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ABSTRACT 11 

Orography has a dramatic influence on cool-season precipitation, building an upper-12 

elevation snowpack for regional water resources and winter tourism and modulating winter 13 

storms that impact transportation and public safety. Using K-band profiling Micro Rain 14 

Radar (MRR) observations from the Wasatch Mountains (2682 m MSL) and the adjoining 15 

Salt Lake Valley (1372 m MSL), this paper investigates the characteristics of cool-season 16 

storms in a continental mountain environment of the eastern Great Basin of North America. 17 

Compared to the valley site, the mountain site observed a higher frequency of low-level 18 

reflectivity ≥ 5 dBZe, consistent with greater precipitation frequency due to orographic 19 

enhancement. Echoes were deepest during southerly or southwesterly flow with high 20 

integrated vapor transport and the passage of cold fronts or baroclinic troughs and shallowest 21 

during northwesterly flow post-cold-frontal periods when median -10 dBZe echo tops were 22 

only 1260 m AGL. During post-cold-frontal periods, reflectivities most often increased with 23 

decreasing height near the ground at the mountain site, whereas other storm types featured 24 

nearly equal frequencies of increasing and decreasing reflectivity with decreasing height. Due 25 

to presumed sub-cloud sublimation and evaporation, post-cold-frontal periods at the valley 26 

site featured decreasing modal reflectivity with decreasing height near the ground. These 27 

results illustrate important contrasts in precipitation growth and loss processes between 28 

mountain and lowland sites, where sub-cloud sublimation and evaporation represent 29 

underappreciated mechanisms for reducing lowland precipitation and enhancing the 30 

orographic precipitation gradient. Operational and spaceborne precipitation radars likely 31 

inadequately sample these near-surface processes in continental mountain environments.  32 

SIGNIFICANCE STATEMENT 33 

Mountains strongly affect winter storms, complicating forecasting and enabling the 34 

development of an upper-elevation snowpack that is vital for water resources and winter 35 

tourism. This research shows that contrasts in valley and mountain precipitation in drier, 36 

continental mountain environments are strongly influenced by shallow processes near the 37 

ground, which are poorly sampled by conventional weather radars and satellites. In the 38 

mountains, precipitation growth can occur near the ground, especially in post-cold-frontal 39 

environments, whereas valley precipitation can decrease as it falls through a dry layer. The 40 

latter is an underappreciated contributor to the mean increase of precipitation with elevation 41 

found in continental mountain environments. 42 
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1. Introduction 43 

Orographic precipitation contributes to some of the world’s prominent climatological and 44 

ecological gradients and causes geophysical hazards such as avalanches, floods, and 45 

landslides (Roe 2005; Houze 2012; Meyers and Steenburgh 2013). A disproportionate 46 

fraction of the world’s runoff and freshwater resources originate from mountainous regions 47 

(Meybeck et al. 2001; Viviroli and Weingartner 2004; Viviroli et al. 2007) and, in the 48 

western United States, snowmelt contributes to between 50% and 70% of the total runoff (Li 49 

et al. 2017). Synoptic-scale storms and orographic enhancement processes during the cool 50 

season generate much of this snow (Houze 2012; Koszuta et al. 2024). 51 

In the Great Basin of North America, Salt Lake City, Utah exemplifies the importance of 52 

freshwater resources derived from orographic precipitation and snowmelt for an urban 53 

mountain community. Salt Lake City is part of the rapidly growing Salt Lake Valley, with 54 

more than 1 million residents at the western base of the Wasatch Mountains (hereafter 55 

Wasatch; Fig. 1; Utah Department of Transportation 2022a). Roughly 50–60% of the city’s 56 

water comes from four creeks that issue from the central Wasatch (Bardsley et al. 2013). The 57 

region features dramatic climatological gradients of precipitation with elevation, and much of 58 

the runoff in these creeks originates as snowmelt at upper elevations. Mean cool-season 59 

(Nov–Apr) liquid precipitation equivalent (LPE) increases from 238 mm at Salt Lake City 60 

International Airport (KSLC; 1288 m MSL) in the Salt Lake Valley to 813 mm at Alta (2655 61 

m MSL) in the central Wasatch, where most of the cool-season precipitation falls as snow 62 

(Fig. 1b; NCEI 2021). Heavy snowfall and avalanches are common in the Wasatch, 63 

particularly in Little Cottonwood Canyon, a popular destination for outdoor recreation. 64 

During the record-setting 2022/23 cool season, which produced 2294 cm of snow in upper 65 

Little Cottonwood Canyon, 98 avalanches hit SR-210, the road that winds up Little 66 

Cottonwood Canyon, resulting in 10 full-day road closures and food shortages (Utah 67 

Department of Transportation 2022b; Jag 2023; Alta Ski Area 2023; Wasserstein and 68 

Steenburgh 2024, hereafter WS24). Compounding the natural geophysical hazards present in 69 

the Wasatch, beam blockage limits the ability of the local mountaintop NEXRAD WSR-88D 70 

radar to detect precipitation, posing challenges to forecasting and roadway management in 71 

Little Cottonwood Canyon (Wood et al. 2003). 72 
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 73 

Winter storms can also have substantial impacts at lower elevations, such as along the 74 

densely populated Wasatch Front. Orographic precipitation research has often concentrated 75 

primarily on processes that enhance precipitation at upper elevations (e.g., Houze 2012) or 76 

the upstream lowlands where topographic blocking can lead to ascent and precipitation 77 

upstream of the mountain slope (Neiman et al. 2002; Medina and Houze 2003; Abel et al. 78 

2009; Ackermann et al. 2021). Although this effect has been documented upstream of the 79 

northern Wasatch (Cox et al. 2005), the presence of upstream mountain barriers disrupts the 80 

potential for blocking front formation in the Salt Lake Valley.  81 

Less commonly investigated are mechanisms that may lead to precipitation losses over 82 

lowland areas, namely sublimation and evaporation within dry airmasses often resident in 83 

valleys in continental mountain environments (Stoelinga et al. 2013). Such sublimation or 84 

evaporation leads to a decrease in precipitation with distance below cloud base, enhancing the 85 

orographic precipitation gradient (Steenburgh 2003; Schultz and Trapp 2003). Spatial 86 

variations in the depth and saturation deficit of dry airmasses in lowland areas exacerbate the 87 

 

Fig. 1. Topography of (a) the Great Basin (m; scale at top) and (b) the study region in northern Utah 

[identified by the white box in (a)] with key geographic features annotated. The black box in (b) outlines 

the central Wasatch. 
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challenges of precipitation and snowfall forecasting. Such effects are underappreciated and 88 

rarely investigated, raising questions concerning their significance for the cool-season 89 

hydroclimate of mountainous regions and their influence on lowland precipitation.  90 

This research uses two cool seasons of vertically pointing radar observations from a 91 

mountain site in upper Little Cottonwood Canyon and a site in the adjoining valley to 92 

examine the characteristics of winter storms at varying elevations. Vertically pointing radars 93 

have proven valuable to study orographic and winter storms in the European Alps (Kneifel et 94 

al. 2011,2022; Hagen et al. 2022), Tibetan Plateau (Xu et al. 2023), Great Lakes of North 95 

America (Pettersen et al. 2020), and Pacific Northwest (Cunningham and Yuter 2014). The 96 

use of mountain and valley radars enables insight into the processes affecting orographic 97 

precipitation gradients in this continental mountain environment. Such an approach has been 98 

used to examine orographic influences on storms in other regions. For example, Hardin et al. 99 

(2011) used mountain–valley vertically pointing radars to illustrate an increase in echo top 100 

heights from the valley to mountain crest in Colorado’s Park Range, and Ackermann et al. 101 

(2021) used three vertically pointing radars to examine the evolution of storms in Australia’s 102 

