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ABSTRACT

Natural small-scale microphysical and dynamical mechanisms are identified in a winter orographic snow-

storm over the SierraMadreRange ofWyoming during an intensive observational period (IOP) from theAgI

Seeding Cloud Impact Investigation (ASCII; January–March 2012). A suite of high-resolution radars,

including a ground-based scanning X-band dual-polarization Doppler on Wheels radar, vertically pointing

Ka-band Micro Rain Radar (MRR), and airborne W-band Wyoming Cloud Radar (WCR), and additional

in situ and remote sensing instruments are used in the analysis. The analysis focuses on a deep postfrontal

period on 16 January 2012 (IOP2) when clouds extended throughout the troposphere and cloud liquid water

was absent following the passage of a baroclinic front. A turbulent shear layer was observed in this postfrontal

environment that was created by a midlevel cross-barrier jet riding over a decoupled Arctic air mass that

extended above mountaintop. MRR and WCR observations indicate additional regions of turbulence aloft

that favor rapid particle growth at upper levels of the cloud. Plunging flow in the lee of the Sierra Madre was

also observed during this case, which caused sublimation of snow up to 20 km downwind. The multi-

instrument analysis in this paper suggests that 1) shear-induced turbulent overturning cells do exist over cold

continental mountain ranges like the SierraMadre, 2) the presence of cross-barrier jets favors these turbulent

shear zones, 3) this turbulence is a key mechanism in enhancing snow growth, and 4) snow growth enhanced

by turbulence primarily occurs through deposition and aggregation in these cold (,2158C) postfrontal

continental environments.

1. Introduction

In many mountainous regions on Earth, snowfall

accounts for a substantial portion of the total annual

precipitation and its local spatial distribution becomes

increasingly important for hydrometeorological ap-

plications such as evaluating flood risk, water avail-

ability, and hydropower production. Recent studies

have shown that mesoscale and microscale dynamic

and microphysical processes, which convert condensed

water quickly and efficiently into precipitation, are be-

coming more important in understanding regional pre-

cipitation generation and distribution (e.g., Rotunno

and Houze 2007; Garvert et al. 2007; Kirshbaum et al.

2007; Kumjian et al. 2014; Medina and Houze 2015,

hereafter MH15).

Microscale shear dynamic instability found in fron-

tal systems associated with baroclinic waves has been

highlighted as one such dynamic process (Houze and

Medina 2005, hereafter HM05; MH15). These studies

found that shear instability can produce so-called over-

turning cells, which are 1–5 km wide with updrafts of

1–3m s21, whenwind shear exceeds 10ms21km21. These

updrafts can produce pockets of increased liquid water

content (LWC), enhancing riming and coalescence and

increasing aggregation through differences in fall ve-

locity of forming and growing particles. These particles

then grow rapidly and fall out quickly on windward

slopes. HM05 identified overturning cells in terrain-

sloping layers of shear turbulence in stable environ-

ments with blocked or partially retarded cross-barrier

orographic flow below mountaintop in the Oregon

Cascades and Alps. Medina et al. (2005) used model
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sensitivity studies to show that increased upwind sta-

bility, surface friction, mountain height, and preexist-

ing wind shear enhance this turbulent shear zone.

MH15 further studied shear-induced turbulence in cy-

clones crossing the California Sierra Nevada. Shear-

induced turbulence was found in storms with strong

upstream winds and higher vertically integrated cross-

and along-barrier moisture fluxes. Similar cloud-top

generating cells have also been identified (Rosenow

et al. 2014; Kumjian et al. 2014; Plummer et al. 2014),

but these overturning cells are more tied to convective

instability rather than shear instability. Additionally,

Geerts et al. (2011) observed snow growth within bound-

ary layer turbulence onwindwardmountain slopes, but the

aggregational growth mechanism suggested is only specu-

lative. The lack of abundant observational and modeling

research of the impacts of turbulence on microphysical

processes is further motivation for this study.

Previous studies on shear instability have focused on

large mountain ranges adjacent to large bodies of water

with large moisture fluxes and mixed-phase precipita-

tion. Cloud microphysical processes present in oro-

graphic environments over inlandmountain ranges were

found to differ from coastal mountains, mainly due to

the lower and warmer cloud bases of coastal storm sys-

tems that favor riming and increased ice crystal con-

centrations through the rime splintering mechanism

(Rauber 1992). Less riming is observed for inland

mountain ranges, partly due to the fact that water is

removed from the atmosphere by upwind mountain

ranges (Hindman 1986; Saleeby et al. 2011), but cloud

liquid water has still been observedwithin regions where

the condensate supply rate can exceed the diffusional

growth rate of ice crystals (Rauber and Grant 1986).

These regions were found to be near cloud top, be-

tween cloud base and 2108C, and directly upwind and

over the mountain crest where strong orographic lift

is typically observed. Depositional and aggregational

growth are the primary microphysical mechanisms

within colder continental environments.

Do shear turbulence regions and overturning cells

exist over continental mountain ranges with colder

temperatures and reduced moisture fluxes? If so, do

these overturning cells enhance precipitation? If en-

hancement occurs, through what microphysical mecha-

nism(s) does it occur? This study aims to answer these

questions by investigating the role of shear instability

over the Sierra Madre Range in southern Wyoming,

a small inner-mountain range with lower advected

moisture fluxes.

The data used in this paper were collected during the

AgI Seeding Cloud Impact Investigation (ASCII; Geerts

et al. 2013). ASCII took place during January–March

2012 and was designed to observe changes in cloud

microphysical properties due to ground-based seeding

of orographic clouds over the Sierra Madre Range of

Wyoming (Fig. 1a). Although cloud seeding effects

from ASCII continue to be analyzed (e.g., Geerts et al.

2013; Pokharel et al. 2014a,b; Jing et al. 2015; Jing and

Geerts 2015; Pokharel et al. 2015), the suite of surface

and airborne instrumentation deployed during ASCII

also provides observations of natural orographic pre-

cipitation over this Continental Divide mountain range.

The analysis in this paper will largely focus on a 140-min

postfrontal time period when a deep layer of clouds and

precipitation associated with a passing baroclinic storm

was present.

Section 2 describes the instrumentation used in the

analysis as well as any data quality techniques used.

Section 3 provides a brief overview for the case an-

alyzed in this paper. Section 4 provides an overview

of the precipitation observed by surface observa-

tions and the Doppler on Wheels (DOW) radar.

Section 5 identifies and analyzes the impacts of a

cross-barrier jet and plunging flow. Section 6 iden-

tifies regions of turbulence and analyzes its impact

on precipitation processes. Section 7 provides a dis-

cussion on our findings and how they relate to pre-

vious research, and section 8 summarizes the main

findings of this paper.

2. Data and methods

a. Radar

1) DOPPLER ON WHEELS DUAL-POLARIZATION

X-BAND RADAR

A ground-based scanning Doppler on Wheels dual-

polarization X-band radar was positioned on the Sierra

Madre pass (Battle Pass, 3029m MSL; Fig. 1a). The

DOW operated at a frequency of 9.5GHz with a

beamwidth of 0.938 (Wurman 2001). The pulse duration

was chosen to be 0.4ms, relating to a resolution of 60m

in range. With 800 range gates, the maximum range was

48km. Data were sampled at 0.58 resolution in azimuth

at a rate of 308 s21. The radar was run with a pulse rep-

etition frequency (PRF) of 2500Hz, resulting in a Ny-

quist velocity of 19.7m s21. Besides reflectivity Z and

Doppler velocity fields, the DOW radar provided dif-

ferential reflectivity ZDR, correlation coefficient rHV,

spectral width, and total differential phase FDP. The

radar scan strategy included full volume scans, or plan

position indicator (PPI) scans, with elevation angles

every 18 between 218 and 208 elevation, every 28 be-
tween 208 and 308, and every 48 between 308 and 708. In
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FIG. 1. (a) The observational domain (target area) for the ASCII 2012 field project plotted with 30-m resolution

elevation data from the U.S. Geological Society (USGS) National Elevation Dataset (NED). Dixon (indicated by

a cross) and Battle Pass (indicated by a plus sign) are labeled along with the UWKA ladder-pattern flight legs 1–5.

