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ABSTRACT

The pathways air travels from the PacificOcean to the IntermountainWest of theUnited States are important

for understanding how air characteristics change and how this translates to the amount and distribution of

snowfall. Recent studies have identified the most common moisture pathways in the Intermountain West, es-

pecially for heavy precipitation events. However, the role of moisture pathways on snowfall amount and dis-

tribution in specific regions remains unclear. Here, we investigate 24 precipitation events in the Payette

Mountains of Idaho during January–March 2017 to understand how local atmospheric conditions are tied to

three moisture pathways and how it impacts snowfall amount and distribution. During one pathway, south-

westerly, moist, tropical air is directed into the Central Valley of Californiawhere the air is blocked by the Sierra

Nevada, redirected northward and over lower terrain north of Lake Tahoe into the Snake River Plain of Idaho.

Other pathways consist of unblocked flows that approach the coast of California from the southwest and then

override the northern Sierra Nevada and southern Cascades, and zonal flows approaching the coast of Oregon

overriding the Oregon Cascades. Air masses in the Payette Mountains of Idaho associated with Sierra-

blocked flow were observed to be warmer, moister, and windier compared to the other moisture pathways.

During Sierra-blocked flow, higher snowfall rates, in terms of mean reflectivity, were observed more

uniformly distributed throughout the region compared to the other flows, which observed lower snowfall

rates that were predominantly collocated with areas of higher terrain. Of the total estimated snowfall

captured in this study, 67% was observed during Sierra-blocked flow.

1. Introduction

Every winter, the fate of theAmericanWest hinges on

the mountains accumulating enough snowpack to pre-

vent water shortages and ensuing social, economic, and

ecological dilemmas. These dilemmas are of great con-

cern in Idaho, a state that generates as much as 75% of

its power from hydroelectric plants that depend heavily

on spring and summer runoff from snowpack (U.S.

Energy Information Administration 2016). The melt-

water from winter snowfall also provides crucial supply

for the agricultural industry and the fish and wildlife

industries, all vital for Idaho’s economy. Thus, under-

standing how much and where snow falls in the moun-

tains and how snowfall is linked to large-scale weather

patterns may aid in anticipation of runoff to manage flood

risk, reservoir operations, and hydroelectric plants.Recently,

attention has been directed to the pathways moist air

travels from the Pacific Ocean to the Intermountain

West (Alexander et al. 2015; Rutz et al. 2015). While

these studies have identified common moisture path-

ways and changes in atmospheric conditions in a broad

sense, less attention has been given to how pathways

and associated changes in dynamics and thermody-

namics play a role in snowfall amount and distribution

in localized regions of the Intermountain West. To fill

this gap in knowledge, this study focuses on a multi-

scale analysis showing how moisture travels from the

Pacific Ocean to the Payette Mountains region of Idaho’s

Central Mountains (Fig. 1) and how it relates to atmo-

spheric conditions and snowfall amounts and distributions.

We use atmospheric measurements from 24 precipitation

events collected between January and March 2017 during

the Seeded and Natural OrographicWintertime clouds: the

Idaho Experiment (SNOWIE) in the PayetteMountains to

understand the role of moisture pathways on snowfall.

One commonmoisture pathway to the PayetteMountains

is through California’s Central Valley (hereafter CV),

where air is blocked by the Sierra Nevada, becomes

entrained in theSierrabarrier jet, and is loftedover the lower

terrain between Lake Tahoe and the Burney Gap (Fig. 1a;
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Alexander et al. 2015; Rutz et al. 2015; White et al. 2015,

Swales et al. 2016). The Burney Gap is an area of rela-

tively lower terrain in the southern Cascade Range,

near Burney, California, at the northeastern corner of

the CV. This gap and the lower terrain extending to

Lake Tahoe is important for precipitation in certain

regions of the IntermountainWest because it allows for

moist air to penetrate farther inland to the Snake River

Plain of Idaho generally unobstructed by large terrain

features (Alexander et al. 2015; Rutz et al. 2015). The

Sierra barrier jet redirects moist flow parallel to the

range (i.e., south-southeasterly flow), opposed to lifting

it over the Sierra Nevada, and directs strong, horizontal

moisture flux to the northern CV (Neiman et al. 2013;

Neiman et al. 2014;White et al. 2015; Ralph et al. 2016).

However, it is unknown what quantity of moist, Sierra-

parallel flow is directed out of the CV into the Snake

River Plain. The other common moisture pathways to

the Payette Mountains include flow rising above the

Sierra barrier jet and subsequently over the Sierra

Nevada (Neiman et al. 2013; their Fig. 13) and flow

making landfall farther to the north and rising over the

Coast Ranges and Cascades of Oregon (Alexander et al.

2015; their Fig. 3). The aforementioned studies have

developed a conceptual understanding of thermody-

namic changes that occur at landfall and along different

moisture pathways into the Intermountain West but the

scientific community has not yet established relationships

between the resulting atmospheric environments in dif-

ferent moisture pathways and the interaction with local

terrain and the effects local precipitation patterns.

Many wintertime-precipitation studies in the West have

established a relationship between integrated water vapor

transport (hereafter IVT) and precipitation amount (e.g.,

Rutz et al. 2014; Swales et al. 2016; Ralph et al. 2019). For

example, IVT is well-correlated (r; 0.6) withwintertime

precipitation amounts in the Payette Mountains, ex-

plaining 30%–40% of the variance in daily precipitation

amounts (Rutz et al. 2014). IVT is also used to identify

atmospheric rivers, long narrow corridors of enhanced

water vapor flux that is transported from the tropics to

themidlatitudes (Zhu andNewell 1998; Ralph et al. 2004;

Gimeno et al. 2014; Ralph et al. 2019). Atmospheric river

conditions are defined as IVT$ 250kgm21 s21 at landfall

(Rutz et al. 2014; Ralph et al. 2019). Storms with larger

moisture content and stronger winds (i.e., higher IVT),

more amplified troughs and more southwesterly than

westerly flow at landfall have been shown to penetrate

farther inland (Rutz et al. 2015). The largest number of

these high IVT storms are observed in November along

the northwestern United States and farther south along

theWest Coast in December–February (Rutz et al. 2014)

as the southward propagating polar jet streamdetermines

the landfall location of these storms.