Snowy Range during blocked and unblocked periods. Minder et al. (2015) used four radars to 103 

describe the convective-to-stratiform transition and increase in echo persistence over the Tug 104 

Hill Plateau during lake-effect storms.  105 

In the next section we describe the data and methods used, including site characteristics 106 

and diagrams used to examine the data. In section 3 we present a summary of the data 107 

characteristics during the two cool seasons and examine how valley and mountain radar 108 

profiles vary with synoptic storm type, including differences between deep storms associated 109 

with elevated integrated vapor transport (IVT) from the south or southwest, frontal passages, 110 

and shallow post-cold-frontal periods. We conclude with a summary of results and their 111 

implications for understanding and measurement of precipitation in continental mountain 112 

environments.  113 

2. Data and methods 114 

a. Research sites 115 

We operated two Metek vertically pointing K-band Micro Rain Radar 2s (hereafter MRR) 116 

and first-generation OTT PARSIVEL disdrometers (hereafter PARSIVEL) during the 117 

2022/23 and 2023/24 cool seasons at the Alta and Highland observing sites (Fig. 1b; Veals et 118 
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al. 2025; Steenburgh et al. 2025a,b,c). The Alta site was in upper Little Cottonwood Canyon 119 

in the central Wasatch (2682 m MSL), on a platform approximately 5.5 m AGL, as 120 

necessitated by the deep seasonal snowpack (Fig. 2a). We installed the MRR and PARSIVEL 121 

on the roof of Highland in the Salt Lake Valley (1372 m MSL), 23 km northwest of Alta 122 

(Figs. 1b;2a). We chose Highland because it is located directly upstream of Alta during 123 

northwest flow, a favored flow direction for heavy snowfall at Alta (WS24). 124 

 125 

b. MRR 126 

The MRR is a vertically profiling continuous-wave Doppler radar that measures spectral 127 

power backscatter intensity and creates vertical profiles from hydrometeor diameter and 128 

assumed drop-size distributions (Maahn and Kollias 2012; hereafter MK12). The MRRs 129 

operate at a 24-GHz frequency with a 1.24-cm wavelength (K–band) and a two-degree beam 130 

width (Minder et al. 2015; Pettersen et al. 2020). To increase the MRR sensitivity and allow 131 

for better snowfall measurements, we used a postprocessing algorithm designed by MK12 to 132 

improve snowfall retrievals by refining sensitivity, noise removal, and velocity dealiasing. 133 

This algorithm, which has been used for other snow studies ( Minder et al. 2015; Pettersen et 134 

al. 2020), enables the retrieval of equivalent radar reflectivity factor, Ze, Doppler radial 135 

velocity, Vr, and spectral width, SW. The enhanced retrieval of reflectivity extends the range 136 

of detectable precipitation to as low as -14 dBZe (MK12; Minder et al. 2015). 137 

 

Fig. 2. Images of (a) the Alta site with the MRR and PARSIVEL mounted on the left and right sides of the platform, 

respectively and (b) the Highland site on the roof of Highland High School with PARSIVEL at center and MRR at 

right. 
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We equipped the MRRs with factory heaters to prevent snow and ice accumulation on the 138 

dish. At Alta, we also placed heat tape along the edges of the dish and mounting post to 139 

minimize icicle formation. Over the 2022/23 season, some snow accumulation occurred on 140 

the dish during cold, heavy snowfall periods. For the 2023/24 season, we replaced the dish, as 141 

we found the heating coils had separated from the dish surface. This helped, but during 142 

events with snowfall rates exceeding 5–7.5 cm h-1, the heater was often unable to prevent 143 

snow accumulation on the dish. Using webcam images of the MRRs saved every 5 minutes, 144 

we determined that during 1.4% of all periods the MRR dish was covered by snow or ice. We 145 

recalculated all statistics after eliminating periods with dish coverage and the results were not 146 

qualitatively different. Therefore, for completeness, we display results from all periods with 147 

available data. 148 

We collected data at each site using 32 range gates, alternating temporally between 30 149 

and 180-m vertical resolutions. The MRR outputs data every minute, with each minute 150 

alternating between 30 and 180-m data. The 180-m range-gate configuration provided lower 151 

resolution profiles to 5580 m AGL, and the 30-m configuration provided higher resolution to 152 

930 m AGL. We eliminated the lowest three range gates due to near field effects, and we 153 

omitted the highest gate, which often exhibits noise, leaving 27 usable gates (MK12; Minder 154 

et al. 2015; Pettersen et al. 2020). 155 

We deployed the MRRs during the fall and removed them during the summer to prevent 156 

wear. We performed a neighborhood comparison study with the MRRs at Alta prior to the 157 

2023/24 deployment to test for biases between instruments. During this period, the two 158 

MRRs were located ~125 m apart and there was a ~20-m elevation difference between them. 159 

This comparison observed three precipitation events and differences between the instruments 160 

were ≲ 2 dBZe for Ze, ≲ 0.3 m s-1 for 𝑉𝑟,  and ≲ 0.15 m s-1 for 𝑆𝑊 (Evans 2025). 161 

Throughout the duration of observations, multiple data outages occurred at Alta, due to 162 

heavy snowfall which resulted in power outages and limited access due to avalanche hazard 163 

and highway closures. Our analysis focuses on periods with data availability from both 164 

MRRs (Table 1). We examine distinct 12-h periods over the two-cool-season study period 165 

because we use 12-h manual observations of new snow and LPE taken at 0400 and 1600 LST 166 

(1000 or 1100 UTC and 2200 or 2300 UTC, depending on daylight savings) to determine 167 

periods during which snow fell (see section 2g for further discussion of these observations). 168 
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We require a minimum of 355 observations (of 360 possible observations) during a 12-h 169 

period to define a full coverage period which we focus analysis on. 170 

Start Time End Time (UTC) 

1100 UTC 23 Nov 2022 1100 UTC 24 Nov 2022 

1100 UTC 25 Nov 2022 1100 UTC 6 Dec 2022 

1100 UTC 11 Dec 2022 1000 UTC 29 Mar 2023 

1000 UTC 14 Apr 2023 1000 UTC 15 Apr 2023 

1000 UTC 16 Apr 2023 1000 UTC 18 Apr 2023 

1000 UTC 24 Apr 2023 2200 UTC 24 Apr 2023 

1100 UTC 23 Nov 2023 2200 UTC 21 Mar 2024 

1000 UTC 23 Mar 2024 1000 UTC 1 May 2024 

Table 1. Periods during the two cool seasons with sufficient data available at both observing sites. 171 

c. PARSIVEL 172 

The PARSIVEL uses an optical sensor to measure precipitation fall velocities and 173 

diameter (Löffler-Mang and Joss 2000; Löffler-Mang and Blahak 2001). The optical sensor 174 

produces a sheet of light through which precipitation particles fall, temporarily reducing the 175 

voltage of the signal produced by a photodiode receiver. The magnitude of this voltage 176 

reduction is directly related to the along sheet laser cross section of a particle, and the 177 

duration of the voltage reduction enables a fall velocity estimate (Löffler-Mang and Joss 178 

2000). The PARSIVEL bins precipitation particles into one of 32 unique velocity bins and 179 

size bins, yielding a 32x32 matrix with 1024 possible velocity-size bins.  180 

We produced accumulated matrices of fall velocity and size during the 2022/23 and 181 