The 20 3 20 km2 region centered at Battle Pass and rotated with the mean axis of the Sierra Madre Range is also

overlaid with a red box, which is the analysis region used in the Hovmöller diagram in Fig. 2. The purple wedge

starting from theDOWlocation at Battle Pass indicates the range of targetedDOWRHI azimuths used to calculate

median profiles ofZ andZDR (Fig. 7). (b) TheDOW radar beam height (kmAGL) calculated for an elevation scan

of 08. (c) The calculated fraction of the DOW radar beam that is blocked for a 08 elevation scan, where a fraction of

0.0 (1.0) indicates no (complete) beam blockage.
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addition, ZDR calibration scans were performed at 858
and 898, followed by six range–height indicator (RHI)

scans. Three RHI scans faced downwind and three

faced upwind with the center RHI scan aligned with the

mean wind direction during that time. A full three-

dimensional radar volume was collected every 10min.

Significant beam blockage prevented reliable radar

observations below 68 elevation scans to the north and

south of Battle Pass (Figs. 1b,c).

Ground clutter and multipath scattering were re-

moved from the PPI data using a fuzzy logic algo-

rithm adapted from Gourley et al. (2007). The

algorithm separates measurements contaminated by

ground clutter and clear air from measurements of

snow using dual-polarimetric variables ZDR and rHV

and texture fields of ZDR, FDP, and rHV. Bias cor-

rections for ZDR were first applied using the available

calibration scans. The decluttered and quality-controlled

polar-coordinate data were then interpolated onto a

three-dimensional Cartesian grid using the National

Center for Atmospheric Research (NCAR) Radx2-

Grid software.1 A horizontal grid spacing of 200m was

used (approximately three data points per horizontal

grid cell). A vertical grid resolution of 250m was de-

termined by the tangent of the mean elevation angle

between two consecutive beams at a half-distance of

30 km. The 30-km limit corresponds to the approximate

distance between the foothills and Battle Pass. The

maximum echo top never exceeded 10 km MSL, which

was used as the upper boundary of the Cartesian grid.

2) MICRO RAIN RADAR

A vertically pointing Ka-band (continuous wave

mode at 24.23GHz)METEKMicroRainRadar (MRR)

was deployed at Battle Pass. Vertical profiles of re-

flectivity, Doppler velocity, and spectral width were

averaged over 1-min intervals with a vertical resolution

of 200m in 31 range gates (up to 9.4 km MSL). Raw

Doppler velocities from 0.95 to 12.195m s21 are re-

corded by assuming only downward motion, which is the

sum of the vertical air motion and particle fall speeds. A

Doppler spectra postprocessing technique created by

Maahn and Kollias (2012) was implemented on the

MRR data to improve sensitivity for snow and dealias

Doppler velocities so that upward (positive Doppler

velocity) and downward (negative Doppler velocity)

motions can be distinguished within612ms21. The first

two range gates were considered unreliable and were

removed in this postprocessing. This makes the closest

reliable range gate for the Battle Pass MRR at 3.6 km

MSL. MRRs have been used previously in various lo-

cations to monitor vertical precipitation structures (e.g.,

Löffler-Mang et al. 1999; Peters et al. 2002, 2005;

Rollenbeck et al. 2007; Tokay et al. 2009; Trivej and

Stevens 2010).

3) W-BAND WYOMING CLOUD RADAR

The 94.92-GHz (W-band) Doppler Wyoming Cloud

Radar (WCR) was flown aboard the University of

Wyoming King Air (UWKA) aircraft along with in situ

cloud physics instruments. The WCR consisted of three

antennas oriented up, down, and down-fore with beam

widths of 0.78, 0.58, and 0.68, respectively. A PRF of

20kHz and a pulse width of 250 ns were used, resulting

in a range resolution of 37.5m.More details of theWCR

system can be found inWang et al. (2012) and references

within. A schematic of the up, down, and down-fore

radar beam configuration can be found in Fig. 2 of Geerts

et al. (2006). Because of oversampling, a sampling in-

terval of 15m was achieved. This allowed very-high-

resolution reflectivity and Doppler velocity observations

above and below the aircraft flight level. Attenuation

of the radar beam is assumed to be minimal due to the

low Z observed in snowfall and the low amounts of

liquid water observed during the case analyzed. A

radar blind zone of 100m above and below the aircraft

flight level limited radar observations in the immedi-

ate vicinity of the aircraft. Postprocessing of WCR

data included removing aircraft motion and horizon-

tal wind velocity contamination from the Doppler

velocity fields and correcting Z for range from the

aircraft.

In situ cloud physics measurements of LWC from the

UWKA flight path were obtained by the Droplet Mea-

surement Technologies, Inc. (DMT) Cloud Droplet

Probe (CDP), and ice particle concentrations for di-

ameters between 62.5mm and 2.5mm were measured

using the fast Optical Array Probe–2D Cloud (OAP-

2DC) instrument (Wang et al. 2012). Vertical air mo-

tion, air temperature, and mixing ratio were measured

by additional standard UWKA instrumentation.2 A

MacCready turbulence meter (MacCready 1964) aboard

the UWKA allowed an in situ calculation of eddy dissi-

pation rate (EDR), the cube root of the rate of dissipation

of the turbulent kinetic energy and an indication of

the strength of turbulence.

As indicated in Fig. 1a, the UWKA flew ladder pat-

terns at ;4 km MSL consisting of five ladder legs par-

allel to the Sierra Madre Range. Ladder legs 1–3 were

1 See http://www.ral.ucar.edu/projects/titan/docs/radial_formats/

radx.html. 2 See http://www.atmos.uwyo.edu/uwka/index.shtml.
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upwind of the mountain crest, ladder leg 4 was along the

mountain crest, and ladder leg 5 was immediately

downwind of the mountain crest (Fig. 1a). Cross-barrier

flight legs oriented parallel to the mean wind direction

were flown during the ASCII project; however, no cross-

barrier flight legs were flown during the analysis period

presented in this paper.

b. Atmospheric profilers

The Mobile GPS Advanced Upper-Air Sounding

balloon rawinsonde system (MGAUS3) was set up

45 km upwind from Battle Pass at Dixon Airport

(hereafter referred to as Dixon; Fig. 1a). MGAUS

soundings measured vertical profiles of humidity, tem-

perature, and winds with high vertical resolution (1–5m)

in the upwind atmospheric environment every 1–2h.

A Radiometrics Corporation passive microwave ra-

diometer was deployed at Battle Pass and provided in-

tegrated liquid water (ILW) and integrated water vapor

(IWV) measurements along with vertical profiles of

temperature, humidity, LWC, and water vapor density

for the mountain crest environment. The radiometer

measures microwave emission at 22–30GHz (water va-

por absorption band) and 51–59GHz (oxygen absorp-

tion band) as well as infrared emission at 9.6–11.5mm.