Given how the landfall location and subsequent mois-

ture pathways into the Intermountain West are affected

by interannual variability and climate change–induced

shifts in the jet stream, it is essential to understand how

large-scale moisture transport modulates regional atmo-

spheric conditions and snowfall patterns. Between 1979

and 2001, the polar and subtropical jet streams have

moved poleward in both the northern and Southern

Hemispheres (Archer and Caldeira 2008), implying a

general poleward shift in landfalling storms. Future cli-

mate simulations of atmospheric rivers events on the

U.S. West Coast suggest that a global warming–

induced strengthening of the subtropical jet stream

may increase the frequency of landfalling atmospheric

rivers in the 328–358 latitude band with slight de-

creases at other latitudes (Shields and Kiehl 2016; and

references therein). However, as the impact of climate

change on storm track remains largely uncertain (Shaw

et al. 2016), this study aims to identify the moisture

pathways that lead to higher snowfall amounts in the

Payette Mountains to aid in anticipating water budgets in

future climate scenarios and on a year-to-year basis.

In this study, we utilize observations from SNOWIE

to provide insight on how natural snowfall patterns are

tied to moisture pathways and how glaciogenic cloud

seeding operations may be maximized by understanding

atmospheric conditions based on moisture pathways.

While SNOWIE focused on the impact of cloud seeding,

it also aimed at understanding the natural snowfall

processes in the Payette Mountains and how those nat-

ural cloud processes are altered or replicated by gla-

ciogenic cloud seeding via aircraft. The SNOWIE field

FIG. 1. (a) Topographic map of the American West with terrain

features discussed in the text. (b) Instrument location within the

radar observational domain centered around the PJ DOW radar.

The radar range is shown by the 50 km radius circle.
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campaign was conducted between 7 January and 17March

2017 in the Payette Mountains of Idaho, ;65km north of

Boise (Fig. 1; Tessendorf et al. 2019). A total of 24 in-

tensive observational periods (IOPs) were completed

with observations taken from airborne and ground-

based in situ and remote sensing instruments. This por-

tion of the winter season was particularly interesting as

precipitation in the Payette Mountains was around the

30-yr climatological median in early January 2017 and

in the 95th percentile in late March 2017 (Tessendorf

et al. 2019). Four questions are addressed in this study;

1) During SNOWIE, which moisture pathways were ob-

served? 2) Do moisture pathways vary during IOPs?

3) What are the differences in local thermodynamics and

dynamics tied to each pathway? and 4) How do pathways

modulate the amount and distribution of snowfall?

We address these questions through a multiscale

analysis of moisture pathways and moisture fluxes us-

ing numerical weather model and reanalysis data, local

observations of dynamics and thermodynamics, and

precipitation observations from ground-based dual-

polarization radar in the PayetteMountains. The paper is

organized to describe, in section 2, the methods and tools

of how to 1) determine the pathways and their atmo-

spheric properties, 2) analyze dynamics and thermody-

namics in the Payette Mountains associated with each

pathway, and 3) analyze the snowfall amount and distri-

bution in the Payette Mountains. Using the same struc-

ture as the methods, we then present the results of our

analysis in section 3. The paper synthesizes the results

with a discussion in section 4 and summary on the role of

moisture pathways on snowfall amount and distribution

in the Payette Mountains in section 5.

2. Instruments and methods

a. Defining moisture pathways and moisture fluxes

To identify the pathways moisture travels from the

Pacific Ocean to the Payette Mountains, we utilized a

Lagrangian analysis to track the location of a particle in

space and time.We employed the NOAAHybrid Single-

Particle Lagrangian Integrated Trajectory (HYSPLIT;

Stein et al. 2015; Rolph et al. 2017) model to run back-

ward trajectories at the beginning of each hour during an

IOP. During SNOWIE, an IOP was defined as 30min

prior to research aircraft operation to 30min after land-

ing. Since backward trajectories are only available at the

beginning of each hour, analyses using higher temporal

resolution observational data were averaged 630min

about the hour. We acknowledge that airflow can be

highly variable in space and time and that tracking of a

single particle is not necessarily indicative of dynamic

atmospheric flow for an entire hour. Therefore, we ad-

ditionally used the ensemble feature in HYSPLIT which

creates 27 spatially offset trajectories for each hour for a

20-h subset of complex airflow during IOPs 4 and 15 and

compared it to our single hourly trajectory. To overcome

some of the uncertainties in the backward trajectory

analysis, the results of the analyses are carefully consid-

ered using statistical significance and confidence interval

thresholds to identify differences linked to each pathway.

The trajectories start at 700hPa (;3km MSL) above

Packer John Mountain, the SNOWIE ground-based ra-

dar site described in section 2c (hereafter PJ; 2138m

MSL; Fig. 1b). Note that we expect 3km MSL (,1km

above local mountain crests) to be near a maximum in

horizontal moisture transport (Neiman et al. 2002;

Mahoney et al. 2018). Additionally, choosing 700 hPa

allows us to place our results in the context of other

studies (Alexander et al. 2015; Rutz et al. 2015) by

matching their methodologies. HYSPLIT uses three-

dimensional model winds from the High-Resolution

Rapid Refresh (HRRR) model to calculate trajecto-

ries, which track backward in time for 72 h or until the

trajectory reaches the boundary of the HRRR do-

main, which typically occurs between 1258 and 1308W.

The HRRR was chosen over other model datasets

available within HYSPLIT for its high spatial reso-

lution (3 km), which we expect to best represent the

complex terrain and terrain-induced flows (e.g., Sierra

barrier jet). Backward trajectories were calculated

using the HRRR model data in HYSPLIT for each

hour of an IOP for all 24 IOPs, totaling 158 trajecto-

ries (Fig. 2).

To classify the backward trajectories, we used the

following objective criteria. First, we determined if the

flow in the HRRRmodel was redirected to the north by

the Sierra Nevada, an indication of blocked flow. To be

considered blocked flow, the trajectory must 1) be lo-

cated within the CV (i.e., between the Sierra Crest and

Coast Ranges of California; Fig. 1a), 2) be below an

altitude of 2.5 km MSL, and 3) exhibit a wind direction

within 408 of the crest-parallel flow (1608) used to

identify Sierra barrier jets in Neiman et al. (2013). All

three conditions must be satisfied for a minimum of two

consecutive hours to be considered blocked flow. The

2.5 km MSL altitude restriction was based on the 3 km

MSL height of the Sierra Crest, as in Neiman et al.