2023/24 cool seasons. Following Yuter et al. (2006), we only analyze particles in the size 182 

bins >1 mm in diameter, which prevents misclassification of precipitation as small ice 183 

particles in mixed precipitation and eliminates the first eight size bins. We use empirically 184 

derived size-velocity relationships (Berry and Pranger 1974; Locatelli and Hobbs 1974) and a 185 

fall speed density correction (Foote and Toit 1969) to produce lines on the matrices for rain, 186 

graupel, and dendrites. The PARSIVEL produces raw data files for each hour it records 187 

precipitation with ten-second temporal resolution within each file. Thus, during a period 188 

where precipitation was observed for the entire hour, there would be one matrix of data for 189 
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each 10-second period or 360 total matrices in a 1-h data file. We require a minimum of 150 190 

matrices of data for each raw data file, meaning that 150 of 360 possible 10-second periods 191 

featured precipitation. For consistency in our analysis, we only use PARSIVEL data during 192 

periods where MRR data was available at both sites (Table 2).  193 

Despite the success of some studies for snow, the PARSIVEL is made for warm 194 

precipitation and has been shown to underestimate fall speed and overestimate the number of 195 

small snowflakes and large particles (Battaglia et al. 2010). As snow aggregates fall, they can 196 

follow complex trajectories including spinning, spiraling, and shaking (Lew et al. 1986), 197 

which could influence fall velocities in the PARSIVEL. Graupel can occasionally hit the 198 

PARSIVEL sensor head and bounce into the beam, not giving a true representation of the 199 

graupel terminal velocity. If only part of a precipitation particle intersects the PARSIVEL 200 

beam, the sensor can record a particle falling too fast or underestimate the particle size (Yuter 201 

et al. 2006). After careful analysis of the PARSIVEL data, we found considerable wind-202 

related artifacts in the Alta data that made it difficult to unambiguously distinguish real data 203 

from artifacts, so we elected to only present data from Highland in this paper. 204 

d. CFADs  205 

We analyzed the distributions of the MRR data using contoured frequency by altitude 206 

diagrams (hereafter CFADS; Yuter and Houze 1995), where we show height on the ordinate 207 

and Ze, Vr, or SW on the abscissa. The bin heights correspond to the range-gate interval, with 208 

30-m range-gate data used up to 810 m AGL (i.e., the highest 30-m range gate is centered at 209 

810 m AGL and extends from 795 to 825 m AGL) and 180-m data used from 900 m AGL 210 

and above. We combined the 30 and 180-m CFADs to limit figures and ease the analysis of 211 

storm characteristics aloft and near the surface. This results in an overlap of 15 m in the top 212 

half of the last 30-m range gate and the bottom of the first 180-m gate, which extends from 213 

810 to 990 m AGL, leaving the latter slightly smaller (165 m) than the other 180-m bins for 214 

presentation purposes. In our analyses, a small discontinuity in statistics occasionally appears 215 

near the transition from the 30- to 180-m range gates, and we provide an explanation for the 216 

discontinuity in appendix A; this small discontinuity does not qualitatively impact our results. 217 

We normalized the CFADs by dividing the number of observations in each height bin by the 218 

total number of observations at the corresponding height and converting to a percentage, so 219 

that the sum of all frequencies at each height is 100%. For all CFADs, we only display data 220 

for height bins that have ≥20% of the observations of the height bin with the maximum 221 
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number of observations, which eliminates high frequency values which would otherwise 222 

occur due to a lack of observations. Overlaid on these plots are the 25th, 50th, and 75th 223 

percentiles at each range gate. We note that data from the 30- and 180-m range-gate intervals 224 

are not collected simultaneously as each radar alternates between the two range-gate 225 

resolutions every minute.  226 

e. Reflectivity Profiles 227 

We further analyzed the MRR data by producing time-normalized vertical profiles of the 228 

frequency of Ze  ≥5 dBZe. We normalized these profiles by dividing the frequency of Ze  ≥5 229 

dBZe at each height by the total number of times contained in the dataset, regardless of if the 230 

MRR recorded reflectivity values or not. Thus, the normalization used here contains profiles 231 

where no Ze  values were recorded, whereas the normalization used for CFADs only 232 

normalizes by the number of instances where Ze was recorded in each height bin. Using time 233 

normalization allows us to directly compare how often reflectivity was observed during 234 

storms at Alta and Highland, providing different information compared to statistics in the 235 

CFADs. We chose 5 dBZe because it represents a water equivalent snowfall rate of ~.2 mm h-236 

1, just below the standard for measurable precipitation in the US [.25 mm h-1 (.01 in h-1)] 237 

based on the Z–S relationship of Matrosov (2007), which has been used in other profiling 238 

radar studies (e.g., Kneifel et al. 2011; MK12; Pettersen et al. 2020). 239 

f. Vertical Reflectivity Gradient 240 

To determine variations in MRR Ze with height we examined the vertical reflectivity 241 

gradient (VRG), which is calculated as 242 

VRG =
∑ (𝑧𝑖 − 𝑧̅)(𝑍𝑒,𝑖 − 𝑍̅𝑒)𝑛

𝑖=1

∑ (𝑧𝑖 − 𝑧̅)2𝑛
𝑖=1

,  (1) 

where 𝑛 represents the total number of range gates in a layer depth and 𝑧 is the range-gate 243 

height. Equation (1) calculates the VRG using linear regression, where negative values 244 

indicate increasing Ze toward ground and positive values indicate decreasing Ze toward 245 

ground. In the results shown in this paper, the layer depth uses data from 30-m range gates 246 

from 120 to 900 m AGL, which represents the low-level change in reflectivity with height. 247 

We display histograms of VRG, and for instances with no recorded reflectivity at the top 248 
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and/or bottom of the layer depth, we include frequencies on a bar chart adjacent to the 249 

histograms. 250 

g. Seasonal statistics and synoptic classification 251 

During the cool season, the Alta Ski Patrol records twice-daily 12-h measurements of 252 

snow and LPE at 0400 LST and 1600 LST at its Alta-Collins observing site (2945 m MSL; 253 

hereafter Collins), approximately 1.7 km south and 271 m higher than the Alta MRR 254 

(Wasserstein and Steenburgh 2023, 2025). To focus on heavy precipitation characteristics, we 255 

identify 75th-percentile 12-h snow (≥15.2 cm) or LPE (≥14.0 mm) periods at Collins, which 256 

we define as an “event” in the rest of this paper. These 75th-percentile thresholds are based on 257 

the long-term climatology of WS24. Table S1 in the supplemental material lists the dates of 258 

each event over the two-cool-season period. In addition to the 75th-percentile events, our 259 

analysis examines combined seasonal data for all periods during which MRR data was 260 

available at both sites (Table 1). Out of the potential 670 12-h periods over the two-cool-261 

season period, our seasonal analysis consists of 564 full-coverage periods with available 262 

MRR data at Alta and Highland. 263 

We classified the 75th-percentile events using the methods outlined in WS24. To 264 

summarize, we used the European Centre for Medium-Range Weather Forecasts Reanalysis 265 

v5 (ERA5; Hersbach et al. 2020) to manually classify the events into eight synoptic 266 

classifications but focus on three: southerly and southwesterly IVT (S/SWIVT), baroclinic 267 

troughs or cold fronts (Frontal), and northwesterly post-frontal events (NW Postfrontal). The 268 

S/SWIVT events featured elevated IVT, typically associated with a landfalling atmospheric 269 

river, extending toward the central Wasatch from the south or southwest with the local 700-270 

hPa flow between 157.5° and 247.5°. Frontal events featured the passage of a cold front or 271 

baroclinic trough and associated precipitation band, the latter identified with operational radar 272 

imagery. The NW Postfrontal events featured northwesterly 700-hPa flow behind a cold front 273 

or trough with the central Wasatch experiencing cold advection. The S/SWIVT, Frontal, and 274 

NW Postfrontal synoptic classifications are the most common climatologically (WS24) and 275 

other classifications occurred infrequently during the study period. These three classifications 276 

represent the progression of an “ideal” frontal system across the region, although real-world 277 

events often do not conform to such a progression. This paper focuses primarily on bulk 278 

statistical analyses of events in these synoptic classifications, which risks concealing the 279 

variability across multiple events. Examination of MRR data from each event (not shown) 280 
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suggests that unique characteristic features of each synoptic classification consistently appear 281 

in each event and the bulk statistics are generally representative of these unique features. 282 