The zenith-pointing antenna has beamwidths of 68 (22–
30GHz) and 2.58 (51–59GHz). Vertical profiles of

temperature and relative humidity were derived using a

neural network algorithm (Solheim et al. 1998a,b). The al-

gorithm, based on a radiative transfer model (Rosenkranz

1998), was trained on a 5-yr radiosonde climatology. Ob-

servations were integrated over 0.2 s, leading to a tempera-

ture resolution of 0.25K. These measurements allow us to

monitor atmospheric temperature and moisture changes

above the terrain with higher temporal resolution than

the MGAUS soundings.

c. Surface in situ instruments

1) PARSIVEL DISDROMETER AND SNOW

CRYSTAL PHOTOGRAPHY

The laser-optical Particle Size andVelocity (PARSIVEL)

disdrometer was installed in a forest opening at Battle

Pass to measure in situ snow particle characteristics. The

location was chosen to shield the instrument from strong

winds that occur at the mountain pass and significantly

influence measurement quality (Battaglia et al. 2010;

Friedrich et al. 2013). The PARSIVEL disdrometer

uses a laser beam to detect individual particle diameters

and fall speeds, which allows a particle size and fall

velocity distribution to be created. Particle diameters

are detectable between 0.25 and 25mm and fall velocities

between 0.2 and 20ms21 across 30 3 30 useable bins.

Particle counts across these diameter and fall velocity bins

are measured by the PARSIVEL every 10 s. Because of

the complicated shapes of snow particles, reliable snow

particle size and velocity observations are a challenge

(Battaglia et al. 2010). Because of issueswith border effects

and multiple particle counts for a single snowflake, ob-

servations in size bins ,1mm were removed in the anal-

ysis.More reliable fall velocitymeasurements are retrieved

for snow particles 1–10mm in diameter, which are the

particles of focus for this paper. Raw particle counts were

used to compute normalized particle concentrations per

volume (m23mm21). These normalized concentrations

were then used to compute time series of total particle

concentration and snowfall rate using the bulk snow

density relation determined by Brandes et al. (2007).

Snow crystal photographs were taken on a black

background every 10–15min during intensive observa-

tional periods (IOPs) using a hand-held camera. These

photographs allow visual determination of ice crystal

habits and the degree of riming or aggregation for indi-

vidual snow particles, which will be used to infer micro-

physical processes occurring within the overlying clouds.

2) SURFACE PRECIPITATION GAUGES AND

WEATHER STATIONS

A Geonor all-weather precipitation gauge was in-

stalled at Battle Pass, which allowed in situ liquid-

equivalent precipitation accumulation measurements.

Although many other precipitation gauges were present

at Battle Pass, the Geonor gauge was heated and thus

provided the most reliable precipitation accumulations

in snowfall. Storm-total precipitation accumulations and

rates were calculated from these observations.

Surface weather observations were recorded at Dixon

and Battle Pass, including temperature, pressure, relative

humidity, wind speed, and wind direction. Measurements

at Battle Pass were taken through amesonet;10m above

the surface on themast of theDOWtruck.Observations at

Dixon were taken through NCAR’s MGAUS surface

weather station at ;1–2m above the surface.

3. Case overview

On 16 January 2012 (ASCII IOP2), widespread

snowfall was observed throughout the target area be-

tween 1700 and 2130 UTC during and following the

passage of a baroclinic front (Fig. 2). Many of the ASCII

IOPs collected data during shallow storms with abun-

dant LWC, largely because these conditions are prime

for ground-based cloud seeding, which was the focus of3 See http://www.eol.ucar.edu/rtf/facilities/gaus/gaus.html.
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the field project. Thus, IOP2 allows purely natural snow

growth processes to be analyzed within a deep pre-

cipitation system associated with a baroclinic frontal

passage. This period of IOP2 was chosen for analysis

because the DOW observed a consistent deep pre-

cipitation layer (echo tops at 7–8 km MSL) with a

moderate 6.5mm of liquid-equivalent precipitation ac-

cumulating at Battle Pass (Fig. 2). Closer inspection of

the precipitation accumulation at Battle Pass (Fig. 2)

indicates two distinct periods of accumulation. A surface

cold front, reaching up to 3.5 km MSL above Dixon by

2015 UTC (Fig. 3), moved over Dixon (Battle Pass)

around 1720 UTC (1810 UTC) and exited the target

region by 1910 UTC (Fig. 2). The front is evident by a

band of high reflectivity (Z . 35dBZ) observed by the

DOW radar (Fig. 2), rapid snowfall accumulation at

Battle Pass between 1800 and 1900 UTC (2.7mmh21;

Fig. 2), a sharp drop in surface temperatures at Battle

Pass and Dixon (68–78C by 2130 UTC; Fig. 4a), a

15m s21 spike in wind speed at Dixon and a sharp drop

(;10m s21) in wind speeds at Battle Pass (Fig. 4b), a

sharp shift in wind direction at Dixon from south-

southwest to northwest (Fig. 4c), a rapid increase in

relative humidity from 60% to 85% at Dixon (Fig. 4f),

and spikes in ILW (0.54mm; Fig. 4e) and IWV (0.53 cm;

Fig. 4g). We designate the period 1700–1910 UTC as

‘‘frontal’’ because the baroclinic front was responsible

for generating precipitation over the ASCII target re-

gion during this time. The atmosphere was from moist

neutral to moist unstable up to 5.5 km MSL prior to the

front (Figs. 3 and 4d) with strong cross-barrier low-level

winds (10–25m s21; Figs. 3 and 4b). The passage of the

FIG. 2. (center) A Hovmöller diagram of maximum Z observed by the DOW radar above 3 km MSL, (left) accumulated surface

precipitation from the Geonor precipitation gauge at Battle Pass, and (right) maximum Z observed by the DOW radar with height and

time, for 1700–2130 UTC 16 Jan 2012 (IOP2). This period encompasses the baroclinic frontal passage and postfrontal stratiform pre-

cipitation that occurred during IOP2. ThemaximumZ for each x grid point in theHovmöller diagram is computed within y5620 km, and

the maximum Z with height is computed within the 203 20 km2 region shown in Fig. 1a for each Cartesian-gridded DOW radar volume.

The Cartesian-gridded DOW radar volumes used in this figure were rotated with the mean Sierra Madre Range axis so that the positive

(negative) x axis is oriented at 528 (2328) from north, which is roughly perpendicular to the Sierra Madre barrier. The gray blocks in the

center and right are time periods when no DOW radar data were available. The elevation profile along this azimuth, with the DOW

location at Battle Pass at x 5 0 km, is shown below the Hovmöller diagram.
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cold front stabilized the atmosphere (Fig. 4d) and de-

coupled the boundary layer from the upper air with an

inversion that developed near 3.5 kmMSL by 2015 UTC

(Fig. 3). This inversion separated postfrontal north-

westerly (along barrier) slightly moist unstable flow

from strong (10–30ms21) southwesterly (cross barrier)

stable flow above. Note that the northwesterly flow is

part of the low-level postfrontal air mass and not a result

of deflected airflow. The surface-based calculation of

moist Froude number (Frm) following the frontal pas-

sage stayed relatively steady near 1, indicating wave

motions over the mountain were likely. The period from

1910 to 2130 UTC is designated as ‘‘post frontal’’ and is

the main focus of the following analysis due to the shear

instability that set up during this time.

4. Precipitation processes indicated by surface
observations and radar

During the postfrontal period between 1910 and

2130 UTC 16 January 2012, deep, widespread stratiform

clouds and precipitation dominated the ASCII target

region with maximum Z of 5–25dBZ observed by the

DOW radar (Figs. 2 and 5). A total of 4mm of pre-

cipitation accumulated at Battle Pass during this time

with decreasing intensity (1.3–2.9mmh21; Fig. 2). At the

beginning of this period (1910–2000 UTC), higher re-

flectivity (maximum Z . 20dBZ) was observed from

;50 km upwind to Battle Pass. This enhanced pre-

cipitation was advected from the southwest by an ap-

proaching midlevel cross-barrier jet (see section 5).

Later (2000–2130 UTC), higherZ only occurred 5–15km

upwind of Battle Pass. These isolated areas of higher

Z (18–25 dBZ) after 2000 UTC were generated mainly

below 4 km, as shown in Fig. 2 and the individual

DOW radar volume at 2023 UTC (Fig. 6).