(2013), with reduced altitude to reflect the height of the

Sierra Crest in the HRRR model. Sierra barrier jets

typically exhibit veering winds with height with more

along-barrier flow at low levels and stronger cross-

barrier flow aloft (Neiman et al. 2013). Therefore, a

408 window about the crest-parallel flow direction is

used to allow for variation in the wind direction with
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height. The window was chosen to be 408 because it

was able to capture the altitudinal variation within

this flow while separating the overriding flow. We tested

the sensitivity of these criteria using a 270-trajectory

ensemble of 10 h of airflow during IOP 4. Changing

the height criteria by 6500m resulted in the same

pathway categorization 99% of the time. Whereas

Widening/tightening the wind direction window by 108
(58 on either end) and using 1 or 3h of consecutive

blocking resulted in the same pathways categorization

93% and 90% of the time, respectively. These criteria

determined the first group of trajectories, which is

referred to as Sierra-blocked or SB flow.

The remaining trajectories not blocked by the Sierra

Nevada, exhibit characteristics of overriding flow that

lifts over SB flow or simply overriding mountain ranges

in Northern California and Oregon (Neiman et al. 2013;

their Fig. 13).We categorized the unblocked trajectories

based on their mean wind direction over land. If the

mean wind direction is southwesterly (202.58–247.58),
trajectories are categorized as southwest or SW flow and

if the mean wind direction is westerly (247.58–292.58),
trajectories are categorized as zonal flow. In addition to

these three flow patterns, there was one occurrence of a

trajectory with southerly flow (157.58–202.58), which was

omitted due to the low frequency of this pathway during

SNOWIE. In addition, six trajectories did not make it

back to the Pacific Ocean during the 72-h HYSPLIT

runtime and were not categorized. Thus, 151 of the total

158 trajectories are analyzed further in this study.

In addition to using the HRRRmodel to calculate the

backward trajectories, we used hourly HRRR analyses

(Blaylock et al. 2017) to understand which trajectories

result in the highest moisture transport at PJ. Moisture

transport in the form of IVT was calculated using

IVT5
1

g

ð300 hPa
1000 hPa

qV dp , (1)

where g is gravitational acceleration (9.8m s22), q is the

specific humidity in kgkg21, V is the magnitude of the

wind (m s21), and p is the pressure in hPa. Note that

when the surface extends above 1000hPa the integration

was performed from the surface to 300hPa. Additionally,

moisture flux (qV) was calculated at each pressure level to

provide a vertical structure of the moisture transport at

PJ. We used the HRRR dataset for this analysis because

hourly observations of moisture and wind were not

available for necessary levels of the atmosphere.

The atmospheric conditions during SB, SW, and zonal

flow were compared using the North American Regional

Reanalysis (NARR)1 dataset to identify differences in

the large-scale circulation patterns associated with each

pathway. The NARR uses the 32-km spatial resolution

National Centers for Environmental PredictionEtaModel

with Regional Data Assimilation System (RDAS). It is

important to note that the NARR has 3-h temporal reso-

lution, which reduces the sample size from 1-h temporal

resolution to 3-h temporal resolution or by ;2/3. The

NARRwas chosen instead of a higher temporal resolution

dataset (e.g., HRRR) because of its larger domain over the

easternNorthPacificOcean.Once the pathways and large-

scale patterns are identified, we investigated the impact of

each pathway regime on observed local conditions in the

Payette Mountains.

b. Defining thermodynamics and dynamics through
radiometer and rawinsondes

Observations from a microwave radiometer (hereaf-

ter MWR) and rawinsondes were used to understand

differences in local dynamics and thermodynamics associ-

ated with each pathway. During SNOWIE, a Radiometrics

MWR-3000A was located in a valley 10km north of PJ

(1386m MSL; Fig. 1b). Microwave emissions at the water

vapor (22–30 GZ) and oxygen (51–59GHz) absorption

band together with infrared emission at 9.6–11.5 microns

were used to retrieve vertical profiles of temperature, water

vapor density, and relative humidity every 2–3min using

FIG. 2. Height of backward trajectories initiated at PJ during all

24 SNOWIE IOPs (158 trajectories).

1 NCEP–NARR data are provided by the NOAA/OAR/ESRL

PSD, Boulder, Colorado, USA, from their website at https://

www.esrl.noaa.gov/psd/.
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historic radiosondes and a regression method and neural

network (Solheim and Godwin 1998; Solheim et al. 1998;

Ware et al. 2003). The algorithm, based on a radiative

transfer model (Rosenkranz 1998), was trained for the

MWR on a 5-yr radiosonde climatology from the Boise,

Idaho, National Weather Service sounding archive. Note

that theMWRobserves within in an inverted cone with a

28–38 beamwidth at 51–59GHz, and 58–68 beamwidth at

22–30GHz (Ware et al. 2003). MWR profiles were ob-

served at zenith and at an elevation angle of 158 and 458
above the ground toward the north and south. It has been

observed that retrieved temperature and humidity pro-

files from the 158 and 458 off-zenith observations provide

higher accuracy during precipitation compared to the

zenith observations by minimizing the effect of liquid

water and ice on the MWR radome (Xu et al. 2014).

Comparison to tower and sounding data have indicated

that differences in temperatures are below1.58C(Friedrich

et al. 2012; Bianco et al. 2017). The vertical resolution of

the retrieved profiles ranged from 50m between the sur-

face and 0.5km AGL; 100m between 0.5 and 2km AGL;

and 250m between 2 and 10km AGL. MWR data on

2–3-min temporal resolution were averaged to match the

hourly resolution of the trajectory analysis. Data presented

in this paper are from the 458 south beam to orient the data

above PJ and due to the increased accuracy of the angled

beams during precipitation compared to the zenith beam.

Rawinsondes launched during SNOWIE provide an

additional source of thermodynamic data and informa-

tion on atmospheric dynamics observed near PJ. During

IOPs, Lockheed Martin Sippican LMS-6 rawinsondes

were launched from a valley 10km southeast of PJ

(1083m MSL; Fig. 1b). The soundings use a chip therm-

istor temperature sensor and LMU6 humidity sensor and

GPS tracking to calculate wind speed and direction.

Thermistor accuracy is reported as60.28C and humidity

sensor uncertainty of63% relative humidity (Nash et al.

2011 and references therein). Soundings were launched

on a quasi-regular schedule of every 2–4h during IOPs.