3. Results 283 

a. Seasonal snowfall and synoptic classifications 284 

The 2022/2023 and 2023/24 cool seasons were exceptionally snowy at Alta, with the 285 

former setting the seasonal record for snow and LPE at 2293.6 cm and 1778.8 mm, 286 

respectively, and the latter receiving 1614.2 cm and 1493.5 mm of snow and LPE, compared 287 

to the climatological means of 1340.4 cm and 1116.9 mm (Figs. 3a-d; WS24). Storms during 288 

the 2022/23 season were often colder, yielding a mean snow-to-liquid ratio (SLR) of 15.0, 289 

whereas the 2023/24 season featured warmer storms and a mean SLR of 11.2. During the two 290 

seasons, there were 114 12-h events that met the 75th-percentile thresholds for either snow or 291 

 

Fig. 3. Bar chart and cumulative time series of manually measured 12-h accumulated snow at Collins snow for (a) 

2022/23 and (c) 2023/24. For events during which the MRR recorded data, individual bars are colored based on 

synoptic classification. (b, d) As in (a) and (c) but for LPE. 
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LPE. Of those periods, 105 (92.1%) met the snow threshold, 79 (69.3%) met the LPE 292 

threshold, and 68 (59.7%) met both thresholds. Based on the long-term climatology of WS24, 293 

the mean number of snow and LPE events each cool season is 26 and 23, respectively. 294 

Indicative of the snowy nature of the two seasons used in this study, during the 2022/23 cool 295 

season, there were 60 and 43 snow and LPE events, respectively, and in the 2023/24 cool 296 

season, there were 45 and 36 snow and LPE events, respectively.   297 

We classified 17 (14.9% of all events) events as S/SWIVT, 13 of which had full MRR 298 

data coverage at Alta and Highland; these events typically featured moderate snowfall, high 299 

LPE, and SLRs much lower than the climatological mean of 13.8 (Table 2; WS24). These 300 

events produced 383.5 cm of snow (9.8% of all snow) over the two-cool-season period. 12 of 301 

17 (14.9% of all events) Frontal events were fully sampled by the MRRs, and these had the 302 

highest mean snow and LPE of the three classifications and a relatively low mean SLR of 303 

12.6. The 17 Frontal events resulted in 458.5 cm of snow (11.7% of all snow). There were 38 304 

(33.3% of all events) NW Postfrontal events which totaled 870 cm of snow (22.3% of all 305 

snow), 28 of which were fully sampled by both MRRs. These events had low mean LPE, but 306 

produced notable low-density snow, with mean SLR of 20.5. 307 

Synoptic 

classification 

Number of 

Events 

Mean snow (cm) Mean LPE (mm) Mean SLR 

S/SWIVT 13 21.1 22.8 9.6 

Frontal 12 28.3 24.8 12.6 

NW Postfrontal 28 21.3 13.1 20.5 

Table 2. Statistics for synoptic classifications of events fully sampled by the MRR at Alta and Highland. 308 

Prior work often conceptualizes the evolution of orographic storms based on the passage 309 

of a frontal or baroclinic trough including a stable pre-trough stage, frontal stage, and 310 

unstable postfrontal stage (Hobbs 1975; Marwitz 1980; Long et al. 1990). Although not all 311 

storms follow these stages (e.g., Steenburgh 2003), our synoptic classification generally 312 

represents an idealized progression from S/SWIVT to Frontal to NW Postfrontal. S/SWIVT 313 

events in northern Utah feature elevated IVT, broad southerly to southwesterly flow, and 314 

700-hPa temperatures near -4°C (Fig. 4a). Frontal events experience a 700-hPa wind shift 315 

from southwesterly to northwesterly, with cold advection reducing 700-hPa temperatures as 316 

the upper-level trough progresses east (Fig. 4b). The post-cold-frontal environment features 317 
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low IVT, light, northwesterly 700-hPa winds, and 700-hPa temperatures below -10 °C (Fig. 318 

4c). 319 



15 

File generated with AMS Word template 2.0 

 320 

b. Example events 321 

 

Fig. 4. Composites at the event midpoint (hour 6) of IVT (kg m-1 s-1; color–fill scale at bottom), 500-hPa geopotential 

height (m; black contours), 700-hPa temperature (°C; red contours), and 700-hPa wind (barbs; full barb = 5 m s-1) for 

(a) S/SWIVT events, (b) Frontal events, and (c) NW Postfrontal events with full MRR coverage. The number of 

events is annotated at the top left. Average LPE and snow are annotated at the top right. The star indicates the location 

of the study area. 
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We selected three representative events to illustrate this conceptual trough passage, 322 

introduce the figures used in this paper, and summarize MRR precipitation characteristics of 323 

each phase (see Table 3 for the events). The S/SWIVT event featured a deep precipitation 324 

system with radar echoes reaching over 6000 m MSL at Alta and Highland (Fig. 5a,b). At 325 

Highland, a bright band with 𝑍𝑒 reaching ~30 dBZe persisted ~2000–2300 m MSL, indicative 326 

of a melting layer below Alta’s elevation (Fig. 5b). Above the bright band and below ~3000 327 

m MSL, reflectivity decreased toward the ground over Highland prior to ~00:30 UTC 10 328 

January, suggestive of sublimation within a dry sub-cloud layer. Median 𝑍𝑒 at Alta 329 

maximized at ~3200 m MSL below which it decreased slightly to the surface (Fig. 5c). At 330 

Highland, the median reflectivity similarly maximized ~3200 m MSL, below which the 331 

median and quartiles were strongly influenced by the bright band which increased 𝑍𝑒 at 332 

~2000 m MSL due to melting (Fig. 5d). At both sites, the median VRG was near zero but 333 

exhibited considerable variability (Fig. 6a). The presence of the bright band, however, limited 334 

the utility of the VRG diagnostic during this S/SWIVT event since it frequently resulted in a 335 

non-linear low-level profile of 𝑍𝑒 with height.  336 

The Frontal event was not as deep as the S/SWIVT event but echoes still reached ~5500 337 

m MSL above both radars (Figs. 5e,f). At Alta, the median 𝑍𝑒 increased with decreasing 338 

height to ~4000 m MSL below which it was nearly constant to the surface (Fig. 5e). The 339 

interquartile range (IQR) of 𝑍𝑒 also decreased near the surface, reflecting a narrow 𝑍𝑒 340 

distribution with a pronounced mode ~18 dBZe, consistent with persistent and steady 341 

precipitation. At Highland, the bright band was evident until ~00:30 UTC 22 February after 342 

which snow fell to the surface in the wake of the front (Fig. 5f). Although the median 𝑍𝑒 343 

increased with decreasing height to ~3250 m MSL, it decreased weakly below this level 344 

toward the ground and the IQR increased, consistent with more variable precipitation (Fig. 345 

5h). At both sites, the VRG was near zero, but exhibited less variability than during the 346 

S/SWIVT event (cf. Figs. 6a,b).  Some skewness to positive values up to ~8 dBZe km-1 at 347 

Highland reflects a period with apparent low-level precipitation losses late in the event (Figs. 348 

5f,6b).   349 

The NW Postfrontal event featured persistent, shallow, low-density orographic snowfall 350 

at Alta, with echo top heights <3600 m MSL (1000 m AGL; Fig. 5i). Modal 𝑍𝑒 increased 351 

from ~0 to ~12 dBZe with decreasing height in the lowest 900 m (Fig. 5k). The IQR of 𝑍𝑒 352 

was small at all levels, with a narrow 𝑍𝑒 distribution and a mode of ~12 dBZe at the surface, 353 
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consistent with persistent snowfall (Fig. 5k). Nearly all profiles featured a negative VRG, 354 

with a median of -15 dBZe km-1 indicating substantial low-level snow growth (Fig 6c). 355 