To further investigate precipitation processes during

this postfrontal period, we analyze vertical profiles of

median Z and ZDR from DOW RHI scans (best avail-

able RHI scan every 10min; Fig. 7). Median profiles

were derived from data collected over a 15-km region

immediately upwind from Battle Pass (2458–2658 azi-

muths; Fig. 1a). At upper levels between 5.5 and 7km

MSL, median profiles of Z and ZDR rapidly increased

FIG. 3. MGAUS soundings launched from Dixon are plotted for 1715 (red) and 2015 UTC (blue) 16 Jan 2012.

These times show the pre- and postfrontal environment during IOP2, respectively. (left) Potential temperature u

(solid line) and equivalent potential temperature ue (dotted line); (right) computed cross-barrier wind speed.Median

wind speed and direction are also plotted as a wind barb every 0.25 kmMSL (flag5 50m s21; full barb5 10m s21; half

barb5 5m s21). The cross-barrier wind speed was computed as the component of the observed wind in a 2328wind
direction. Horizontal gray lines denote the range of heights at which the 300- (light gray), 500- (medium gray), and

700-mb (dark gray) pressure levels were located in the soundings shown.
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with decreasing height by 10–15 dBZkm21 (Fig. 7a) and

0.5–1.5 dBkm21 (Fig. 7b), respectively. Higher median

Z was observed in this layer around 1930 UTC (up to

4 dBZ), suggesting that upper-level snow growth was

enhanced during this time. Temperatures in this layer

ranged between 2288 and 2408C (Fig. 7). Studies have

shown that pristine platelike snow crystals (Bailey and

Hallett 2009) grow through water vapor deposition in

this temperature region near cloud tops of stratiform

precipitation with low reflectivity (210 , Z , 10dBZ)

FIG. 4. Surface weather observations, vertically integrated liquid water and water vapor, and surface- and sounding-based stability

parameters are plotted between 1700 and 2130 UTC 16 Jan 2012 (IOP2). (a) Air temperature, (b) wind speed, (c) wind direction, and

(f) relative humidity observations are plotted for Dixon (green) and Battle Pass (red). Raw (dots) and 60-s averaged (solid line) surface

wind speed observations (black line border) at Dixon (green) and Battle Pass (red) as well as computed cross-barrier wind components

(purple line border) are plotted in (b). Also shown are (e) ILW and (g) IWV observations from the microwave radiometer at Battle Pass

and computed (d) moist squared Brunt–Väisälä frequency N2
m and (h) Frm. The blue lines in (d) and (h) are calculated using surface

observations from Dixon and Battle Pass, and the black crosses are calculated using MGAUS soundings from Dixon. The N2
m and Frm

values were computed using observations at the two elevations corresponding toDixon (1980mMSL) andBattle Pass (3030mMSL). The

separation between moist stable (N2
m . 0) and moist unstable conditions (N2

m , 0) is denoted by a dotted black line at N2
m 5 0 in (d). The

transition between blocked flow (Frm , 1) and unblocked flow (Frm . 1) is separated by a dotted black line at Frm 5 1 in (h). A vertical

black line separates the frontal and postfrontal periods mentioned in the paper, similar to Fig. 2.
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and positive ZDR between 0 and 2dB (Ryzhkov and

Zrnić 1998; Moisseev et al. 2009; Kennedy and Rutledge

2011; Bechini et al. 2013; Schneebeli et al. 2013).

At midlevels between 4 and 5.5 km MSL, ZDR in-

creased less rapidly (,0.5 dBkm21) and became fairly

constant with height between 1.5 and 2dB (Fig. 7b). The

ZDR contoured frequency by altitude diagram (CFAD;

not shown) shows that 30%–50% of the observed ZDR

was between 1.5 and 2dB in this layer. Median Z gen-

erally continued to increase (up to 15dBZ) with de-

creasing height at varying rates with time in thismidlevel

layer (1–20dBZkm21; Fig. 7a). Temperatures in this

layer ranged between 2188 and 2288C (Fig. 7). These

observations indicate pristine horizontally oriented snow

crystals likely grew in size without changing their shape in

this layer. Also note that the overall Z and ZDR in this

layer decreases over time after 1930 UTC (Fig. 7), in-

dicating that snow particles likely became smaller with

less oblate shapes between 1930 and 2130 UTC.

At low levels between 3 and 4km MSL, reflectivity

generally increased slightly with decreasing height

(0–10dBZkm21), but rapid increases inZ (.20dBZkm21)

were observed at the beginning (before 1930 UTC) and

end (around 2130 UTC) of this analysis period (Fig. 7a).

Note that ZDR generally remained constant or decreased

with decreasing height in this layer (20.1 dB km21;

Fig. 7b), but ZDR increased where rapid reflectivity

increases occurred before 1930 UTC and around

2130 UTC. Temperatures in this layer ranged from2148
to 2188C (Fig. 7). Localized positive ZDR and specific

differential phase KDP enhancements in areas with tem-

peratures near 2158C are often associated with rapid

FIG. 5. Maximum Z observed by the DOW radar above 2 kmMSL is plotted for the postfrontal period between

1910 and 2130 UTC 16 Jan 2012 (IOP2). (top left) USGS NED terrain elevation is overlaid on the maximum Z.

(bottom) Maximum Z at each (x, z) grid point within y 5 620 km and (top right) maximum Z at each (y, z) grid

point within x 5 620 km is plotted. The DOW location at Battle Pass is labeled as a black plus sign, and Dixon is

markedwith a black cross. Elevation contours are at 2.1, 2.4, 2.7, 3.0, 3.3, and 3.6 kmMSL and are colored dark gray

at low elevations (2.1 km MSL) and light gray at high elevations (3.6 km MSL). See text for further details.
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dendritic growth (Hogan et al. 2002; Andrić et al. 2010;

Kennedy and Rutledge 2011; Andrić et al. 2013; Bechini

et al. 2013). The positiveKDP signature usually associated

with rapid dendritic growth cannot be verified in this case

because FDP measurements became unreliable during

this period.

In situ snow particle observations at the Battle Pass

surface (;3km MSL) can be used to verify microphys-

ical growth mechanisms indicated by the DOW radar.

Dendritic growth before 1930 UTC is supported by

surface snow crystal photographs taken at 1920 UTC

at Battle Pass, which show the presence of dendrites,

stellar crystals, and large dendritic aggregates (Fig. 8a,

left). PARSIVEL observations at Battle Pass before

1930 UTC show an increase in total particle concentra-

tion (from 300 to 2000m23; Fig. 8b), increased snowfall

rate (from 0.3 to 2mmh21; Fig. 8d), and the presence

of large particles (diameter d . 5mm; Fig. 8c), in-

dicative of the observed large dendritic aggregates.

After 2000 UTC, smaller unrimed plates, sectored

plates, capped columns, and irregular polycrystalline

platelike crystals were observed during the remainder

of the analysis period (Figs. 8a, center and right).

PARSIVEL observations support snow crystal pho-

tographs indicating that smaller particle diameters

(d , 5mm) were observed after 1930 UTC (Fig. 8c).

However, total particle concentrations and snowfall

rates remained elevated at;1000m23 and;1mmh21

until 2107 UTC (Figs. 8b,d). No clear photographs

of fernlike dendritic crystals were observed at the sur-

face around 2130 UTC, but stellar dendrites were cap-

tured (Fig. 8a, right). PARSIVEL observations show the

return of larger aggregates (d . 5mm; Fig. 8c) and in-

creased total particle concentrations (2500m23; Fig. 8b)

and snowfall rates (2mmh21; Fig. 8d) around 2130 UTC.