These observations of thermodynamic and dynamic

conditions along with precipitation data were used to

understand how snowfall is generated in this region.

c. Precipitation observing system

We used ground-based scanning radar to identify the

intensity and location of falling precipitation in the Payette

Mountains. Radar measurements were taken using a

Doppler on Wheels (DOW) X-band dual-polarization,

dual-frequency radar deployed at the summit of PJ

mountain (2138m MSL; Fig. 1b). The DOW radar

performed Plan Position Indicator (PPI) volume scans

covering 3608 in azimuth and ranging from 218 to 698
in elevation (Fig. 4—black boxes). Depending on the

depth of the clouds observed, higher elevation angles

were not used in all volumes, thus volume scan dura-

tions ranged from 3–10min. To not overrepresent

precipitation from scans with shorter durations, radar

data were time weighted based on the duration of each

volume scan. Range resolution was chosen to be 50m,

with 1000 range gates resulting in a maximum range of

50 km. TheDOW radar provides equivalent reflectivity

from the horizontal channel Ze, differential reflectivity

ZDR, differential propagation phase fDP, and copolar

correlation coefficient rHV. Using temperature obser-

vations from the MWR, a mesonet station collocated

with the DOW radar, and soundings, we removed radar

volumes when any height in the atmosphere was warm

enough to produce rain (i.e., T. 08C) and subjectively

verified that no melting layer (or brightband) was ob-

served by the DOW radar. As a result, we have re-

moved data from IOPs 2, 13, 23, and 24 completely and

data after 1700 UTC in IOP 22 from our analysis. Thus,

we used data from an 81-h subset of the 151 categorized

hours in the precipitation portion of this study.

To ensure reliable measurements of precipitation, the

DOW radar data required quality control and post-

processing in the form of correcting radar variables us-

ing calibration scans during and after SNOWIE and

removal of ground clutter and nonprecipitating echoes

using a fuzzy logic algorithm. Between volume scans, the

DOW radar performed 3608 azimuthal scans at the 898
elevation angle to calculate a ZDR offset. The average

offset for each IOP was calculated and applied to the

radar retrieved ZDR values with uncertainty of60.2 dB.

After SNOWIE, the DOW radar was collocated with

the KFTG WSR-88D radar near Denver, CO during 18

precipitating cases. Using the 1.08 beam of the DOW

radar to match the WSR-88D, a Ze offset for the DOW

radar was calculated as17.66 1dBZe and applied to the

SNOWIE dataset. After postcalibration of Ze and ZDR,

ground clutter and nonprecipitating echoes were re-

moved using a fuzzy logic algorithm adapted from

Gourley et al. (2007) following the technique of Aikins

et al. (2016). The technique uses spatial variability in

terms of root-mean-square difference and density func-

tions ofZDR, rHV, andfDP. Some residual ground clutter,

not eliminated by the declutter algorithm, was removed

by identifying 10 independent volume scans with gen-

erally low Ze and subjectively identifying pixels of

higher Ze. Each of the 10 volumes scans used unique Ze

thresholds based on Ze of the precipitation and pixels

identified as ground clutter using this method were

masked out of every volume scan. Finally, the radar

data were mapped onto a three-dimensional Cartesian

coordinate grid using Radx2Grid software developed

at the National Center for Atmospheric Research
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(NCAR). The grid has spatial resolution of 100m in the

horizontal and 200m in the vertical between 1 and

10 km MSL.

The gridded dataset was used to calculate echo top

height for each grid point in a volume scan to understand

the depth of the precipitating cloud. Echo top was de-

fined as the highest height where Ze $ 214dBZe; this

value is the WSR-88D’s minimum detectable signal

(Lakshmanan et al. 2013). The distribution of echo top

heights in each pathway provides insight into differences

in cloud depth associated with each pathway.

We then calculated a temporally averaged Ze across

the horizontal extent of the domain to estimate the

average snowfall intensity and distribution using the

maximum Ze below 4km MSL. We used this method

because the low-altitude angle radar beams can expe-

rience partial beam blockage near the surface, espe-

cially in complex terrain, which can greatly reduce the

observed Ze. The authors acknowledge that the maxi-

mum Ze value between the surface and 4 kmMSL does

not necessarily represent the snow hitting the surface,

and that snowmay continue to grow or sublimate in the

atmosphere below and is a source of uncertainty in our

analysis. Additionally, conversion of Ze to snowfall

rates (S) depends on the snow characteristics and a

large variety of Ze–S relationships and strategies to

derive radar-based snowfall rates exist (e.g., Puhakka

1975; Wolfe and Snider 2012; Friedrich et al. 2020).

Instead of using S, we used Ze as a relative metric to

compare snowfall in each pathway as if the same Ze–S

relationship was applied to all cases.

3. Results

a. Moisture pathways and moisture fluxes

To understand the linkage between moisture path-

ways, regional atmospheric conditions, and snowfall, we

first categorized back trajectories initiated at PJ (Fig. 3a)

at the beginning of each hour during the 24 IOPs. The

first 9 IOPs were conducted in January, followed by 9

IOPs in February, and the final 6 IOPs in March. IOP

durations range from 3 to 11 h, and total 158h (Fig. 4).

Of the 158 back trajectories, 66 or 41.8% were classified

in the SB pathway (red lines in Fig. 3a), 59 or 37.3%

were classified in the SW pathway (blue lines in Fig. 3a),

26 or 16.5%were classified in the zonal pathway (purple

lines in Fig. 3a), and 7 or 4.4% did not fit any category

and were not classified (yellow lines in Fig. 3a). We find

that 17 of the 24 IOPs (70.8%) exhibit multiple path-

ways, suggesting that moisture pathways are dynamic

and can often change, even multiple times, within a

single storm system. The majority of the IOPs that

contain only a single pathway (4 of 7) were identified as

zonal flow, while two were identified as SW flow, and

one as SB flow (Fig. 4). The results from the ensemble

sensitivity test of a 20-h subset showed that the majority

of the 27 ensemble trajectories aligned with the single

FIG. 3. (a) Pathways of the objectively categorized backward trajectories starting at PJ and (b) resulting IVT at

PJ using HRRR analyses. Each trajectory is grouped either into Sierra-blocked (red lines), southwest (blue lines),

and zonal flow (purple lines). Trajectories that do not fit any of the categories are indicates as miscellaneous

(yellow lines).
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trajectory method 80% of the time. Times that did not

agree between the two methodologies included transi-

tionary times, where SB and SW flows are shown to al-

ternate during IOPs (Fig. 4) and likely contained hybrid

flow characteristics. Additionally, during SNOWIE, we

observed that SB and SW pathways were more common

in January and February, and the zonal pathway was

most common in March.