Precipitation at Highland was also shallow with echo tops <3400 m MSL (Fig. 5j). Median 356 

𝑍𝑒 decreased with height to ~2500 m MSL but decreased weakly below this height toward 357 

the surface where the IQR was larger and shifted to lower values compared to Alta, consistent 358 

with less persistent and intense snowfall (Fig. 5l). The VRG median near zero indicates that 359 

low-level precipitation growth was not as common at Highland, and the positive values 360 

indicate that there were periods of precipitation loss due to presumed sublimation or 361 

evaporation (Fig. 6c). 362 

Synoptic 

classification 

Start Time End Time Snow (cm) LPE (mm) 

S/SWIVT 2300 UTC 09 Jan 2023 1100 UTC 10 Jan 2023 27.9 27.9 

Frontal 2300 UTC 21 Feb 2023 1100 UTC 22 Feb 2023 35.6 29.5 

NW Postfrontal 2300 UTC 13 Dec 2022 1100 UTC 14 Dec 2022 20.3 5.3 

Table 3. The three representative examples in a trough conceptualization. 363 
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 364 

 

Fig. 5. Time height section of MRR 30-m and 180-m range gate equivalent reflectivity (dBZe; color-fill scale at 

right) for (a) Alta and (b) Highland and CFADs of 𝑍𝑒 (%; scale at right) for (c) Alta and (d) Highland during the 

S/SWIVT event from 2300 UTC 09 January 2023 to 1100 UTC 10 January 2023. The black box in (d) indicates the 

location of the radar bright band. The CFADs have bin widths of 1.5 dBZe. The 25th, 50th, and 75th percentiles on the 

CFADs are indicated by the black, red, and black lines, respectively, and the dark brown shading indicates the 

ground level. (e)-(h) As in (a)-(d) but for the Frontal event from 2300 UTC 21 February 2023 to 1100 UTC 22 

February 2023. (e)-(h) As in (i)-(l) but for the NW Postfrontal event from 2300 UTC 13 December 2022 to 1100 

UTC 14 December 2022. 
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 365 

c. Seasonal precipitation frequency statistics 366 

At Alta, the frequency of 𝑍𝑒 ≥5 dBZe during the 2022/23 and 2023/24 cool seasons 367 

increases with decreasing height and maximizes in the lowest useable range gate (Fig. 7). 368 

Increasing frequency of 𝑍𝑒 ≥5 dBZe with decreasing height does not necessarily imply greater 369 

precipitation intensity, but it does highlight the high frequency of low-level radar echoes at 370 

Alta, where strong low-level snow growth within a shallow layer can occur. The low-level 371 

frequency of 𝑍𝑒 ≥5 dBZe of ~25% demonstrates the persistent nature of snowfall at Alta. At 372 

Highland, the maximum frequency of 𝑍𝑒 ≥5 dBZe occurs at a similar altitude (MSL) to Alta 373 

but is roughly half of the magnitude (Fig. 7). Below ~2600 m MSL, the frequency of 𝑍𝑒  ≥5 374 

dBZe decreases with decreasing elevation, which is likely indicative of sublimation and 375 

evaporation in dry sub-cloud layers that are sometimes resident at low levels in this 376 

continental mountain environment (e.g., Schultz and Trapp 2003; Steenburgh 2003). 377 

Comparison of the frequency of 𝑍𝑒 ≥5 dBZe echoes at the surface suggests an increase by a 378 

factor of 2.5 in the frequency of measurable precipitation from Highland (~10%) to Alta 379 

(~25%).   380 

 

Fig. 6. Histograms of vertical reflectivity gradient for Alta (blue) and Highland (orange) for (a) the S/SWIVT event 

from 2300 UTC 09 January 2023 to 1100 UTC 10 January 2023, (b) the Frontal event from 2300 UTC 21 February 

2023 to 1100 UTC 22 February 2023, and (c) the NW Postfrontal event from 2300 UTC 13 December 2022 to 1100 

UTC 14 December 2022. The solid blue and orange vertical lines indicate median values, and the black dashed line 

indicates 0 dBZ
e
 km

-1
. 
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 381 

d. S/SWIVT statistics 382 

At Alta, S/SWIVT events were the warmest and had the lowest SLRs of the three 383 

synoptic classifications (Table 2; Fig. 4a). The CFAD demonstrates a median and modal 𝑍𝑒 384 

increase with decreasing height down to ~1000 m AGL below which they remain nearly 385 

constant (Fig. 8a). At the lowest usable range gate, 80% of all observations featured 𝑍𝑒 ≥5 386 

dBZe, indicative of persistent mountain precipitation (Fig. 9a). Median low-level VRG was 387 

near zero, which suggests that some S/SWIVT events experience low-level snow loss and 388 

others exhibit snow growth (Fig. 10a). Echo top height frequency exhibited bimodality with 389 

modes at 4572 m MSL (1890 m AGL) and 6192 m MSL (3510 m AGL; Figs. 11a,b). The 390 

cause of this bimodality is unclear, but one possibility is the occasional presence of upper-391 

level generating cells that produce ice crystals aloft and seed low-level feeder clouds. 392 

Another is the invigoration of convection during orographic uplift, promoting growth of a 393 

deeper cloud. To definitively determine which of these mechanisms is responsible for the 394 

bimodality, higher resolution radar data that can resolve seeder and feeder clouds or 395 

convective cells embedded within the broader cloud field would be necessary. 396 

At Highland, the median and modal 𝑍𝑒 tends to increase with decreasing height down to 397 

1000 m AGL; below that, the IQR widens, with the 𝑍𝑒 corresponding with the 25th-percentile 398 

frequency decreasing and the 75th-percentile frequency increasing (Figs. 8b,c). This implies 399 

that there can be low-level precipitation growth or loss during S/SWIVT events, which is 400 

further apparent in the VRG, which has a median value near 0 dBZe km-1, but a wider 401 

 

Fig. 7. Frequency of equivalent reflectivity ≥ 5 dBZe at Alta and Highland during all periods with 

sufficient MRR data at both sites during the 2022/23 and 2023/24 cool seasons. The brown shading 

indicates the ground level. 
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distribution than at Alta (Fig. 10a). We note, however, that the presence of melting can 402 

impact 𝑍𝑒 and limit the utility of VRG during S/SWIVT events. Highland’s frequency of 𝑍𝑒 403 

≥5 dBZe was <40% in the lowest ~800 m AGL and there was a high frequency of periods 404 

with no radar echoes recorded at the top or bottom of the layer depth used to calculate VRG, 405 

consistent with Highland’s lack of precipitation during precipitating periods at Alta (Figs. 406 

9a;10b). The echo top height distribution at Highland during S/SWIVT events was modal, 407 

with a median of  5242 m MSL (3870 m AGL; Figs. 11a,b). 408 
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409 

 

Fig. 8. CFADs of 𝑍𝑒 for S/SWIVT events at (a) Alta and (b) Highland. The 25th, 50th, and 75th 

percentiles are indicated by the black, red, and black lines, respectively. The brown shading indicates 

the ground level. (c) CFAD interquartile range for Alta (red) and Highland (blue). (d-f) As in (a-c), but 

for Doppler radial velocity. The grey line indicates 0 m s-1. (g-i) As in (a-c), but for spectral width. The 

2D histograms have bin widths of 1.5 dBZe, 0.5 m s-1, and 0.1 m s-1 for 𝑍𝑒, 𝑉𝑟, and 𝑆𝑊, respectively 

and bin heights of 30 m up to 810 m AGL and 180 m above 810 m AGL. 
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 410 

 411 

 

Fig. 9. As in Fig. 7 but for (a) S/SWIVT, (b) Frontal, and (c) NW Postfrontal events. 