Note that the presence of larger aggregates at the

Battle Pass surface after 2130 UTC seem to be collo-

cated with the dendritic growth signatures indicated by

the DOW radar within 1 km above the Battle Pass

surface. This is expected because dendrites are more

FIG. 6. As in Fig. 5, but for a single Cartesian-gridded DOW radar volume at 2023 UTC 16 Jan 2012 (IOP2).
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susceptible to aggregation due to mechanical inter-

locking (e.g., Rauber 1987). Dendritic aggregates have

been observed and modeled to have low ZDR (;0 dB)

due to their quasi-spherical shapes and tendency to

tumble (Ryzhkov and Zrnić 1998; Andrić et al. 2010;

Kennedy and Rutledge 2011; Andrić et al. 2013). The

presence of aggregates may explain the relative minima

in ZDR below 4 km MSL before 1930 UTC and around

2130 UTC (Fig. 7b). However, the still relatively high

median ZDR within these minima (1.35–1.8 dB;

Fig. 7b), as well as the small concentration of particles

having d . 5mm (up to 200m23mm21; Fig. 8c), in-

dicates that large aggregates did not dominate the

DOW radar signal. Rather, the horizontally oriented

pristine dendrites and stellar crystals present during

these times dominated. The relatively low height of the

dendritic growth layer near 2158C (within 1 km above

the Battle Pass surface) likely prevented substantial

aggregation before reaching the Battle Pass surface.

The MRR at Battle Pass observed echo tops (Z 5
;25 dBZ) up to 6 kmMSL over themountain crest with

an overall steady increase in median Z with decreasing

height at a rate of 7 dBZkm21 between 3.6 and 6km

MSL (Fig. 9a). This stratiform reflectivity profile is

similar to the overall median Z observed by the DOW

radar immediately upwind of Battle Pass (;8dBZkm21)

between 3 and 6.8kmMSL (Fig. 7a). TheMRR-observed

reflectivity profile over time (Fig. 10a) shows changes in

precipitation with increased temporal resolution (1min)

compared to the DOW observations (10min). MRR-

observed echo top increased significantly between 1910

and 1930 UTC from 4.2 to 6km MSL (Fig. 10a), in-

dicating that upper-level precipitation growth was en-

hanced and advected over Battle Pass (Fig. 2) during

this time. This agrees with the DOW-observed re-

flectivity profiles as median Z increased by 3–11 dBZ

between 1915 and 1925UTC above 4 kmMSL (Fig. 7a).

At low levels between 3.6 and 4 km MSL, MRR-

observed reflectivity consistently increased rapidly

with decreasing height (12–25 dBZ km21) during this

time (Fig. 10a). The DOW radar observed similar re-

flectivity increases in this layer before 1930 UTC

(Fig. 7a). The highest reflectivities observed by the

MRR (20–25 dBZ) occurred in pockets below 4.5 km

MSL between 1930 and 2015 UTC (Fig. 10a). This

agrees with the DOW observations as median Z is

highest and consistently above the overall median

between 3.6 and 4.5 km MSL from 1930 to 2000 UTC

(Fig. 7a). PARSIVEL observations at the Battle

Pass surface also indicate that the heaviest snow-

fall rates occurred during this time (1–4mm h21;

Fig. 8d). After 2015 UTC, MRR-observed Z gener-

ally decreased at all heights, but individual towering

reflectivity enhancements were observed up to 6 km

MSL between 2030 and 2100 UTC (Fig. 10a). After

2100 UTC, MRR echo top decreased steadily down

to 4.6 km MSL.

5. Cross-barrier jet and plunging flow: Implications
for microphysical processes

Vertical profiles of MRR-observed Doppler velocity

show a distinct layer of enhanced downward motion

(Doppler velocities ,23ms21) between 4.1 and 5.3 km

MSL, with the strongest downward motion occurring

between 2010 and 2120 UTC (Figs. 9b and 10b). This

area of enhanced downward motion is collocated with a

distinct cross-barrier jet that was observed by the DOW

radar between 1920 and 2115 UTC (coinciding with the

arrival of the advected upper-level reflectivity en-

hancement) and by the 2015 UTC upwind sounding

(Fig. 3). Doppler radial velocity fields observed by the

upwind (2608 azimuth) and downwind (798 azimuth)

DOW RHI scans at 2055 UTC (Fig. 11a) indicate this

FIG. 7. Median profiles of (a) Z and (b) ZDR calculated from

upwind DOW radar RHI scans every ;10min between 1910 and

2130 UTC 16 Jan 2012 (IOP2). Each median profile is calculated

within a horizontal distance of 0–15 km from the DOW radar. The

color-coded times of each median profile can be identified by the

color bar. The overall median profile over this time period is

plotted as the thick black line. The median targeted RHI azi-

muth and azimuth range during 1910–2130 UTC is displayed in

(a) and Fig. 1a for reference. The mean heights of the 2158, 2208,
and 2308C temperature levels observed by the radiometer at

Battle Pass are overlaid and labeled. Note that no RHI scans were

available between 2000 and 2010 UTC.
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FIG. 8. (a) Snow crystal photographs taken on the surface of Battle Pass at (left; labeled ‘‘I’’) 1920, (center; labeled ‘‘II’’) 2018, and

(right; labeled ‘‘III’’) 2127 UTC 16 Jan 2012 (IOP2). Also, PARSIVEL disdrometer observations from Battle Pass between 1910 and

2130 UTC 16 Jan 2012 (IOP2) are plotted, including (b) total particle concentration, (c) normalized particle concentrations per diameter

bin (see concentration color bar), and (d) raw PARSIVEL-derived precipitation rates and calculated snowfall rates. The mean (median

volume) particle diameter over time is plotted as a dotted (dash dotted) line in (c) as well. The total particle count observed by the

PARSIVEL disdrometer during this time is labeled along with the mean number of observed particles per second in (b). The times when

the snow crystal photographs were taken are indicated in (b). Note that all PARSIVEL observations with particle diameters less than

1mm were removed from the dataset before calculating particle size distribution–derived parameters, but the raw PARSIVEL-derived

precipitation rate takes into account all measured particles.
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FIG. 9. (left)CFADs for (a)Z and (b)Doppler velocity observed by the vertically pointingMRRatBattle Pass

during 1910–2130 UTC 16 Jan 2012 (IOP2). Frequency is a function of height, so summing the frequencies along

a specific height level will result in 100%. Note that the frequency scale changes between the Z and Doppler

velocity CFADs. Themean temperature heights during 1910–2130UTC16 Jan 2012 (IOP2) are labeled based on

temperature profiles observedby the radiometer atBattle Pass. (right)The total number ofMRR-observedZ and

Doppler velocity observations and the data presence, the percentage of measurement times with data present in

each height level during this time period, are shown. The mean, median, and plus/ minus one std dev of Z and

Doppler velocity for each height are plotted in the respective CFADs. See text for further details.
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cross-barrier jet between 4 and 6km MSL with maxi-

mum Doppler velocities of 25–30ms21. The calculated

cross-barrier wind speed from the 2015 UTC sounding

(Fig. 3) shows a relative enhancement indicative of a

cross-barrier jet between 4.3 and 5.5 km MSL with

maximum cross-barrier winds approaching 30m s21

near 4.6 km MSL.

Decreasing MRR-observed Doppler velocities can

be related to an increase in downward air motion, an

increase in particle fall velocity, or both. Negative

Doppler velocities exceeding 3m s21 in magnitude are

much higher than typical observed fall velocities of

snow crystals (,1.5m s21; Lamb and Verlinde 2011,

their Figs. 9.7 and 9.10) and aggregates (,2m s21;

Brandes et al. 2008). Since the precipitation analysis

(section 4) indicates that pristine snow crystals domi-

nated the reflectivity signal during this period, the

enhanced downward motion observed by the MRR

(Figs. 9b and 10b) can be related to an increase in

downward air motion rather than an increase in par-

ticle fall speed. Strong downward motion within oro-

graphic flow, also referred to as plunging flow, has been

observed and modeled in various orographic settings

on the lee side of mountain barriers (e.g., Garvert et al.