Moisture fluxes entering the Payette Mountains as-

sociated with each pathway show some dependence on

the origin latitude of the trajectory, defined as the point

where the back trajectory terminates (Fig. 3b). In gen-

eral, the farther equatorward origin, the higher IVT at

PJ. The origin latitudes of trajectories correlates to IVT

with an r value of 20.39, explaining 15.5% of the vari-

ance in IVT at PJ (p , 0.05). While many other factors

are likely involved in determining IVT at PJ, it appears

that the farther equatorward origin of air in SB flow is

partially responsible for larger IVT observed at PJ. Some

of the SB trajectories originate south of 308N latitude,

which suggest that airflow can move quasi meridionally

from the tropics, through the CV to Idaho (Fig. 3a) and

these trajectories provided some of the largest values of

IVT at PJ (Fig. 3b). Due to differing source regions, less

moisture is transported to PJ in SW and zonal flow, while

SB trajectories have higher average moisture flux. Mean

IVT at PJ is 180kgm21 s21 in SB flow, 138kgm21 s21 in

SW flow, and 131kgm21 s21 in zonal flow. While atmo-

spheric river conditions are well defined at landfall,

moisture fluxes associated with inland propagating at-

mospheric rivers can diverge greatly. In our cases, at-

mospheric river conditions with IVT $ 250kgm21 s21

were observed at PJ in 8 of 65 trajectories (12.3%) in SB

flow, 3 of 60 trajectories (5.0%) in SW flow, and 1 of 26

trajectories (3.8%) in zonal flow. However, the question

remains whether the higher IVT at PJ in SBflow ismainly

related to howpathways dictate the origin of airmasses or

if the moisture flux is also better preserved during SB

flow as it travels through the CV and over lower terrain

between Lake Tahoe and the Burney Gap compared to

SW and zonal flow.

To address this question, the vertical structure of

moisture flux was averaged across all back trajectories at

the first point along the coast and at PJ using the HRRR

analyses and accompanied by the mean IVT in each

pathway (Fig. 5). Mean IVT values follow a similar hi-

erarchy along the coast and at PJ, with the highest IVT

in SB flow, followed by SWand zonal flow.However, the

percentage of average coastal IVT that makes it to PJ

varies from that hierarchy. SB flow retained the highest

percentage of coastal IVT (49.9%), followed by zonal

flow (45.7%), and SW flow (43.6%). Smith et al. (2010)

observed similar differences in drying ratios across

Northern California with a smaller fraction of water

vapor being removed by the Coast Range and Sierra

Nevada when a Sierra barrier jet was evident. In addi-

tion, atmospheric moisture has been shown to be better

conserved when air flows through gaps in terrain, when

moisture transport is larger, and when surface temper-

atures are larger (Kirshbaum and Smith 2008; Smith

et al. 2010; Rutz et al. 2015; Mueller et al. 2017), which

all align with SB flow (see temperature discussion in

section 3b). However, other factors must be considered,

including coastal moisture flux at other altitudes that are

subject to different moisture pathways.

Coastal moisture flux wasmuch larger at midlevels (3–

6 km MSL) in SB flow compared to SW and zonal flow

(Fig. 5a). Flow at these levels was likely not entrained

into the Sierra barrier jet due to the altitude and this

moisture flux may be altered differently by the terrain

and precipitation processes. For example, Strong mois-

ture flux at midlevels has been shown to increase pre-

cipitation amount in the Lake Tahoe region and increase

spillover precipitation to the leeside of the Sierra Crest

(Kaplan et al. 2009; Backes et al. 2015). It is possible that

the stronger midlevel moisture flux along the coast in SB

flow plays some role in its ability to penetrate farther

inland to PJ. Some insight on this speculation may be

provided by the patterns in coastal and PJ moisture flux

profiles in SW and zonal flows. In both locations we ob-

served higher (lower) moisture flux below (above) 4km

MSL in SW flow compared to zonal flow (Fig. 5). To gain

FIG. 4. Type of pathways (color coded) occurring during the

24 SNOWIE IOPs with start date and time (y axis) and duration

(x axis). Sierra-blocked pathway is indicated in red, southwest

pathway in blue, zonal pathway in purple, and unidentified path-

ways in yellow. Black boxes indicate times of radar observations

included in this analysis.
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amore complex understanding of the inland penetration

of moisture flux in each pathway and at multiple heights

in the atmosphere, we suggest numerical weather pre-

diction model simulations similar to Smith et al. (2010).

To provide large-scale context of the moisture trans-

port observed in the trajectory analysis and vertical

distributions of moisture flux, we used a composite

snapshot of large-scale flow and horizontal moisture

transport and identified different flow patterns associ-

ated with each pathway (Fig. 6). SB and SW flow dis-

play very similar patterns in the 500-hPa geopotential

height field (Figs. 6a,b). The main differences are the

closed 5280-m isohypse, a more amplified wave pat-

tern, and more southwesterly flow on the leading edge

of the trough associated with SB flow. Guided by the

more amplified flow in the SB pathway, higher com-

posite IVT is shifted farther south and oriented more

southwesterly compared to SW flow, and higher IVT is

observed making landfall and traveling through the

CV, lower terrain between Lake Tahoe and the Burney

Gap, and to PJ. In SW flow, weaker IVT at landfall is

unable to penetrate large quantities of moisture flux as

far inland as SB flow. In contrast, isohypses in zonal

flow show a weaker trough positioned farther to the

north and zonal flow extending upstream to 1508W
(Fig. 6c). Zonal flow has large IVT making landfall in

Oregon but is weakened substantially by the Coast and

Cascade Ranges, and, therefore, limits the amount of

moisture flux arriving at PJ. However, zonal IVT does

not follow the 500-hPa contours and much of the

moisture flux is confined to lower levels (Fig. 5a). In

addition to horizontal moisture transport, moisture flux

convergence can also be important for understanding

local moisture flux quantities and precipitation pat-

terns. Vertical profiles of moisture flux convergence

(not shown) were calculated using Banacos and Schultz

[(2005); their Eq. (5)] between the HRRR model grid

point nearest PJ and the grid point nearest each back-

ward trajectory 1 h prior to arrival at PJ. The only

statistically significant layer of moisture flux conver-

gence was in SB flow, extending from the surface up to

3 km MSL with the maximum mean value of 7 3
1024 g kg21 s21 at 1700mMSL. The HRRR and NARR

datasets are useful for providing the larger-scale pro-

spective of moisture transport from the Pacific to

the Payette Mountains. However, these datasets may

not be able to fully resolve local effects of terrain on

the thermodynamic and dynamics. Therefore, we use

FIG. 5. Vertical profiles of mean moisture flux (solid lines) with 95% confidence interval around the mean

(shaded) using HRRR data at the grid point nearest to (a) the location of the backward trajectory once over the

ocean and (b) PJ. The height of PJ in theHRRRmodel is 1750mMSL as shown in (b). Mean IVT values are shown

for (a) coastal and (b) PJ with the percentage of remaining coastal IVT.
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observations in the Payette Mountains to further dif-

ferentiate local atmospheric conditions that result

from the pathways.

b. Observations of thermodynamics and dynamics

In this section, we analyze how the large-scale mois-

ture fluxes associated with different pathways affect

regional thermodynamic and dynamic conditions in the

Payette Mountains. Observed surface air temperatures

were similar in all three pathways, but as height in-

creases, zonal flow temperatures immediately become

colder than SB and SW flow and temperatures in SW

flow become colder than SB flow above ;1.8 km MSL

(Fig. 7a). On average, SB flow was warmer than SW

(zonal) flow by 18–48C (38–88C) between 2 and 8km

MSL. Following the warmer temperatures, SB flow had

on average 0.2–0.5 g kg21 (0.2–0.9 g kg21) moremoisture

than SW (zonal) flow between 2 and 8kmMSL (Fig. 7b).