 

Fig. 10. Histograms of vertical reflectivity gradient for Alta (blue) and Highland (orange) for (a) 

S/SWIVT, (c) Frontal, and (e) NW Postfrontal events. The solid blue and orange vertical lines indicate 

median values, and the grey vertical lines indicate 0 dBZe km-1. Shown at right are bar charts of the 

number of occurrences of no echoes at the bottom of the layer depth, the top and bottom of the layer 

depth, and at the top of the layer depth for (b) S/SWIVT, (d) Frontal, and (f) NW Postfrontal events. 
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 412 

Doppler velocity reflects the combination of air vertical velocity and hydrometeor fall 413 

speed, with the latter typically dominating. Vr is sometimes defined to be negative toward the 414 

radar (e.g., Minder et al. 2015; Ackermann et al. 2021), whereas fall speed is typically 415 

expressed as a positive quantity and some authors have defined Vr to be positive toward the 416 

ground (Stark et al. 2013; Pettersen et al. 2020). In our analysis, negative Vr indicates 417 

downward hydrometeor vertical motions towards the MRR, whereas positive Vr implies 418 

upward vertical motions. Empirical studies have suggested typical fall speeds of ~0.5-1.5 m s-419 

1 for individual dendrites and aggregates of dendrites, 1-2.5 m s-1 for graupel, and 3-7 m s-1 420 

for rain assuming the absence of upward air motions (Locatelli and Hobbs 1974; Bringi et al. 421 

2018; Das et al. 2020). At Alta, the IQR of 𝑉𝑟 ranges from roughly -0.5 to -2 m s-1 during 422 

S/SWIVT events for most of the atmosphere, characteristic of high-elevation snowfall (Figs. 423 

8d,f). Between ~3500 m MSL and ~4250 m MSL, the 75th-percentile 𝑉𝑟 is weakly positive, 424 

which we suggest is due to updrafts near mountain crest level and may be associated with 425 

riming and aggregation, leading to increasing 𝑍𝑒with decreasing height through that layer 426 

 

Fig. 11. Histograms of echo top (-10 dBZe) height frequency above sea level for Alta (blue) and Highland 

(orange) for (a) S/SWIVT, (c) Frontal, and (e) NW Postfrontal events and above ground level for (b), 

S/SWIVT, (d) Frontal, and (f) NW Postfrontal events. Bin width is 180 m. The thick horizontal lines 

indicate median values, and the blue shading indicates the elevation of the Alta MRR.  
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(Figs. 8d,f).  At Highland, upward 𝑉𝑟 between ~3500 m MSL and ~4250 m MSL is much less 427 

common than at Alta, and as height decreases below 3000 m MSL, 𝑉𝑟 at Highland becomes 428 

increasingly negative as hydrometeors fall to the surface and the 25th-percentile frequency 429 

decreases to <-5 m s-1, consistent with the occasional presence of valley rain during warmer 430 

S/SWIVT events (Figs. 8e,f). The presence of rain at Highland is also evident in the 431 

PARSIVEL data, which features a bimodal distribution (Fig. 12a). During S/SWIVT events 432 

at Highland, hydrometeors most frequently fall as rain with diameter ≤4 mm and fall velocity 433 

≥4 m s-1, while graupel and dendrites comprise the secondary mode in colder events. The 434 

difference in precipitation fall speed characteristics between the two sites reflects the 435 

tendency for the melting layer to be situated between the elevation of the two locations 436 

during S/SWIVT events (e.g., Figs. 5b;8e).  437 

 438 

During S/SWIVT events, modal 𝑆𝑊 frequency at Alta maximizes at ~1000 m AGL (Figs. 439 

8g,i). We hypothesize that this is due to wind shear within range gates, differential 440 

hydrometeor fall velocity or size, or boundary layer turbulence that is strongest on the 441 

ridgelines above the Alta MRR (Houze and Medina 2005; Geerts et al. 2011; Majewski et al. 442 

2023). At Highland, median and 75th-percentile 𝑆𝑊 frequency are <0.4 m s-1 down to ~2700 443 

m MSL and increase to the surface (Figs. 8h,i). We suggest that air turbulence at upper levels 444 

is weaker than at Alta, but the low-level increase in 𝑆𝑊 frequency could be associated with 445 

boundary layer turbulence or an increase in differential hydrometeor fall velocity or size due 446 

to the transition to rain during some events at Highland. 447 

e. Frontal statistics 448 

Fig. 12. Summed PARSIVEL matrix for a) S/SWIVT, b) Frontal, and c) NW Postfrontal events at 

Highland. Bins are based on the bins recorded by the PARSIVEL. Empirical fall speed relationships 

from Locatelli and Hobbs (1974) and Berry and Pranger (1974) are overlaid and labeled for 

hydrometeor type. 
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At Alta, echo top height during Frontal events is unimodal and relatively high, with the 449 

greatest frequency ~5400 m MSL (2718 m AGL; Figs. 11c,d). The modal CFAD reflectivity 450 

at Alta increases slightly with decreasing height in the lowest 1 km AGL (Fig. 13a). The 451 

tendency for small low-level 𝑍𝑒 increases is evident through VRG, which has a median near -452 

2 dBZe km-1 at Alta (Fig. 10c). Frequency of 𝑍𝑒 ≥5 dBZe at Alta during Frontal events 453 

increases with decreasing height and maximizes at ~75% at the lowest usable range gate (Fig. 454 

9b). Compared to S/SWIVT events, the near-ground frequency of 𝑍𝑒 ≥5 dBZ at Alta is lower, 455 

suggesting that precipitation is less persistent (c.f. Figs. 9a,b).  456 

At Highland, Frontal events were deep, with the median echo top height frequency near 457 

4800 m MSL (3428 m AGL) and a spike in echo top frequency at the highest detectable 458 

range gate (Figs. 11c,d). Median reflectivity increases with decreasing height down to 4000 459 

m MSL below which it remains relatively consistent (Fig. 13b). In the lowest ~1000 m AGL 460 

at Highland, the IQR widens, with the 75th-percentile 𝑍𝑒 frequency increasing and the 25th 461 

percentile decreasing (Figs. 13b,c). We suggest that this is due to a transition from snow to 462 

rain below the melting layer increasing reflectivity during events with rain, and sub-cloud 463 

evaporation or sublimation lowering reflectivity in events with low-level dry layers. The 464 

distribution of VRG at Highland is nearly Gaussian and centered at 0 dBZe km-1, and there is 465 

more variability than at Alta (Fig. 10c). Frontal events at Highland often feature no echoes at 466 

the top and bottom of the layer depth, consistent with nonprecipitating periods (Fig. 10d). 467 

The profile of frequency of 𝑍𝑒 ≥5 dBZe at Highland is nearly identical to that for S/SWIVT 468 

events, but frequencies are higher for almost all elevations, in contrast to Alta, where they are 469 

lower (Figs. 9a,b). This implies a smaller mountain-valley precipitation frequency gradient 470 

during Frontal events compared to S/SWIVT events.  471 
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 472 

 

Fig. 13. As in Fig. 8 but for Frontal events. 
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At Alta, modal 𝑉𝑟 is consistently between -0.5 and -2.0 m s-1 throughout the atmosphere 473 

with little variation (as evidenced by the small IQR), indicative of snow or graupel, which 474 

have typical terminal fall speeds between 0.5 and 2.5 m s-1 (Figs. 13d,f). At Highland, modal 475 

𝑉𝑟 is between 0 and -2.0 m s-1 throughout the atmosphere and decreases slightly with 476 

decreasing height (Fig. 13e). The rapid decrease in the 25th-percentile profile of 𝑉𝑟 from ~-2.5 477 

m s-1 to ~-4 m s-1 in the lowest 500 m AGL reflects a low-level transition to rain in some 478 