2007; Smith et al. 2012; Saleeby et al. 2013; Geerts et al.

2015). Geerts et al. (2015) observed plunging flow in

FIG. 10. Time–height profiles of (a) Z, (b) Doppler velocity, and (c) spectrum width observed by the MRR at Battle Pass during 1910–

2130 UTC 16 Jan 2012 (IOP2). Radiometer-observed temperature levels (2308, 2208, and 2158C) are overlaid in (a) and radiometer-

observed LWC levels are overlaid in (b) and (c) as solid black lines. The times the snow crystal photographs (Fig. 8a) were taken are

labeled as I, II, and III in the time–height plots of MRR data. Note that the MRR is vertically pointing, so Doppler velocities are positive

for upward motion and negative for downward motion. See text for further details.
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winter snowstorms over an adjacent mountain range in

Wyoming, the Medicine Bow Range, using the WCR

flown aboard the UWKA. They show that this plung-

ing flow is characterized by strong downward air mo-

tion immediately downwind of the mountain crest,

which causes snow to fall out rapidly and sublimate in

the lee (typically within ;20 km from the crest for

stratiform precipitation). They also observed low-level

cross-barrier jets riding up and over themountain, with

the jet decreasing in height in the lee and sometimes

accelerating. Leeside plunging flow is typically asso-

ciated with a vertically propagating mountain wave

centered at the mountain crest (Garvert et al. 2007;

Geerts et al. 2015). Unfortunately no along-wind

UWKA flights were flown during this period, so

cross-barrier WCR-observed Z and Doppler vertical

velocity transects similar to analysis in Geerts et al.

(2015) are not available. However, plunging flow is

indicated by the decrease in height of the maximum

Doppler radial velocities as well as the decreasing

height of the 5-dBZ reflectivity contour observed by

the DOW radar from upwind to downwind at 2055 UTC

(denoted by the white line/arrow in Figs. 11a,b). At

Battle Pass, the downward motion observed by the

MRR did not reach the surface. It is not clear whether

the decoupled boundary layer prevented the flow from

reaching the surface or if plunging flow reached the

surface farther downstream.

Plunging flow is important because it impacts the

distribution and intensity of snowfall over the leeside

mountain slope. Downward air motion is detrimental to

precipitation growth because adiabatic motion favors

warming and drying, and thus evaporation and sub-

limation (e.g., Saleeby et al. 2013). That means snow

particles that grow upwind of the mountain and are

advected into the lee encounter either no further parti-

cle growth or sublimation, thus favoring decreased sur-

face precipitation in the lee. This was observed by the

DOW radar as a decrease in median Z during this

period from 20–30 km upwind to 10–20 km downwind

of Battle Pass (Fig. 12). Below 4 km MSL, median Z

remained above 10 dBZ for all upwind profiles and

FIG. 11. (a) Doppler radial velocity and (b) Z observed by the DOW radar RHI scans at 2055 UTC 16 Jan 2012.

Tick marks (plus signs) in (a) and (b) denote Cartesian heights and distances from the DOW radar, which are

spaced every 1 km in height (Dz) and every 2 km in horizontal distance (Dx). The 68-km horizontal distance tick

marks are labeled in (b). The center of the cross-barrier jet is denoted with a white arrow in (a) and (b). Doppler

dealiasing was performed on the Doppler velocity field using the Soloii radar software.
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then decreased below 10 dBZ for all downwind pro-

files. A slight increase in median Z occurred at all

levels between the 10–20- and 20–30-km downwind

profiles (Fig. 12). This downwind increase in reflectivity

can also be seen in the Hovmöller diagram (Hovmöller
1949) beyond 20 km downwind after 2030 UTC (Fig. 2)

and indicates a return to orographic ascent and particle

growth over the downwind Medicine Bow Range

(Figs. 1 and 2).

6. Turbulent motion and implications for
microphysical processes

An increase in spectrum width was observed by the

MRR between 3.6 and 4.6km MSL during the strongest

plunging flow from 2010 to 2120 UTC (Fig. 10c). In-

creased spectrum width can be an indication of increased

turbulence or fall speed diversity of falling precipitation

particles. Because fall speeds of pristine ice crystals vary

little with size (Locatelli and Hobbs 1974), turbulence

dominated the spectrum width signal during this time

period. The sharp decrease in cross-barrier wind

speed below the jet maximum indicated by the 2015UTC

sounding within 3.25–4.6km MSL (15–30ms21 km21;

Fig. 3), which is well above the 10ms21 km21 threshold

identified by HM05, and the Doppler radial velocity

field in the DOW RHI scans at 2055 UTC (Fig. 11a)

indicate that this turbulence was likely generated

by shear. Backing of winds in this shear layer, from

northwesterly within the decoupled boundary layer to

southwesterly above the inversion at 3.5 km MSL, par-

tially contributed to this cross-barrier wind shear, but

wind speeds also increased from 10 to 30ms21 between

3.25 and 4.5 km MSL (Fig. 3). Because the MRR is

pointing vertically, this turbulent motion indicates rap-

idly fluctuating air motion, or updrafts and downdrafts.

The MRR-observed Doppler velocity CFAD (Fig. 9b)

and 1-min profiles (Fig. 10b) show mean downward

motion in this turbulent shear layer (from22 to23ms21),

associated with the plunging flow above Battle Pass, but

small-scale alternating fluctuations between 20.8 and

24.4ms21 were present. These fluctuations can be related

to pockets of overturning cells with 1–2m s21 updrafts

and downdrafts.

Along-barrier UWKA flight legs flown between 1925

and 1951 UTC indicate turbulence with updrafts up to

2ms21 within the shear layer between 3.6 and 4.7 km

MSL that appears separate from a turbulent terrain-

following boundary layer below 3.6 km MSL (Fig. 13).

Note that the time of the UWKA along-barrier flights

lies outside the time when the strongest plunging flow

and shear-layer turbulence was identified over Battle

Pass (2010–2120 UTC). However, because the synoptic

system is progressing to the southeast during this time

and the cross-barrier jet was identified as entering the

target region with the advected upper-level reflectivity

enhancement by 1920 UTC, the turbulent shear layer

should appear to the northwest in the flight legs. This

seems to be the case as turbulence within the shear layer

is best observed by the WCR to the northwest in flight

legs 3 and 4 (pink boxes in Figs. 13b,c). In situ vertical

wind measurements from the UWKA also observed

turbulent vertical air motions within 62ms21 at flight

level (4 kmMSL) throughout each flight leg (Fig. 13). To

further quantify the turbulence observed by theUWKA,

Fig. 14 plots the in situ eddy dissipation rate, the cube

root of the rate of dissipation of the turbulent kinetic

energy, measured by the MacCready turbulence meter

(MacCready 1964) for the same flight legs shown in

Fig. 13. Based on previous classifications (Strauss et al.

2015), EDR thresholds of 0.014, 0.050, 0.125, 0.220,

0.350, and 0.500m2/3 s21 designate smooth-to-light, light,

light-to-moderate, moderate, moderate-to-severe, and

severe turbulence categories, respectively. It can be seen

that the UWKA generally experienced greater-than-

light turbulence for the majority of the along-barrier

flight legs, with the strongest turbulence (moderate to

severe) being observed within the turbulent shear layer

identified by the pink box in leg 4 (Fig. 14). However, the

turbulence observed within the shear layer by the WCR

and UWKA in situ sensors seems to be subkilometer

scale. Additionally, MRR-observed spectrum width

within the shear layer during the UWKA flight times

FIG. 12. Median profiles of Z are shown for cross-barrier

transects from upwind-facing (2458–2658) and downwind-facing

(708–858) DOW RHI scans during 1910–2130 UTC 16 Jan 2012.