Differences in specific humidity were largest at low

levels (2–4 km MSL) where large quantities of moisture

exist. At this level, lower moisture content in zonal flow

was at least partially responsible for the weaker low-

level moisture flux shown by theHRRRmodel (Fig. 5b).

Rawinsondes observations show that wind speed was

also partially responsible for the weaker low-level mois-

ture flux in zonal flow (Fig. 8a). Wind was calm near the

surface and channeled southerly through the valley in all

pathways (Figs. 1b and 8a).With increasing height, winds

strengthened and veered south-southwesterly in SB flow,

southwesterly in SW flow, and west-southwesterly in

zonal flow starting at the height of PJ. At 3.5km MSL

upward, winds continued to veer to southwesterly in SB

and SW flow and westerly in zonal flow. Differences in

wind speed were most pronounced at 2–4kmMSL, where

SB (SW)winds averaged 18.4ms21 (16.4ms21), and zonal

winds averaged 12.5ms21. These weaker low-level winds

in zonal flow along with lower moisture content result in

the lower moisture flux at low levels (Figs. 5b and 8b).

Despite the small sample size of soundings used to

compute average moisture flux, we observed similar

IVT and vertical structure of moisture flux as the

HRRR model (Figs. 5b and 8b). Sounding-based mean

IVT for SB flow was 190.6kgm21 s21 (vs. 180kgm21 s21

from the HRRR model), 140.6kgm21 s21 for SW flow

(138 kgm21 s21 model based), and 141.5 kgm21 s21

for zonal (131 kgm21 s21 model based). SB flow ex-

hibited stronger moisture flux throughout the profile

with an average maximum .60 g kg21m s21. Similar

structure was observed in SW flow, but with an aver-

age maximum just over 50 gkg21m s21. Moisture flux in

zonal flow was weak at low levels, barely exceeding

40 gkg21m s21 on average but decreases little with

height until ;5 km MSL where it paralleled SB flow

moisture flux and exceeded that of SW flow. Studies on

orographic precipitation have shown that larger mois-

ture flux at low levels correlates to larger precipitation

rates (Neiman et al. 2002, 2009). Applying this relation-

ship, we hypothesize that higher precipitation amounts

occur in SW flow compared to zonal flow despite similar

IVT values, which is discussed in section 3c.

In addition to differences in moisture flux, atmo-

spheric stability also affects the amount and distribution of

precipitation. We present static stability in the form of

squared moist Brunt–Väisälä frequency (N2
m, Fig. 8c) and

dynamic stability in the form of percentage of soundings

that exhibit aRichardson number (Ri) less than the critical

value of 0.25 in each pathway (Fig. 8d). Ri, 0.25 indicates

dynamic instabilities, conditions which have been shown

to induce Kelvin–Helmholtz overturning cells that can

enhance fallout of precipitation (Houze andMedina 2005;

FIG. 6. Composite 500-hPa heights (m MSL; solid black) and IVT (color coded) for (a) SB, (b) SW, and (c) zonal pathways using NARR

data. Number of NARR analyses used in the composite are indicated.
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Medina andHouze 2015). For all pathways, static stability

was largest near the surface (Fig. 8c) where temperature

inversions exist between the cold air trapped in the valley

and the relatively warmer air flowing aloft (Fig. 7a).

Above PJ mountain the air mass was, on average, near

moist neutral (N2
m , 13 1024 s22) in each of the path-

ways. This generally weak static stability allows for

small vertical wind shears to be sufficient for driving

dynamic instabilities. Thus, we observed Ri , 0.25 in

;60% of all the soundings, regardless of pathway

(Fig. 8d). The frequency was 10%–20%higher between

1.5 and 2.5 km MSL in a shear layer where airflow

trapped in the valleys was decoupled from overriding

flow from the pathways. The increased dynamic insta-

bility in this layermay act to increase snowfall to a greater

extent over valleys than mountains ranges that exceed

this layer in height. Nonetheless, these data suggest

Kelvin–Helmholtz overturning cells are likely a common

phenomenon in the Payette Mountains and we conclude

that static and dynamic instabilities and their effects on

snowfall are independent of pathways.

c. Cloud structure, snow intensity, and distribution

In this section, we use observations of echo top heights

andZe from PPI volume scans to understand differences

in cloud structure and snowfall rates in each pathway.

There were 241 volume scans in SB flow totaling 29.7 h,

308 volumes in SW flow totaling 31.1 h, and 121 volumes

in zonal flow totaling 10.8 h. Echo top heights in SB flow

were on average the highest with a mean of 5.1 kmMSL,

SW flow echo tops averaged 4.4 kmMSL, and zonal flow

echo tops averaged 3.9 kmMSL (Fig. 9). Echo top height

distributions in SB flow also exhibit a large tail of higher

echo top heights compared to SW and zonal flow indi-

cating that the deepest storms were associated with this

pathway. These higher echo tops during SB flow suggest

that snow fell through a deeper cloud layer, which also

contained higher moisture content (Fig. 7b), and pro-

vided the potential for snowflakes to aggregate, accrete,

and in general producemore snowfall during this pathway.

In accordance with the average echo top height, SB

flow produced the largest average Ze, followed by SW

flow and zonal flow (Figs. 10a–c). The Ze in SB flow

averaged 20–25dBZe, with localized regions of Ze .
25dBZe and Ze , 20dBZe (Fig. 10a). Areas of highest

reflectivity are found in the upwind valleys to the west

and southwest of PJ (Fig. 10d – area 1), 10–20km north

of PJ, and in the northernGardenValley (Fig. 10d – area

2). Areas of Ze , 20dBZe are abundant in the north-

eastern and eastern edges of the radar domain. These

areas are likely the result of partial beam blockage from

the terrain. As the radar beam widens farther from the

radar, the effect of partial beam blockage can become

larger and, thus, we expect this issue to be maximized at

the periphery of the radar range and behind large oro-

graphic barriers. With fixed terrain and elevation angle

beams for all volume scans, we can assume this reduc-

tion is consistent in each pathway and we compare them

equally. Nonetheless, during SB flow, mean Ze was ob-

served to be relatively large and uniform across the

lower terrain upwind and downwind of the radar com-

pared to the distribution in other pathways.

