 
(magenta contours) and IWC (red contours) during RF#3 over the Park Range at the latitude of SPL. 
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Figure 38. Profiles of vertical velocity (a.), liquid water content in g/m3,(b.), crystal concentration (75-
1550 microns) (L-1) (c.), and mean weighted diameter for crystals (75-1550 microns) in microns (d.) from 
RF#3  (solid black line) and RF#5 (dotted black line) over the Park Range.  The black vertical line 
represents the crest and the black dotted line represents the location of SPL. 
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Figure 39. WCR-derived reflectivity (a.) vertical velocity (b.) and WCL power (c.) during RF#1.  The white 
line represents the location of the crest and the red line is SPL. 
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Figure 40. Same as Figure 39 except for during RF#9. 
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Figure 41. Sounding based profiles of U-Wind Speed in m/s (a.), Moist Static Stability (b.), Mm  (c.)  for 
RF#1 (blue) and RF#9 (cyan). 
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Figure 42. Model-derived 300 hPa wind speed (color fill), direction (arrows) and height (black contours) 
during RF#1.  The green star represents the location of SPL. 
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Figure 43. Same as Figure 42 except for at the 700 hPa layer. 
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Figure 44. Model-derived 500 hPa absolute vorticity (color fill) and height (black contours) during RF#1.  
The red star represents the location of SPL. 
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Figure 45. WCR-derived reflectivity (a.) vertical velocity (b.) and WCL power (c.) while the UWKA flew 
over an enhanced precipitation band during RF#1.  The white line represents the location of the crest 
and the red line is SPL. 
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Figure 46. Model-derived 700 hPa vertical velocity (color fill).  The red stare indicates the location of SPL. 
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Figure 47. Model-derived (dotted blue line) and observed (solid blue line) vertical profiles of the u-
component of the wind (a.), static stability (b.) and Mm (c.) right before RF#1. The dotted black 
horizontal line represents the elevation of SPL. 
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Figure 48. Model-derived (dotted blue line) and observed (solid blue line) cross-barrier profiles of 
vertical velocity (a.) and LWC (b.) during RF#1.  The solid vertical line is the location of the crest and 
dotted vertical line is the location of SPL. 
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Figure 49. Model-derived vertical cross sections of theta (black contours), vertical velocity (color fill), 
LWC (magenta contours), and IWC (red contours) over the Park Range at the latitude of SPL. 
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Figure 50. Average cross-barrier profiles of vertical velocity (a.), LWC (b.), crystal concentration for 
crystals between 75 and 1550 microns (c.), and mean weighted crystal diameter for crystals between 75 
and 1550 microns (d.) for RF#1 (blue line) and RF#9 (cyan line) when the UWKA was below 4700 meters.  
The solid (dotted) black vertical line represents the location of the crest (SPL). 
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Figure 51. Profiles of vertical velocity (a.), liquid water content in g/m3,(b.), crystal concentration (75-
1550 microns) (L-1) (c.), and mean weighted diameter for crystals (75-1550 microns) in microns (d.) from 
the crest of the Park Range for RF#1 at 4600 meters (blue line), 5200 meters (black line), and 6000 
meters (magenta line). 
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Figure 52. Profiles of vertical velocity (a.), liquid water content in g/m3,(b.), crystal concentration (75-
1550 microns) (L-1) (c.), and mean weighted diameter for crystals (75-1550 microns) in microns (d.) from 
the crest of the Park Range for RF#9 at 4400 meters (cyan), 5200 meters (black) and 6000 meters 
(magenta). 
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Figure 53. Comparison of the UWKA (black line) and SPL (red line) crystal size distribution based on the 
trajectory model for leg 7 of RF#9.  

 

114 
 



115 
 

 

Figure 54. Comparison between crystal concentration and wind speed for crystals between 75 and 200 
microns (a.) and crystals between 225 and 1550 microns (b). 
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Figure 55. Impact of the swinging vane mount on the SPL crystal size distributions for each flight while 
the UWKA was near the lab.  The solid lines include all seconds and the dashed lines are limited to 
seconds when the v-component of the wind is less than 30% of the u-component.  The number of 
seconds and average wind speed are reported for each value. 
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Figure 56. Comparison between average DT and crystal concentration for crystals between 75 and 200 
microns for IFRACS (red and black circles) and StormVEx (purple and grey circles). 
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Table 1. Description of cloud microphysical and remote sensing instruments used during CAMPS and 
StormVEx. 

Instrument Description Range/Resolution Location 
DMT SPP-100 Forward 
Scattering Spectrometer 
Probe 

Cloud droplet spectra 2-47 microns  UWKA and SPL 

DMT Cloud Imaging 
Probe (CIP) Small precipitation  particle 

size, concentration and shape 25-1550/25 microns UWKA and SPL 
DMT Precipitation 
Imaging Probe (PIP) Large precipitation  particle 

size, concentration and shape 100-6200/100 microns  SPL 

Gerber PVM-100 Liquid water content 3-50 microns, 0.002-10 g/m3 UWKA 
Colorado closed-path 
tunable –diode Laser 
Hygrometer (CLH) 

Total water content ±3% (1σ) UWKA 

Balloon Borne  Sounding 
System (BBSS) Vertical profile of temperature, 

moisture and horizontal winds  Surface to 100 mb/5-20 
meters Steamboat Springs, 

CO 
Wyoming Cloud Radar 
(WCR) Reflectivity factor (Z

e
) and 

Doppler velocity  
100-10000 meters/~15 meters  UWKA 

Wyoming Cloud Lidar 
(WCL) Backscattering coefficient and 

linear depolarization ratio +30 meters/3.75 meters UWKA 
 

 

 

Table 2. Information for cross-barrier flight leg averages 

RF# Case Type Altitude (m) # Legs Altitude (m) # Legs Altitude (m) # Legs 

1 Hybrid 4550 4 5330 5 6040 6 

3 Wave 4500 7 -- -- 6140 5 

5 Wave 4235 6 4310 2 -- -- 

9 Hybrid 4300 3 5150 3 6020 4 

12 Convective 4300 5 4850 3 5160 3 

26 Convective 4550 3 5120 4 -- -- 

28 Convective 4510 3 5720 5 -- -- 
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