Frontal events (Fig. 13e). PARSIVEL data at Highland show a high frequency of 479 

precipitation with fall speeds ≥2.5 m s-1 and diameter ≤3.5 mm, closely following the rain 480 

empirical size-fall speed relationship (Fig. 12b). However, compared to S/SWIVT events, 481 

there is also a greater frequency of particles with larger diameters, characteristic of graupel or 482 

snow (c.f. Figs. 12a,b).  483 

At Alta, the 𝑆𝑊 CFAD during Frontal events is similar to S/SWIVT events, with median 484 

frequency tending to maximize near crest level at around 3600 m MSL, though magnitudes 485 

are slightly lower (c.f. Figs. 8g;13g). We hypothesize that this pattern is due to orographic 486 

boundary layer turbulence or wind shear at the high elevation site (Houze and Medina 2005; 487 

Geerts et al. 2011; Majewski et al. 2023). Above ~1000 m AGL, median 𝑆𝑊 frequency at 488 

Highland is most frequently <0.4 m s-1, although there is a slight increase at the lowest levels, 489 

especially in the 75th percentile (Figs. 13h,i). We suggest that the low-level increase in 75th-490 

percentile 𝑆𝑊 frequency is associated with boundary layer turbulence or an increase in 491 

differential hydrometeor size or fall velocity due to a transition to rain in some Frontal events. 492 

f. NW Postfrontal statistics 493 

In contrast to S/SWIVT and Frontal events, NW Postfrontal events are shallow and 494 

feature low-density snow (Table 2). At Alta, 𝑍𝑒 frequency increases considerably with 495 

decreasing height, with the 25th-, 50th-, and 75th- percentile frequencies increasing by ~10 496 

dBZe in the lowest 1500 m (Figs. 14a,c). This low-level 𝑍𝑒 increase is further exemplified by 497 

the VRG, which has a median of approximately -6 dBZe km-1 at Alta, providing evidence of 498 

strong low-level snow growth (Fig. 10e). Additionally, there was a high frequency of periods 499 

that featured no radar echoes at the top of the layer depth but did contain echoes at the 500 

bottom, indicative of low-level snow growth (Fig. 10f). Echo top heights were most 501 

frequently ~3600 m MSL (918 m AGL) at Alta, a level much lower than S/SWIVT and 502 

Frontal events (Fig. 11). Just above the elevation of the Alta MRR, frequency of 𝑍𝑒 ≥5 dBZe 503 

exceeds 85%, demonstrating the persistence of these NW Postfrontal systems, where 504 
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precipitation often lingers for long durations after frontal passage (Fig. 9c). Additionally, 505 

frequency of 𝑍𝑒 ≥5 dBZe increases from ~5% to over 85% in the lowest 2000 m, compared to 506 

much smaller increases in S/SWIVT and Frontal events (Fig. 9). 507 

Echo top height at Highland during NW Postfrontal events is similarly low, with the 508 

median near 3000 m MSL (1628 m AGL; Fig. 11f). Compared to maxima near 4000 m MSL 509 

for S/SWIVT and Frontal events, NW Postfrontal events at Highland had a lower elevation of 510 

maximum frequency of 𝑍𝑒 ≥5 dBZe, with values maximizing at around 45% at 2500 m MSL, 511 

before decreasing to below 40% at the surface (Fig. 9c). This surface frequency is less than 512 

half of Alta’s frequency during NW Postfrontal events, suggesting that precipitation is more 513 

persistent at the mountain site, likely due to orographic effects (Fig. 9c). In contrast to 514 

S/SWIVT and Frontal events, the VRG at Highland during NW Postfrontal events has a 515 

positive median, consistent with low-level precipitation loss (Fig. 10e). The high frequency 516 

of periods with no echoes at the bottom of the layer depth reflects a high frequency of 517 

nonprecipitating periods (Fig. 10f). 518 
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 519 

 

Fig. 14. As in Fig. 8 but for NW Postfrontal events. 
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At Alta, 𝑉𝑟 frequency during NW Postfrontal events has limited variability, with the IQR 520 

featuring a tight clustering between -0.5 and -2 m s-1 (Figs. 14d,f). There is a slight decrease 521 

in median 𝑉𝑟 at roughly 600 m AGL, potentially indicative of low-level snow growth and 522 

aggregation increasing fall velocities of hydrometeors at the lowest levels (Figs. 14d,f). The 523 

small increase in 𝑉𝑟 corresponding with 75th-percentile frequency at 4000 m MSL at Alta 524 

could represent updrafts at that elevation (Fig. 14f). At Highland, the IQR of 𝑉𝑟 is relatively 525 

small at all elevations, with values consistently between -0.5 and -2 m s-1 (Figs. 14e,f). Of the 526 

three event types, PARSIVEL data show that precipitation at Highland during NW 527 

Postfrontal events tends to most frequently have large diameters with fall speed <2 m s-1, 528 

although rain still does occur occasionally (Fig. 12c). The greater frequency of solid 529 

precipitation reflects the colder, lower SLR nature of NW Postfrontal storms (Fig. 4c; Table 530 

2). 531 

The 𝑆𝑊 CFAD for Alta features an increase in the median at ~1000 m AGL (Fig. 14g). 532 

At Highland, modal 𝑆𝑊 is ≤0.4 m s-1 during NW Postfrontal events, and in contrast to 533 

S/SWIVT and Frontal events, there is no low-level increase in the 75th-percentile 𝑆𝑊 534 

frequency (Fig. 14g). We suggest that the increased 𝑆𝑊 at Alta compared to Highland 535 

contributes to the low-level 𝑍𝑒 increases at Alta, with turbulence serving as a mechanism to 536 

enhance snow growth and aggregation at the mountain site (Houze and Medina 2005; Geerts 537 

et al. 2011). Additionally, the decrease in 𝑉𝑟 at Alta at ~3000 m MSL suggests that graupel 538 

could be present at times in NW Postfrontal storms, contributing to an increase in 539 

hydrometeor variability and 𝑆𝑊 (Figs. 14d,g). 540 

4. Conclusions 541 

This study examined the orographic influences on precipitation in the Salt Lake Valley 542 

and the adjacent Wasatch, where cool-season snowfall builds a snowpack which provides 543 

water resources and supports winter tourism but can cause extreme avalanche danger. Our 544 

research focused on the exceptionally snowy 2022/23 and 2023/24 cool seasons, where 545 

2293.6 and 1614.2 cm of snow fell at Alta, respectively. During those seasons, we operated 546 

MRRs and PARSIVELs at Alta and Highland High School in the upstream valley to observe 547 

precipitation characteristics during winter storms. 548 

Our research focused on 75th percentile snow and LPE events associated with southerly or 549 

southwesterly flow with elevated IVT, cold frontal passages, and post-cold-frontal 550 
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northwesterly flow. Our results indicate that precipitation is more frequent at Alta than at 551 

Highland, presumably due to precipitation growth related to orographic processes at Alta and 552 

low-level precipitation losses due to sub-cloud sublimation and evaporation at Highland. 553 

Frontal and S/SWIVT events are deepest and there is a bimodal echo top height distribution 554 

at Alta during S/SWIVT events. The cause of this bimodality is uncertain, but it could be due 555 

to the intermittent presence of upper-level seeder clouds that form ice crystals which seed 556 

lower-level feeder clouds, or from enhanced convection during orographic uplift, which 557 

stimulates deeper cloud growth. A lower vertical reflectivity gradient and median echo top 558 

height AGL at Alta compared to Highland indicate stronger low-level precipitation growth at 559 

the mountain site, especially during NW Postfrontal events.  560 

MRR data at Alta indicates that precipitation has the lowest 𝑉𝑟 values (i.e., most negative 561 