Mean Ze in SW flow was lower than in SB flow across

the majority of the domain and produced a different

FIG. 7. Vertical profiles of mean (a) temperature and (b) specific humidity (solid lines) with 95% confidence

interval around the mean (shaded) using the MWR data. The height of PJ is shown by the gray dashed lines. Total

hours of data used to calculate means are indicated.
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distribution pattern (Fig. 10b). Opposed to the pattern

we observed in SB flow, SW flow Ze decreased beyond

25km west of PJ. Areas of Ze 5 12.5–17.5 dBZe in the

upwind valleys are substantially less than areas with

Ze 5 17.5–22.5 dBZe observed east of the first oro-

graphic barriers ;25 km west of PJ. Higher Ze was ob-

served in the general area to the east of PJ, in Garden

Valley, as well as to the north. The highestZe, exceeding

22.5 dBZe, in SW flow was observed in areas just below

1500m MSL in Garden Valley in areas that are upwind

of larger orographic barriers with peaks just below

2500m MSL. In general, we find that Ze in SW flow is

more closely tied to areas around higher terrain than

observed in SB flow indicating that precipitation is pri-

marily orographically generated.

Mean Ze in zonal flow depicts a similar pattern to SW

flow, but with lower Ze (Fig. 10c). Ze was less than

10dBZe over the lowest terrain 40–50 km to the south-

west of PJ and is 10–20 dBZe over High Valley (Fig. 10d;

area 3) and other higher terrain closer to PJ. The highest

Ze, (.17.5 dBZe) was observed to the north of PJ in

areas of the Lake Cascade Valley (Fig. 10d; area 4), and

in the northeastern corner of Garden Valley. In general,

precipitation is strongly modulated by the terrain as Ze

was largest in zonal flow to the east of PJ in areas of

higher terrain compared to the upwind valleys.

To better detail which elevations received more radar

estimated snowfall in each pathway, we calculated the

surface area of the terrain and the accumulated linear-

ized Ze between 700 and 2700m at intervals of 100m

(Fig. 11). Using this metric, we find that SB flow had the

highest accumulatedZe at all elevations while zonal flow

FIG. 9. Normalized frequency of echo top heights for SB, SW,

and zonal flow. Mean echo top heights are shown in vertical

dashed lines.

FIG. 8. Vertical profiles of mean (a) wind barbs (m s21; short barb5 5m s21, long barb5 10m s21, flag5 50m s21), (b) moisture flux,

(c) moist static stability, and (d) percentage of soundings with Ri, 0.25 using rawinsonde observations. The height of PJ is shown by the

gray dashed lines. Wind barbs are shown at 200-m intervals in (a), moisture flux at 10-m intervals in (b), and static stability and Ri are

shown with a 200- and 300-m running average in (c),(d), respectively. Number of soundings used in mean computation are indicated in (b).
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had the least. SB flow produced the most accumulated

Ze between 1000–1100m and 1400–1500m, which in-

cludes the terrain features shown in Fig. 10d. SW flow

produced substantially less Ze between 1000 and 1100m

compared to 1400–1500m. Zonal flow generated the least

amount of accumulated Ze at all elevations compared to

SB and SW flow. However, Ze also maximized between

1400 and 1500m in zonal flow similar to SW flow. During

SW and zonal flow, largest linearized Ze accumulations

were observed between 1400 and 1500m, which is about

twice the amount observed between 1000 and 1100m.

AccumulatingZe over all SNOWIE IOPs, we estimate

that SB flow produced 66.6% of the total accumulated

Ze in 41.5% of the time. Similarly, SW (zonal) flow

generated 30.6% (2.8%) of the total accumulated Ze in

43.4% (15.1%) of the time. Thus, we conclude that air-

flow blocked and redirected northward by the Sierra

Nevada and through lower terrain between Lake Tahoe

and the Burney Gap (SB flow) was associated with an

estimated two-thirds of the radar-estimated snowfall

observed during SNOWIE and frequent trajectories

through this pathway (42% of all trajectories during

SNOWIE) was likely a key factor for the above average

snowfall that accumulated in the Payette Mountains

during SNOWIE.

4. Discussion

The analysis presented in this paper applies results

from moisture pathway studies over the Intermountain

West (e.g., Alexander et al. 2015; Rutz et al. 2015) to

radar-estimated snow intensity and distribution for a

localized region of the IntermountainWest in the Payette

Mountains of Idaho. We expand upon these studies by

computing hourly trajectories rather than daily trajecto-

ries, as done in previous studies, and show that in most

FIG. 10. Time-weighted mean equivalent reflectivity (color coded) and 500-m elevation contours (grayscale)

during (a) SB, (b) SW, and (c) zonal pathways observed by the PJ radar. (d) Color-coded topographic map with

500-m elevation contours (grayscale). (a)–(c) Blacked out regions within the radar range show areas of beam

blockage. Sample size indicates the number of volume scans used in mean computation. (d) Maximum radar range

of 50 km is indicated by black circle. Terrain features discussed in the text include 1) upwind valleys, 2) Garden

Valley, 3) High Valley, and 4) Lake Cascade Valley.
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cases (71% of IOPs) moisture pathways vary within a

single storm system (time scale of 3–11h) as they are

driven by eastward propagating upper-level troughs em-

bedded in the polar jet stream (Figs. 4 and 6). In January–

February, when the jet stream is typically located farther

south, SB and SW flow were observed as the prevalent

pathways and were associated with landfalling storms in

Southern and central California (Figs. 4 and 6a,b). In

2017, storms with SB and SW flow brought heavy pre-

cipitation to California and eradicated the persistent

drought of 2012–16 (Wang et al. 2017; Ullrich et al. 2018).

The authors acknowledge that January–February 2017

represents anomalous jet stream activity, similar to January

and February 1998, which also produced anomalously

high precipitation in California (Wang et al. 2017).

Despite the anomalous season captured by this study, the

results of pathway frequency are generally consistent

with the frequency of atmospheric rivers in central and

Southern California as shown byRutz et al. (2014).While

the;2-month sample of moisture pathways presented in

this study may not be indicative of seasonal or longer-

term populations, this portion of the winter season is re-

markable to study given the 50th percentile of seasonal

snowfall to begin the SNOWIE project and the 95th

percentile by its conclusion (Tessendorf et al. 2019).