These transects are broken into six 10-km horizontal distances:

from230 to 220 km (upwind),120 to130 km (downwind),220

to 210 km (upwind), 110 to 120 km (downwind), 210 to 0 km

(upwind), and 0 to 110 km (downwind) from the DOW radar

location at Battle Pass.
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indicates that little-to-weak turbulence was present, at

least over Battle Pass (Fig. 10c).

UWKA flight legs 3 and 4 (1932–1944 UTC) also ob-

served an elevated turbulent layer (red boundaries in

Figs. 13b,c), which was also observed by the Battle Pass

MRR as an increase in spectrum width near echo top

(labeled in Fig. 10c). This elevated turbulence mainly

contains subkilometer updrafts and downdrafts, but

two larger (;1 km wide) coherent overturning cells are

observed in flight leg 4 between 5 and 6.5 kmMSL with

updrafts/downdrafts reaching 63m s21 (see black ar-

rows in Fig. 13b). It is unclear what induced these

overturning cells, but the arrival of the cross-barrier jet

during this time likely played a role, either through

releasing moist instability or creating shear instability

above the jet.

The question is whether these turbulent layers affect

the microphysical growth of snow particles. HM05 and

MH15 suggest that localized enhancements of LWC are

generated within the updrafts of observed turbulent

overturning cells, which allow more rapid particle

growth and fallout through aggregation and subsequent

riming. During all flight legs shown in Fig. 13 (legs 2–5),

in situ instruments aboard the UWKA observed no

liquid water (not shown). Similarly, the microwave ra-

diometer at Battle Pass observed ILW values,0.05mm

(Fig. 4e) with LWC values ,0.01 gm23 above 3.5 km

MSL (Figs. 10b,c). However, during flight leg 1 between

FIG. 13. Doppler vertical velocitymeasured by theWCRare plotted forUWKAresearch flight

4 (RF04) (a) leg 5, (b) leg 4, (c) leg 3, and (d) leg 2 of ladder 4 flown during 1925–1951UTC16 Jan

2012 (IOP2). The UWKA flight track is located within the radar blind zone (black) near 4 km

MSL, and the underlying terrain is visible as the white line below the flight track. The 25-Hz

vertical velocity measurements from in situ instruments aboard the UWKA are plotted within

theWCRblind zone (near 4 kmMSL). The flight tracks are all oriented northwest (NW) on the

left and southeast (SE) on the right. The direction that the UWKA traveled across each leg is

indicated by the white arrows. Note that track distances are slightly different for each flight leg.

See Fig. 1a for flight leg locations. Notice that the Doppler vertical velocity color scale is

centered at21m s21, which better depicts air motion as snow generally falls at;1m s21. In situ

vertical velocity (25-Hz data) plottedwithin the radar blind zone uses the same color scale but is

centered at 0m s21. The regions of shear turbulence (pink boxes) and elevated turbulence (red

boundaries) are identified and discussed in the text. See text for further details.
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1916 and 1921 UTC (Fig. 15), the CDP aboard the

UWKA observed peaks in LWC up to 0.25 gm23 at

4-, 7-, and 8.6-km flight distances (Fig. 15e). These

LWC spikes are collocated with increased turbulence

(EDR . 0.15m2/3 s21; Fig. 15c), increased water vapor

mixing ratios (maximum is ;1.57 g kg21; Fig. 15c),

strong updrafts (0.8–2.7m s21; Figs. 15b,d), regions of

lower reflectivity (Z, 10 dBZ; Fig. 15a), and lower ice

concentrations (;10L21; Fig. 15e). These strong up-

drafts create increased cooling and condensation, thus

FIG. 14. EDR measured by the MacCready turbulence meter (MacCready 1964) aboard the

UWKA is plotted for RF04 (a) leg 5, (b) leg 4, (c) leg 3, and (d) leg 2 of ladder 4 flown during

1925–1951 UTC 16 Jan 2012 (IOP2). Based on previous classifications (Strauss et al. 2015),

EDR thresholds of 0.014, 0.050, 0.125, 0.220, 0.350, and 0.500m2/3 s21 designate smooth-to-

light, light, light-to-moderate, moderate, moderate-to-severe, and severe turbulence cate-

gories, respectively. Regions where the UWKA flew through the layer of shear turbulence,

indicated by the WCR Doppler velocity observations (Fig. 13), are outlined with a pink box,

similar to Figs. 13 and 16. See text for more details.
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favoring the generation of supercooled liquid water.

However, notice that no LWC was observed in an area

of higher reflectivity (Z . 10 dBZ) and ice concen-

tration (40–50L21) where a similar strong updraft

(1.6m s21), increased turbulence (maximum EDR 5
;0.17m2/3 s21), and increased mixing ratio (1.5 g kg21)

were observed near a 23.5-km flight distance (red box;

Fig. 15). One possible mechanism to explain this could

be that larger and more numerous snow particles,

generated at higher levels in the deep cloud and in-

dicated by the higher Z and in situ ice concentration,

fall through this layer of turbulent updrafts and grow

through deposition. The cumulative consumption of

water vapor from these larger and more numerous ice

particles seems to prevent supercooled liquid water

generation. The dominance of depositional growth

agrees with the snow particles observed at the surface

and the reflectivity profiles analyzed in section 4.

Figure 16 reveals that reflectivity was high (Z .
10 dBZ) near the UWKA flight path during all flight

legs shown in Fig. 13, especially within the turbulent

shear layer between 3.6 and 4.7 km MSL (pink boxes

in Figs. 13b,c and 16b,c), which explains why no in situ

LWC was observed.

Although no in situ LWC observations are available

within the elevated turbulence region, the elevated

turbulence seems to occur in lower reflectivity regions

(Z , 10dBZ) with rapid reflectivity increases (fall

streaks) extending below (Figs. 10a and 16b,c). In-

creased reflectivities were also observed by the WCR

to extend from the center of the two overturning cells

(Fig. 16b), indicating a net particle growth rather than

offsetting growth and sublimation within the updraft

and downdraft, respectively. These observations in-

dicate that the elevated turbulence drove themajority of

snow growth within this deep cloud system at the time of

the UWKA flights. However, the observed large den-

dritic aggregates at Battle Pass during this time (section

4) indicate that the turbulent shear layer between 3.6

and 4.7 kmMSLmay have enhanced the aggregation of

the snow particles falling from the elevated turbulence

region. This agrees with the nearly uniform region of

high reflectivity (Z . 10 dBZ) observed within the

shear turbulence region (Figs. 16b,c) as aggregation

would increase particle sizes and thus backscattered

power.

Consistent increases in Z were observed by the MRR

within and below the jet-induced turbulent shear layer

during its peak strength between 2010 and 2120 UTC

(Fig. 10). Vertical turrets of increased reflectivity

above the main turbulent shear layer (3.6–4.5 km

MSL) observed by the MRR at 2033, 2040, 2050, and

2056 UTC also seem to be collocated with weaker yet

enhanced turbulence up to 6 km MSL (Figs. 10a,c).

Also note the decrease in Z observed by the MRR

between 2040 and 2050 UTC (Fig. 10a). This tempo-

rary feature is collocated with a weakening of the

plunging flow (Fig. 10b) and reduced shear turbulence

(Fig. 10c), indicative of a weaker cross-barrier jet.

Increased turbulence was also observed by the MRR

below 4 km MSL, near the 2158C dendritic growth

zone, before 1930 UTC and after 2125 UTC (Fig. 10c).

This coincides with rapid reflectivity increases ob-

served by theMRR (Fig. 10a) and DOW radar (Fig. 7a)

below 4 km MSL and the presence of aggregates at the

Battle Pass surface (Fig. 8).

Collectively, these observations suggest that the

midlevel cross-barrier jet and its respective turbulent

shear zone below the jet maximum are closely tied to

turbulent overturning motion and rapid snow growth.