𝑉𝑟 indicating higher hydrometeor fall speeds) during S/SWIVT events and the highest 𝑉𝑟 562 

values (i.e., weakly negative indicating smaller fall speeds) in NW Postfrontal events. This 563 

suggests a progression from heavily rimed snow and graupel in S/SWIVT events to lightly 564 

rimed dendrites and aggregates in NW Postfrontal events, although there can be considerable 565 

variability in crystal type within synoptic classifications. Prior research in Marquette, 566 

Michigan and Hyytiälä, Finland has similarly found that that warmer, high IVT events feature 567 

snow particles with higher density and fall speeds compared to low-IVT events (Richter et al. 568 

2025). At upper levels above Highland, 𝑉𝑟 is frequently near zero, but below ~1000 m AGL 569 

there is an abrupt decrease in 𝑉𝑟 (i.e., greater fall speeds) associated with a transition to rain in 570 

S/SWIVT events and a slight 𝑉𝑟 decrease in NW Postfrontal events which are predominantly 571 

snow. Alta has larger mid-level 𝑆𝑊 than Highland, indicative of greater air turbulence related 572 

to gravity wave breaking and wind shear. At low levels in S/SWIVT and Frontal events, 573 

median 𝑆𝑊 at Highland increases, which could be associated with boundary layer turbulence 574 

or an increase in differential hydrometeor fall velocity or size due to a transition to rain in 575 

some storms. 576 

While precipitation in coastal mountain ranges in western North America is often deep, 577 

with high reflectivity far above ground level (Yuter et al. 2011; McMurdie et al. 2018), our 578 

analysis reveals that precipitation in the Wasatch, a continental mountain range, can be 579 

remarkably shallow, especially in the post-frontal environment. This shallow, near-surface 580 

snow growth is also seen in lower-elevation lake-effect regions such as New York’s Tug Hill 581 

Plateau or Marquette, Michigan (e.g., Minder et al. 2015; Pettersen et al. 2020), although at 582 
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Alta, NW Postfrontal events can be orographic, lake-effect, or a combination of the two (e.g., 583 

Steenburgh 2003; Alcott and Steenburgh 2013). The Wasatch’s terrain complexity and its 584 

shallow storms can limit the ability of the local operational weather radar to detect 585 

precipitation (Wood et al. 2003). Additionally, given the shallow nature of many storms at 586 

Alta, many heavy precipitation periods are likely under sampled by spaceborne radars and 587 

precipitation sensors – which often underestimate precipitation at rage gates closest to earth’s 588 

surface due to the presence of ground clutter and complex terrain – contributing to an 589 

inaccurate representation of regional precipitation (Barros and Arulraj 2020; Chavez et al. 590 

2020; Valdivia et al. 2022). 591 

In the Salt Lake Valley, our analysis demonstrates a slight decline in low-level reflectivity 592 

toward the ground, which we hypothesize is due to sub-cloud sublimation and evaporation in 593 

dry sub-cloud airmasses that are commonly resident at low levels in this continental mountain 594 

environment. Such a mechanism, which has been shown to reduce valley precipitation during 595 

individual events in the region (Schultz and Trapp 2003; Steenburgh 2003), is commonly 596 

neglected or underappreciated in orographic precipitation reviews that typically focus on 597 

enhancement processes. Our research suggests that low-level sublimation and evaporation 598 

have a non-negligible effect on seasonal profiling radar statistics and may contribute to the 599 

precipitation gradient with altitude in northern Utah. Future research should verify this 600 

process and test its influence in other global continental mountain environments. 601 

Acknowledgments. 602 

This material is based upon work supported by the National Science Foundation under 603 

Grants AGS-1929602 and AGS-2227071. Any opinions, findings, and conclusions or 604 

recommendations expressed in this material are those of the authors and do not necessarily 605 

reflect the views of the National Science Foundation. We thank Claire Pettersen, two 606 

anonymous reviewers, and the editor for scientific input and recommendations that 607 

significantly improved this manuscript, Alta Ski Patrol for providing high-quality snow 608 

observations, and the University of Utah Center for High Performance Computing for 609 

providing computing resources. 610 

Data Availability Statement. 611 

The ERA5 reanalysis data used in this research were obtained from the Copernicus 612 

Climate Change Service. We thank the Alta Ski Patrol for providing a high-quality dataset of 613 

manual snow and LPE observations which is online and freely available from the University 614 



34 

File generated with AMS Word template 2.0 

of Utah Research Data Repository for the 1999-2023 and 2023-2024 periods (Wasserstein 615 

and Steenburgh 2023, 2025). The MRR data for Alta and Highland during the 2022/23 and 616 

2023/24 cool seasons are openly available online from the University of Utah Research Data 617 

Repository (Steenburgh et al. 2025a; Veals et al. 2025). Similarly, the PARSIVEL data for 618 

both sites for the 2022/23 and 2023/24 cool seasons are available from the University of Utah 619 

Research Data Repository (Steenburgh et al. 2025b,c). The radar postprocessing algorithm 620 

code is available at https://github.com/maahn/IMProToo. Code used to analyze data and 621 

produce figures is available at https://github.com/mwasserstein/Code_For_Wasserstein_2026. 622 

APPENDIX A 623 

List of Acronyms and Symbols Used in the Text 624 

CFAD = Contoured Frequency by Altitude Diagram 625 

IQR= Interquartile Range 626 

IVT = Integrated Vapor Transport 627 

LPE= Liquid Precipitation Equivalent 628 

MRR = Micro Rain Radar 2 629 

SLR = Snow to Liquid Ratio 630 

𝑺𝑾= Spectral Width 631 

𝑽𝒓= Doppler Velocity 632 

VRG= Vertical Reflectivity Gradient 633 

𝒁𝒆= Equivalent Reflectivity 634 

APPENDIX B 635 

Discontinuity Explanation 636 

Here, we present an explanation for the discontinuity in statistics that occasionally occurs 637 

at the transition between 30-m and 180-m range gate resolutions. The MRR experiences 638 

leakage of a power peak detected in one range gate into adjacent range gates. Specifically, a 639 

https://github.com/maahn/IMProToo
https://github.com/mwasserstein/Code_For_Wasserstein_2026
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peak located in the center of range gate 𝑛 contributes 𝑍𝑒 – 3 dBZe to the adjacent range gates 640 

𝑛 + 1 and 𝑛 – 1 (G. Peters, Metek, 2025, personal communication). 641 

Analyses of time-height profiles of individual events indicated that the discontinuity 642 

occurred more often at Highland and during periods with the melting layer and associated 643 

radar bright band located just below the transition. One such event was a S/SWIVT event that 644 

occurred during the period 2300 UTC 9 January 2023 through 1100 UTC 10 January 2023 645 

(Fig. A1). At roughly 0800 UTC 10 January, the melting layer and associated radar bright 646 

band at Highland were just below the transition between the 30-m and 180-m data at ~730 m 647 

AGL (Figs. A1d-f). Thus, this power peak would be detected by a 30-m gate centered at 720 648 

m AGL and spanning from 705 to 735 m AGL. But due to leakage, the detected power is also 649 

observed in adjacent range gates centered at 𝑛 – 1 = 690 and 𝑛 + 1 = 750 m AGL, so that the 650 

feature spans a 90-m layer depth from 675 to 765 m AGL. Similarly, the power peak would 651 

be detected by a 180-m range gate centered at 720 m AGL, but leakage would cause the 652 

power to be distributed to adjacent gates centered at 540 and 900 m AGL. For plotting 653 

purposes, radar power associated with the melting layer would then be visualized from 675 to 654 

765 m AGL for the 30-m range gate data and from 450 to 990 m AGL for the 180-m range 655 

gate data. Consequently, the discontinuity in data can be detected for 𝑍𝑒, 𝑉𝑟, and 𝑆𝑊 at the 656 

transition from the 30-m to 180-m range gate data (Figs. A1d-f). 657 
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