Airflow following the SB pathway was more efficient

in transporting large quantities of IVT to the Payette

Mountains than the SW and zonal pathways. IVT ob-

served at PJ was similar in SW and zonal flows, and

;35% higher in SB flow, which includes 50% of the

coastal SB flow IVT compared to 44% (46%) in SW

(zonal) flow. We find that the higher amplitude troughs

associated with SB flow and higher IVT observed inland

are consistent with the analysis of Rutz et al. (2015).

Despite similar IVT in SW and zonal flows in both the

HRRRmodel and observations, higherZewas observed

in SW flow compared to zonal flow. We believe the

difference in Ze is the direct result of the vertical struc-

ture of the moisture flux. Stronger moisture flux at low

levels (2–4 km MSL, Figs. 5b and 8b) was observed in

SW flow and since both SW and zonal flows are pri-

marily dependent on orographic forcing (Figs. 10b,c),

the low-level moisture flux impinging on the mountain

range is directly related to the forced ascent of moist

air (Neiman et al. 2002, 2009). Correlation coefficients

between moisture flux at varying heights and linear-

ized accumulated Ze were tested and it was found that

the correlation coefficients were maximized (r. 0.64)

around 2 km MSL for SW and zonal flows and were

larger than IVT–Ze correlations (r, 0.44). Therefore,

at least for orographically induced precipitation in the

Payette Mountains, it appears that low-level moisture

flux is more indicative of precipitation amount than

IVT. Further, the pathways analysis presented in this

study only focuses on air trajectories that arrived at

3 kmMSL above PJ. Mid- and upper-level flows in the

Payette Mountains likely take different pathways, and,

based on their altitude, may be unaffected by upstream

terrain. Therefore, while SW and zonal pathways may

have little effect on differences in IVT, the low-level

moisture flux is dramatically different in these pathways

and translates to disparate snowfall amounts. Besides

orographic lift, there are potentially many microphysical

and dynamical processes (e.g., seeder-feeder mechanism,

cloud-top generating cells) involved that convert the en-

hanced low-level moisture flux into orographic precipi-

tation. These processes are not addressed here.

The SB and SW pathways were the most efficient

in transporting low-level moisture flux to the Payette

Mountains and in producing snowfall during SNOWIE.

Both of these pathways were associated with IVT max-

ima offshore of central and Southern California. The IVT

maxima in SB flow was located in the 308–358 latitude
band and in SW flow in the 328–358 latitude band

(Figs. 6a,b). Future climate simulations suggest a possible

increase in landfalling atmospheric rivers in the 328–358
latitude band (Shields and Kiehl 2016), which could in-

crease the frequency of SB and SW moisture pathways

into the Payette Mountains. Given that the SB and SW

pathways were the most efficient in producing snowfall

during SNOWIE, an increase in pathway frequency could

potentially lead to an increase in snowfall in the Payette

Mountains. However, already warm temperatures often

associated with SB and SW flow events (Fig. 7a) are

FIG. 11. Accumulated, time-weighted, linearized equivalent re-

flectivity for SB (red line), SW (blue line), and zonal flow (purple

line) as a function of height and surface area (black line). Numbers

1–4 correspond to the terrain features shown in Fig. 10d and dis-

cussed in the text.
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predicted to become warmer in future climate scenarios,

shifting the rain–snow line higher in altitude (Mahoney

et al. 2018) and adding complexity to the prediction of

future snowfall. In addition, many other factors including

atmospheric river frequency, intensity, and orientation

(Hughes et al. 2014; Warner et al. 2015; Hecht and

Cordeira 2017; Mahoney et al. 2018), frequency of non-

atmospheric river storms, and changes in temperature,

moisture, and microphysical processes (Pavelsky et al.

2012; Siler and Roe 2014; Morales et al. 2019; Napoli

et al. 2019) are important and must be considered in

future precipitation projections. However, we demon-

strate that moisture pathways are an important factor

in determining localized snowfall amounts and distri-

butions and can be useful in understanding interannual

snowpack variability and future precipitation.

5. Conclusions

This paper presents a multiscale analysis of moisture

pathways and moisture fluxes into Payette Mountains of

Idaho and their role on local atmospheric conditions and

snowfall distribution between 7 January and 17 March

2017.We identified three common pathways of air being

transported from the Pacific Ocean to Idaho: Sierra-

blocked, southwest, and zonal flow. For the three path-

ways, we then investigated atmospheric conditions and

snowfall amounts and distributions using observations

from an MWR, soundings and a scanning X-band radar.

The main findings are as follows:

d During SNOWIE, SB flow was the most common

during precipitating systems (41.8%), followed by SW

flow (37.3%) and zonal flow (16.5%).
d Moisture pathways are dynamic and often change

during the course of a precipitation event.
d The Sierra barrier jet helps source moist air more

directly from the tropics and transport it northward to

Idaho and also reduces the moisture flux by a smaller

percentage compared to other flows.
d SB flow was associated with warmer temperatures,

more moisture, larger IVT and low-level moisture flux,

and deeper cloud systems in the Payette Mountains of

Idaho compared to other flows.
d SB flow accounted for two-thirds of the total accu-

mulated linearized Ze observed during SNOWIE,

despite only accounting for 41.5% of the total pre-

cipitating time used in the analysis.
d SB flow was associated with higher accumulated lin-

earized Ze at all elevations, but especially at lower

elevations in the upwind valleys.
d Despite similar modeled and observed mean IVT

values in SW and zonal flow, less moisture and weaker

winds at low levels in zonal flow resulted in weaker

low-level moisture flux and contributed to the drasti-

cally lower mean Ze in zonal flow.

Since seasonal snowfall in the American West can

vary from year to year based on frequency, intensity,

orientation, and landfall location of winter storms, the

authors recommended that more seasons are evaluated

to further improve our understanding of the role mois-

ture pathways have on snowfall in Payette Mountains of

Idaho on an interseasonal basis and to better predict

how seasonal snowfall may differ in a changing climate.

Additionally, high-resolution numerical weather simu-

lations of airflow in each pathway would provide en-

hanced detail on the role of the underlying terrain in

modulating moisture transport to the Payette Mountain

of Idaho. Considering Idaho’s dependence on spring and

summer runoff for hydropower, these findingsmay serve

useful for short- to medium-term forecasting for water

managers and in determining energy policy for the fu-

ture based on climate projections of moisture pathways

along with other factors.
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