These rapid snow growth regions frequently occur in

pockets with distinct fall streaks extending below re-

gions of increased turbulence. Snow growth due to the

shear-induced turbulence occurred through deposition

and aggregation due to the abundance of ice crystals

from the deep, cold cloud system.

7. Discussion

The orographic precipitation system analyzed in this

paper is similar to previously studied systems over the

Park Range of Colorado. The postfrontal period ana-

lyzed in this analysis resembles the deep stratiform

precipitation system depicted by the conceptual model

shown in Fig. 13b ofRauber andGrant (1986). Similar to

Rauber and Grant (1986), the deep clouds observed in

this analysis contained very little liquid water. They

suggest the reduction in liquid water is due to the in-

creased ice crystal flux (concentration) from deeper

and colder cloud tops, which increases the bulk diffu-

sional growth rate and limits supercooled liquid water

production. Observations from our analysis agree with

this theory. Surface snow particles observed at Battle

Pass are similar to snowfall observed by Rauber (1987),

which mainly consisted of irregular and platelike crys-

tals, dendrites, and aggregates, thus emphasizing the

dominance of deposition and aggregation within these

cold continental environments.

Previous observations have also indicated the im-

portance of decoupled flow, namely low-level barrier

jets and midlevel cross-barrier jets, for precipitation

enhancement (e.g., Marwitz 1983; Overland and Bond

1995; Yu and Smull 2000; Yu and Bond 2002; Neiman

et al. 2002, 2004; Loescher et al. 2006; Olson et al. 2007;

Olson and Colle 2009). In the case analyzed here, the

flow was decoupled but the northwesterly surface flow
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in this case was part of the postfrontal air mass and

not a result of deflected airflow. Medina and Houze

(2003), HM05, and Rotunno and Houze (2007) dis-

covered small-scale precipitation enhancements in

overturning cells as a result of shear dynamic insta-

bility. Our observations agree with HM05 and MH15

in that increased turbulence favors increased snow

growth, and that the presence of a cross-barrier jet

favors increased turbulence through vertical wind shear.

However, in the colder continental environment of

Wyoming, enhanced depositional growth rather than

riming was found to result from this shear-induced tur-

bulence. Aggregation was observed at the surface when

1) enhanced growth aloft allowed larger snow particles

to fall through the turbulent shear layer and 2) turbu-

lence was located near the 2158C dendritic growth

zone. The location of the midlevel cross-barrier jet and

turbulent shear layer are similar to HM05 in that they

formed at the top of a cold, decoupled surface layer.

However, the decoupled surface layer in this analysis

was associated with an Arctic air mass that extended

above mountaintop rather than the blocked flows

observed below mountaintop by HM05. In fact, the

2015UTC sounding indicates somemoist instability within

the upwind decoupled surface layer (Fig. 3) and WCR

along-barrier transects (Figs. 13, 15b) show air flowing

FIG. 15. WCR-observed (a) Z and (b) Doppler vertical velocity during 1916–1921 UTC 16

Jan 2012 for flight leg 1 of UWKA research flight 4, ladder 3. In situ measurements of (c) water

vapor mixing ratio (g kg21) and EDR, (d) potential temperature (K) and vertical wind velocity

(m s21), and (e) LWC (gm23) and ice concentration per liter (particle diameters from 62.5mm

to 2.5mm) are also shown. See Fig. 1a for ladder leg location. A blue dashed line in (d) marks

the 0m s21 vertical wind velocity. Regions where vertical wind velocity is above this line

identify updrafts, whereas downdrafts are located where vertical wind velocity lies below this

line. See text for details.
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up and over individual peaks within this decoupled

surface layer (updrafts on northwest-facing slopes,

downdrafts on southeast-facing slopes). HM05 also

suggest that turbulent motions within the shear layer

may cause small localized pockets of supercooled liquid

water. Small pockets of supercooled liquid water were

observed by the WCR in our case, but they were only

observed outside regions of increased reflectivity and ice

crystal concentration.

8. Conclusions

The role of turbulent shear instability associated

with a postfrontal cross-barrier jet with regard to pre-

cipitation formation and fallout has been investigated

using a suite of high-resolution ground-based and air-

borne radars and in situ instruments. Observations were

taken during IOP2 (16 January 2012) of the 2012 ASCII

field project in a deep, postfrontal winter orographic

precipitation system over the Sierra Madre Range

of Wyoming. Surface snow gauge observations at

mountaintop (Battle Pass) indicated that 4mmof liquid-

equivalent precipitation fell during this postfrontal period

between 1910 and 2130 UTC with decreasing intensity

(1.3–2.9mmh21).

Dual-polarization radar-based analysis indicated that

snow crystals primarily grew through water vapor de-

position near cloud top and grew in size as particles fell

to the ground, a primarily stratiform precipitation sig-

nal. Microwave radiometer and airborne in situ cloud

physics probes measured little to no supercooled liquid

water within the deep precipitating clouds. Enhanced

reflectivity (Z . 20dBZ) was advected from upwind of

the target area between 1910 and 2015 UTC, which was

associated with the arrival of a midlevel cross-barrier jet

(;30ms21). Low-level (,4 km MSL) reflectivity en-

hancements were observed within 15 km of the upwind

side of themountain between 2015 and 2130UTC, likely

due to rapid dendritic growth and aggregation. A post-

frontal airmass inversion at 3.5 km MSL separated

postfrontal northwesterly, along-barrier, slightly moist

unstable flow from a southwesterly cross-barrier jet in

stable air above. While wind shear characteristics were

similar to previously observed blocked low-level flow,

the northwesterly flow observed in the boundary layer in

our analyzed case is part of the low-level postfrontal

FIG. 16. As in Fig. 13, but for Z observed by the WCR. The UWKA flight track is plotted as

a dotted white line within the radar blind zone. See Fig. 13 and text for further details.
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Arctic air mass and not a result of deflected airflow. In

fact, the Arctic air mass extended above mountaintop,

yet orographic ascent upwind and plunging flow down-

wind was observed in the cross-barrier flow above.

Shear-induced turbulence and overturning cells

were observed between the top of this Arctic air mass

and the cross-barrier jet maximum wind speed

(;30m s21). An elevated layer of turbulent over-

turning cells was also observed by the WCR earlier in

the analysis period and collocated with the arrival of the

midlevel cross-barrier jet. These turbulent regions cre-

ated pockets of rapid snow growth through enhanced

depositional and aggregational processes. No liquid

water was observed in the vicinity of the overturning

cells, as suggested by HM05 and MH15. The lack of

liquid water is likely due to the increased concentration

of ice particles falling from the deeper cloud above,

which consumes water vapor too fast to allow liquid

drops to grow. This hypothesis is supported by previous

research (Rauber and Grant 1986) andWCR and in situ

UWKA data, which show that turbulent updrafts favor

cooling and liquid water generation, but only outside

regions of increased reflectivity and ice crystal

concentration.

Previous studies investigating the role of shear dy-

namic instability on precipitation formation have fo-

cused on events with large moisture fluxes and the

presence of supercooled liquid water along more coastal

mountain ranges (HM05;MH15). This study highlighted

the effects of shear dynamic instability on snow growth

for an inner-mountain range with lower moisture flux

and the absence of supercooled liquid water. The

analysis presented in this paper also focuses on a smaller

mountain range, whereas previous research has focused

on larger mountain barriers.

The results of this paper suggest that 1) shear-induced

turbulent overturning cells do exist over cold continen-

tal mountain ranges such as the Sierra Madre Range,

2) the presence of cross-barrier jets favor these turbulent

shear zones, 3) this turbulence is a key mechanism in

enhancing snow growth, and 4) snow growth enhanced

by turbulence primarily occurs through deposition and

aggregation in these cold (,2158C) postfrontal conti-

nental environments.
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